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Abstract 

Microglia are the resident immune cells of the brain that survey the 

microenvironment, provide trophic support to neurons, and clear debris to maintain 

homeostasis and healthy brain function. Microglia are also drivers of neuroinflammation 

in several neurodegenerative diseases. Excessive pro-inflammatory activity by microglia 

involves the release of soluble factors that can impair neuronal function. In this thesis, I 

tested the hypothesis that pro-inflammatory microglia could induce secondary damage to 

neurons and explored multiple pharmacological strategies to prevent this process. I found 

that stimulation of cultured microglia with bacterial lipopolysaccharide (LPS) and 

interferon-gamma (IFNγ) elicited a pro-inflammatory response that was strong enough to 

directly kill cultured neurons and that pre-treatment of microglia with synthetic 

cannabinoids targeting cannabinoid type 1 (CB1) and type 2 (CB2) receptors could reduce 

the inflammatory response enough to reduce neuronal death (Chapter 1). I then further 

explored the effects of LPS and IFNγ on the capacity of microglia to synthesize, degrade, 

and respond to cannabinoid receptor agonists. LPS and IFNγ each stimulated the 

upregulation of mRNA for Cnr2 and DAGLB in a biphasic manner (Chapter 2). The use 

of synthetic CB2 agonists (HU-308 and HU-433) were then used to further probe the 

mechanism of the anti-inflammatory effects of CB2 receptor activation on microglia. 

Activation of microglial CB2 receptors suppressed the canonical signaling of toll-like 

receptor 4 (TLR4) and directly inhibited the release of nitric oxide (NO) and tumour 

necrosis factor (TNF) (Chapter 4). An in-depth examination of the effects of LPS and 

IFNγ on microglia revealed that these stimuli act in a synergistic manner that is 

dependent on Janus kinase (JAK)1/2 as suppression of JAK1/2 prevented the microglial 

response to both molecules (Chapter 5). Finally, I explored the mechanisms by which the 

neurons were killed by microglia. Microglial-secreted factors induced apoptosis and 

necroptosis in neuronal cells which could be completely prevented by neutralization of 

TNF (Chapter 6). These findings suggest that direct suppression of microglia is sufficient 

to reduce secondary neurotoxicity and highlight some potential opportunities for the 

treatment of neuroinflammation. 
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Chapter 1: Introduction 

Neurodegenerative diseases are among the most threatening to an ageing 

population. Such diseases involve the progressive loss of neuronal function and primarily 

occur in the later stages of life. Advancements in other areas of medicine such as 

oncology, immunology, and cardiology have allowed for small but gradual increases in 

life expectancy and healthspan over the past century (Griffin 2008; Crimmins 2015; 

Chambers-Richards et al. 2022). However, this has correlated with an increased incidence 

of some age-related neurodegenerative diseases as larger numbers of individuals enter the 

higher-risk age brackets (Erkkinen et al. 2018; Li et al. 2022). Dementia and other 

symptoms of neurodegeneration will place an increasingly massive societal and economic 

burden on most developed countries (Leicht et al. 2013; Alzheimer Society of Canada 

2016; Nandi et al. 2022). More tragically, an increasing number of individuals will be 

robbed of their ability to think, move, play, make new memories, and participate in 

activities that make longer lives worth living. The purpose of this thesis is to make a 

small contribution to our greater understanding of neurodegeneration in the hope that 

effective treatments for these devastating diseases will eventually emerge. 

Although neurons are not the most abundant cells of the brain, neurons facilitate 

the key functions of the brain, and the loss of neuronal function or viability is a defining 

feature of neurodegeneration. Neurodegeneration generally follows an unfavourable 

change in the neuronal microenvironment which can manifest differently based on the 

specific disease. Once thought to be immune privileged and thus spared from peripherally 

mediated damage, it is now understood that systemic inflammation can penetrate the 

brain (Sankowski et al. 2015). A common feature of neurodegenerative disease is a pro-

inflammatory environment within the brain (DiSabato et al. 2016). Microglia are the 

resident immune cells of the brain that regulate both pro- and anti-inflammatory 

processes to maintain homeostasis, and microglia are the primary cells that produce 

disease-associated alterations in the inflammatory state of the brain (Perry et al. 2010). 

These alterations can be caused by intrinsic microglial defects as well as in response to 

peripheral inflammatory stimuli. This series of observations has initiated a widespread 

effort to control inflammation as a method to preserve brain health.   
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1.1 The immune system influences the brain 

It was long believed that the brain was separated from the immune system to 

prevent the entry of pathogens or collateral damage from the inflammation associated 

with the clearance of such pathogens. This concept arose from early reports of tissue 

transplantation which identified that tumours would fail to grow when transplanted into 

the subcutaneous tissue of rats, but would grow rapidly when inoculated into the brain 

(Shirai 1921; Murphy and Sturm 1923). Later experiments by Medawar demonstrated 

that if skin was first grafted peripherally, then skin from the same donor would later be 

destroyed when grafted into the brain (Medawar 1948). These initial findings indicated 

that the brain was unlikely to mount an immune response but was sensitive to the activity 

of the peripheral immune system (Widner and Brundin 1988). The blood-brain barrier 

(BBB) is a set of protective structures that prevents the passive entry of peripheral cells 

as well as many proteins and small molecules, but it has become clear that there is 

incomplete separation of the peripheral immune system and the central nervous system 

(CNS)(Fig. 1. 1A). Indeed, these systems are in close communication and the interactions 

can be beneficial as well as detrimental depending on the context. 

Under certain pathological conditions, the peripheral immune system can 

provide benefits and offer protection to the CNS. In the healthy adult CNS, T cells exist 

in the meninges and may secrete interleukin (IL)-4 and IL-13 which can promote the 

resolution of inflammation and facilitate learning and memory (Derecki et al. 2010; 

Brombacher et al. 2017; Mamuladze and Kipnis 2023). Mice subjected to experimental 

stroke exhibit infiltration of macrophages into the brain parenchyma to clear dead cells 

and debris which promotes resolution of inflammation and subsequent tissue repair 

(Zhang et al. 2019c). The infiltration of T cells and macrophages also limits secondary 

damage and promotes neuronal recovery following optic nerve crush injury (Moalem et 

al. 1999). Conversely, amyotrophic lateral sclerosis (ALS) mice bred to lack functional T 

cells exhibit accelerated motoneuron degeneration (Beers et al. 2008). Interferon-gamma 

(IFNγ) in the brain can stimulate the entry of macrophages which assist with the 

phagocytosis and clearance of amyloid-beta (Aβ), resulting in improved cognitive 
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performance (Baruch et al. 2016). Thus, an insult to the brain can prompt peripheral 

immune cells to enter the brain and promote recovery. 

Although the peripheral immune system can protect the brain, there is also an 

apparent link between immune system dysfunction and neurodegeneration. Human 

Alzheimer’s disease (AD) patients exhibit elevated quantities of cytotoxic T cells in the 

cerebrospinal fluid that are negatively associated with cognitive performance (Gate et al. 

2020). Similar infiltration of cytotoxic T cells into the brain is correlated with neuronal 

loss in AD mice (Chen et al. 2023). In ageing humans with cognitive impairment, 

monocyte-derived C-X-C motif chemokine ligand 16 (CXCL16) is upregulated in the 

cerebrospinal fluid (CSF) which engages CXC receptor 6 (CXCR6) on T cells and 

promote entry into the brain (Piehl et al. 2022). T cells in the dural sinuses can also 

recognize CNS antigens that have been captured by dendritic cells from the CSF and 

subsequently engage in pro-inflammatory activity within the meninges (Rustenhoven et 

al. 2021). Thus, brains in the process of degeneration actively recruit immune cells from 

the blood stream or CSF into the parenchyma. Although T cells can suppress 

inflammation and promote tissue repair, excessive recruitment of CD8+ cytotoxic T cells 

to the brain is associated with secondary tissue damage (Walsh et al. 2014; Kaya et al. 

2022).  

The connection between the immune system and the CNS is not limited to the 

entry of immune cells. Chronic low-grade neuroinflammation is characterized by 

elevated quantities of pro-inflammatory cytokines in the brain without the infiltration of 

cells. Although glia can produce cytokines, those generated in the periphery can penetrate 

the BBB which allows systemic inflammation to modify the progression of 

neurodegenerative diseases (Bettcher et al. 2021). Elevated plasma concentrations of pro-

inflammatory cytokines such as IL-6 and tumour necrosis factor (TNF) in otherwise 

healthy patients are associated with an increased risk to develop all-cause dementia, 

including AD (Engelhart et al. 2004; Tan et al. 2007; Holmes et al. 2009; Swardfager et 

al. 2010; Koyama et al. 2013). The increased quantities of cytokines are typically 

secreted by peripheral blood mononuclear cells and may be associated with chronic 

inflammatory diseases or infection. Patients that are hospitalized with bacterial or viral 
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infections also have an increased risk to develop dementia later in life (Sipilä et al. 2021). 

The greatest risk is seen with CNS infections but even peripheral infections increase the 

risk of dementia decades into the future (Sipilä et al. 2021). Mice that are challenged by 

simulated viral or bacterial infections exhibit long-term cognitive deficits and neuronal 

loss that mimics neurodegeneration in humans (Qin et al. 2007; Krstic et al. 2012; Zhao 

et al. 2019). Even in the absence of infection, AD patients exhibit marked differences in 

the gut microbiome that include increased quantities of pro-inflammatory genera such as 

Escherichia and Shigella, and reduced quantities of beneficial genera such as 

Eubacterium and Bacillota (Cattaneo et al. 2017; Vogt et al. 2017). Several recent meta-

analyses have revealed that dysregulation of the gut microbiome is also observed in other 

neurodegenerative disorders and psychiatric conditions (Boddy et al. 2021; Romano et al. 

2021; Zhang et al. 2022a). This growing body of evidence supports the concept that the 

brain is sensitive to systemic inflammation, and that chronic inflammation throughout the 

body increases the risk of neurodegeneration.  

 

1.2 Microglia as effectors of neuroinflammation 

Microglia are specialized macrophages that reside in the brain parenchyma and 

are the primary responders to pro-inflammatory stimuli that penetrate the BBB (Fig. 1. 

1B). As the resident immune cells of the brain, the ontogenesis of microglia is distinct 

from other cell types in the CNS. Microglia arise from early erythro-myeloid progenitors 

in the extraembryonic yolk sac which become yolk sac macrophages during primitive 

hematopoiesis (Ginhoux et al. 2010; Masuda and Prinz 2016). These yolk sac 

macrophages invade the developing CNS and become permanently compartmentalized 

from peripheral tissues following closure of the BBB (Hoeffel and Ginhoux 2015). 

Development into mature microglia and subsequent persistence in the central nervous 

system is dependent on specific proteins including IL-34 and transforming growth factor 

beta (TGFβ) (Masuda and Prinz 2016). At maturity, microglia comprise roughly 10% of 

cells in the brain and turn over at a relatively slow rate, with some cells surviving up to 

20 years in humans (Lawson et al. 1992; Réu et al. 2017). 
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Figure 1. 1. Schematic of the blood-brain barrier (BBB). A Cross-sectional view of the specialized vessels of the 

BBB. B Longitudinal view of the BBB and the parenchyma which contains microglia and neurons. 
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Microglia perform a broad variety of critical functions in the healthy CNS 

during postnatal development. Like macrophages, microglia are phagocytes and use this 

ability to shape the formation of the CNS. During development, microglia engulf and 

digest synapses in a complement-dependent manner (Stevens et al. 2007). This synaptic 

pruning is regulated by neuronal activity which facilitates maintenance of active synapses 

and removal of underused synapses (Schafer et al. 2012). In addition to individual 

synapses, microglia also clear dead and superfluous cells which is necessary for the 

spatial patterning of the developing brain (Vaux and Korsmeyer 1999; Schafer and 

Stevens 2015). These functions of microglia are indispensable during initial wiring of the 

CNS and ultimately impact the molecular architecture of the brain.  

In the adult brain, microglia primarily monitor the microenvironment and use 

scavenger receptors to detect disruptions in homeostasis and react appropriately 

(Nimmerjahn et al. 2005). Microglia survey the influx of blood-borne molecules and are 

highly sensitive to pro-inflammatory cytokines or pathogen-associated molecular patterns 

(Kettenmann et al. 2011). Circulating cytokines such as IFNγ or IL-6 may infiltrate the 

BBB and interact with microglial receptors to engage Janus kinase (JAK) and signal 

transducers and activators of transcription (STAT) signaling cascades (Jain et al. 2021). 

JAK-STAT signaling is a critical component of the innate immune response and 

facilitates intracellular signaling of immune cells, including microglia, to an array of 

molecules including interleukins, chemokines, and interferons (Nicolas et al. 2013; Yan 

et al. 2018). Upon interaction with such stimuli, microglia utilize JAK-mediated signaling 

in addition to several parallel signaling pathways to initiate a pro-inflammatory reaction. 

In a pro-inflammatory state, microglia shift from a ramified to amoeboid morphology and 

upregulate their phagocytic capacity to clear debris, dying cells, or microbes from the site 

of insult. Under persistent pro-inflammatory conditions, microglia release chemokines to 

attract peripheral immune cells and engulf astrocytic end-feet and endothelial cells to 

facilitate entry of immune cells through the BBB (Haruwaka et al. 2019; Pan et al. 2021). 

Following resolution of inflammation in the brain, microglia also deposit and sculpt the 

extracellular matrix and promote angiogenesis to restore homeostasis and provide an 
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optimal microenvironment for neural function (Dudvarski Stankovic et al. 2016; Dudiki 

et al. 2020; Nguyen et al. 2020; Crapser et al. 2021).  

Although microglia serve many important functions to maintain healthy brain 

function, microglial dysfunction is implicated in the progression of neurodegeneration 

(Perry et al. 2010; Hickman et al. 2018). In AD patients, disease progression and 

cognitive decline is more correlated with the abundance of pro-inflammatory microglia 

than the quantity of Aβ plaques (Edison et al. 2008). In pre-symptomatic Huntington’s 

disease (HD) patients, the accumulation of activated microglia is observed several years 

prior to the expected age of onset based on the degree of expansion of the huntingtin 

(HTT) gene (Pavese et al. 2006; Tai et al. 2007). Activated microglia in the substantia 

nigra and putamen are elevated in post-mortem brain tissue from Parkinson’s disease 

(PD) patients relative to healthy controls and the degree of microglial activation 

correlates with the degree of neuronal loss (McGeer et al. 1988; Imamura et al. 2003). In 

multiple sclerosis (MS), the prototypical neuroinflammatory disease, increased quantities 

of activated microglia are observed in the white matter of MS patients compared to 

healthy controls (Zrzavy et al. 2017). Specifically, microglia are found in active lesions 

during the early stages of demyelination. In animal models, exaggerated phagocytic 

activity of microglia is involved in the synaptic loss that occurs in AD, HD, and ageing 

(Hong et al. 2016; Wilton et al. 2021; Dundee et al. 2023).  

To survive in the CNS, microglia require constitutive activation of colony 

stimulating factor 1 (CSF1) receptors through the endogenous ligands, CSF1 and IL-34 

(Lin et al. 2008; Ginhoux et al. 2010; Erblich et al. 2011; Nandi et al. 2012). Brain-

penetrant antagonists of CSF1 receptors deplete microglia from living animals and have 

provided insight into the functional roles of microglia during health and disease (Elmore 

et al. 2014). In 10-month-old mice with five familial AD (5xFAD) mutations, elimination 

of microglia had no effect on existing Aβ plaques, however, there was an overall rescue 

of the loss of dendritic spines and a general reduction in neurodegeneration (Spangenberg 

et al. 2016). This would suggest that microglia are required to induce neurodegeneration, 

potentially in response to Aβ. A follow-up study examined the effects of chronic 

microglial depletion in 6-week-old mice, prior to the onset of Aβ plaques (Spangenberg 



8 

 

 

et al. 2019). Early elimination of microglia reduced the formation of Aβ plaques in the 

parenchyma which suggests that microglia are active contributors to plaque formation in 

the early phases of AD. Given that many of the genes known to influence AD risk are 

specific to microglia, it is certainly possible that microglia would contribute to plaque 

formation in 5xFAD mice and humans with specific alleles (Efthymiou and Goate 2017). 

Depletion of microglia from the R6/2 mouse model of HD resulted in fewer motor 

deficits and improved cognitive performance (Crapser et al. 2020). Similar results were 

shown in mouse models of PD, whereby microglial depletion ameliorated both behavioral 

deficits and markers of neuroinflammation (Oh et al. 2020; Zhang et al. 2021a). This 

body of microglial depletion experiments suggests that activation of microglia is a 

common factor in mouse models of neurodegeneration and that removal of microglia 

generally improves outcomes. 

 

1.3 Behavioural and cellular consequences of neuroinflammation 

The symptoms of chronic low-grade neuroinflammation include changes in 

behavior and cognitive performance. Acute encephalitis, most commonly caused by a 

viral or bacterial infection in the CNS, involves more severe symptoms such as memory 

loss, seizures, aggression, and psychosis in addition to fever and other traditional 

symptoms of infection (Ellul and Solomon 2018; Kumar 2020). Even during peripheral 

infections which do not penetrate the CNS, the upregulated production of IL-1β and TNF 

by peripheral immune cells induces fatigue and regulates sleep through interaction with 

serotonergic neurons in the brain stem (Imeri and Opp 2009). These symptoms resolve 

upon clearance of the infection which indicates these cognitive deficits and behavioral 

changes are directly linked to high levels of inflammation in the brain. Peripheral 

injection with bacterial-derived lipopolysaccharides (LPS) is sufficient to induce 

neuroinflammation characterized by glial activation and neuronal loss in mice (Batista et 

al. 2019). The neuroinflammation and subsequent cognitive impairment induced by LPS 

can be blocked by toll-like receptor 4 (TLR4)-specific peptides which indicates that LPS 

penetrates the BBB to elicit inflammatory responses that are specific to the brain (Zhao et 

al. 2019). Activation of microglial TLR2 and TLR4 in the mouse prefrontal cortex has 
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also been shown to underlie stress-induced social avoidance via secretion of IL-1α and 

TNF (Nie et al. 2018). Overall, neuroinflammation influences cognition in humans as 

well as rodents. Importantly, these changes can be observed even in the absence of 

immune cell infiltration into the CNS. 

In line with the known effects of neuroinflammation on cognition and behaviour, 

inflammation has also been identified as a component of several psychiatric illnesses 

including depression, anxiety, and addiction. Elevated markers of inflammation and 

microglial activation are observed in several brain regions of humans during major 

depressive episodes, and the degree of inflammation correlates with the severity of the 

episodes (Setiawan et al. 2015; Richards et al. 2018). Post-mortem tissue samples from 

the white matter of patients with major depressive disorder also exhibit increased markers 

of microglial priming and inflammation as well as infiltration of peripheral immune cells 

including macrophages (Torres-Platas et al. 2014). Suicide among patients with 

depression has also been correlated with an increased abundance of reactive microglia in 

several brain regions including the dorsolateral prefrontal cortex, anterior cingulate 

cortex, and mediodorsal thalamus (Steiner et al. 2008). Exposure of neonatal rat pups to 

LPS has been demonstrated to affect anxiety-like behaviour and induce memory 

impairments that last into adulthood (Sominsky et al. 2012; Wang et al. 2013). Mice 

injected with LPS have also been shown to exhibit anxiety- and depressive-like behaviors 

due to enhanced excitability of projection neurons in the basolateral amygdala (Zheng et 

al. 2021). With respect to the addictive behaviour of animals, direct inhibition of TLR4-

mediated signaling reduces the drug-seeking behaviour of rodents in response to both 

opioids as well as cocaine (Hutchinson et al. 2012; Brown et al. 2023). These data 

suggest that microglia-mediated inflammation is a component in several aspects of 

neuropsychiatric conditions. 

Within the CNS, cytokine receptors are expressed on neurons and glia, and the 

presence of specific cytokines can affect the functional properties of individual neurons 

and neuronal circuits. IL-1β and TNF increase neuronal excitability in vitro and in vivo 

by enhancing glutamate-mediated signaling through N-methyl-D-aspartate (NMDA) and 

α-amino-3-hydroxyl-5-methyl-4-isoxazole-propionate (AMPA) receptors (Hagan et al. 
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1996; Viviani et al. 2003; Pickering et al. 2005; He et al. 2012). Although these effects 

have been associated with enhanced synaptic plasticity and scaling, excessive quantities 

of these cytokines are also associated with excitotoxicity (Beattie et al. 2002; Stellwagen 

and Malenka 2006; Jara et al. 2007). Excessive production of TNF by microglia induces 

circuit instability and susceptibility to lethal seizures in mice (Feinberg et al. 2022). 

Elevated TNF in the CNS of rats can also upregulate Nav1.3 and Nav1.8 which are 

important contributors to neuropathic pain (He et al. 2010). In contrast with IL-1β and 

TNF, IL-6 is known to dampen neuronal activity through regulation of adenosine 

receptors and Cav1.2 (Biber et al. 2008; Ma et al. 2012). Inhibitory GABAergic (γ-

aminobutyric-acid) neurons are particularly sensitive to IFNγ which can impact inhibitory 

tone and affect learning and memory as well as stress-related cognitive impairment 

(Brynskikh et al. 2008; Filiano et al. 2016; Monteiro et al. 2017). Cytokines play 

important roles in the functions of neuronal circuits but can create dysfunction when not 

maintained within specific concentrations which highlights the importance of regulating 

inflammation in the brain.  

It is likely that the transient behavioural correlates of neuroinflammation can be 

caused by the effects of inflammation on neural activity, however, more long-term 

cognitive changes can also occur when chronic inflammation facilitates the permanent 

loss of synapses or the death of neurons. Mice in recovery from viral infection exhibit 

increased release of IFNγ from T cells which stimulates microglia and mediates deficits 

in learning as well as synapse elimination and neuronal apoptosis in the hippocampus 

(Garber et al. 2019). These effects are regulated by complement-dependent microglial 

phagocytosis of synapses and perikarya as well as astrocyte-derived IL-1β which has 

been shown to promote learning deficits and inhibit neurogenesis (Garber et al. 2018). In 

a mouse model of AD, IFNα and IFNβ signaling in microglia is associated with the loss 

of post-synaptic terminals, however, in neurons, stimulation by interferons is associated 

with memory loss and increased deposition of Aβ (Roy et al. 2020, 2022). Another 

characteristic of AD is an overabundance of activated T cells which secrete IFNγ that 

coincides with the activation of both microglia and astrocytes in the CNS and loss of 

synapses and viable neurons (Town et al. 2005; Dai and Shen 2021).  
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1.4 Neuroinflammation as a therapeutic target 

Neuroinflammation is a common characteristic of virtually all brain ailments, 

however, inflammation in the brain is highly heterogeneous and can be initiated by a 

wide variety of different factors depending on the disease or injury (Ransohoff 2016b). 

Four primary neurodegenerative diseases are AD, PD, ALS, and HD, of which the initial 

signs and symptoms of pathology are directly related to neuronal dysfunction. This is in 

contrast with MS where neuronal damage occurs secondarily to the initial autoimmune 

response against myelin. AD, PD, ALS, and HD each feature defects in distinct proteins 

that either initiate or contribute to the progression of the disease. These proteins include 

Aβ and hyperphosphorylated-tau in AD, α-synuclein (α-syn) in PD, TAR DNA-binding 

protein 43 (TDP-43) in ALS, and mutant HTT (mHTT) in HD. Each of these proteins 

have a propensity to form extracellular or cytoplasmic aggregates. These protein 

aggregates may subsequently induce neuroinflammation or elicit direct cytotoxicity 

through the formation of intracellular oligomers or fibrils (Reish and Standaert 2015; 

Crotti and Glass 2015; Selkoe and Hardy 2016; Bright et al. 2021). For example, 

microglia respond directly to Aβ and α-syn with a storm of pro-inflammatory cytokines 

including TNF, IL-6, and IL-1β which can initiate neuronal loss in vivo (Wang et al. 

2015; De et al. 2019; Hughes et al. 2020; Choi et al. 2020; Xie et al. 2020). Ongoing 

treatment strategies for these primary neurodegenerative diseases have focused on the 

direct removal of these protein aggregates. This includes the use of neutralizing 

antibodies raised against Aβ to prevent aggregation and promote clearance, or the use of 

antisense oligonucleotides to reduce the translation of mHTT (van Dyck 2018; Rook and 

Southwell 2022). However, there is growing interest in the common roles of 

inflammation in these diseases and exploring neuroinflammation as a source of 

therapeutic targets. 

As neuroinflammation is often associated with systemic inflammation, an 

obvious treatment option would be the use of global anti-inflammatory agents to suppress 

inflammation in both the brain and periphery. An early prospective, population-based 

cohort study using patient records of nearly 7,000 subjects found that there was a reduced 
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risk of AD with long-term non-steroidal anti-inflammatory drug (NSAID) usage (in t’ 

Veld et al. 2001). A follow-up meta-analysis of over 600 studies contradicted these 

findings and demonstrated that there was no reduced risk of AD associated with the use 

of NSAIDs or steroidal anti-inflammatory drugs (Jaturapatporn et al. 2012). More recent 

evidence has also failed to identify a link between NSAID usage and PD or ALS (Fondell 

et al. 2012; Brakedal et al. 2021). Given the additional adverse effects associated with 

chronic use of various NSAIDs or steroidal anti-inflammatories, the opportunities to use 

these drugs for the treatment of neurodegenerative diseases appear to be limited.  

Current efforts in neuroinflammation treatment are focused on the suppression 

of pro-inflammatory glial activity through indirect inhibition of processes that lead to 

microglial activation or direct action on microglia. NP001 is a proprietary formulation of 

sodium chlorite which was developed by Neuvivo for the treatment of ALS. NP001 

targets macrophages to divert activation from a pro-inflammatory phenotype toward an 

anti-inflammatory phenotype and has shown benefits to select subsets of patients with 

respect to clinical disease progression, respiratory function, serum pro-inflammatory 

markers, and microbial translocation from the intestine to the bloodstream (Miller et al. 

2014, 2015, 2022; Zhang et al. 2022c; McGrath et al. 2023). NP001 was slated for a 

phase 1 trial (ClinicalTrials.gov identifier: NCT03179501) in AD patients but this was 

terminated due to insufficient recruitment. Xpro™, developed by Inmune Bio, Inc., is a 

next-generation TNF inhibitor which comprises an engineered recombinant human TNF 

protein that forms trimers with native soluble TNF but cannot bind the type 1 TNF 

receptor (TNFR1). Xpro™ has recently completed a phase 1 trial in February, 2022 

(ClinicalTrials.gov identifier: NCT03943264) to determine safety and efficacy in AD 

patients. The company has reported a marked reduction in hyperphosphorylated tau in the 

cerebrospinal fluid (CSF). Phase 2 trials for Xpro™ in patients with mild AD and 

cognitive impairment with elevated biomarkers of inflammation are currently in the 

recruitment phase and will include neuroimaging as well as cognitive testing 

(ClinicalTrials.gov identifiers: NCT05318976 and NCT05321498). ACZ885, developed 

by Novartis, is a monoclonal antibody designed to neutralize circulating IL-1β. ACZ885 

was successful in phase 1 safety trials (ClinicalTrials.gov identifiers: NCT00619905 and 
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NCT00421226) and is currently recruiting for a phase 2 trial in patients with mild 

cognitive impairment or AD (ClinicalTrials.gov identifier: NCT04795466). These early 

successes suggest that the peripheral immune system can be targeted to improve 

outcomes in neurodegenerative disease through the reduction of pro-inflammatory 

myeloid cells and circulating cytokines such as TNF or IL-1β. 

One of the first compounds used in AD clinical trials to specifically target 

microglia is GC021109, developed by GliaCure Inc. GC021109 is a prodrug that is 

metabolized into an agonist of microglial P2Y purinoceptor 6 (P2Y6) receptors. 

Adenosine diphosphate (ADP) and uracil diphosphate (UDP) are the endogenous ligands 

of P2Y6 receptors and are released by pro-inflammatory astrocytes as well as injured 

neurons (Guthrie et al. 1999; Davalos et al. 2005; Koizumi et al. 2007). Activation of 

P2Y6 stimulates microglial phagocytosis and reduces cytokine release, and the rationale 

for this compound was to induce microglial uptake and clearance of Aβ with 

simultaneous reduction of neuroinflammation (Li et al. 2013). The phase 1b trial to 

evaluate safety and pharmacokinetics in AD patients was completed in February, 2016 

(ClinicalTrials.gov identifier: NCT02386306), however, the results have not been 

published. Stimulation of microglial P2Y6 receptors has more recently been shown to 

induce phagocytic uptake of stressed but viable neurons in vitro and in vivo which would 

contradict the use of a P2Y6 receptor agonist for therapeutic purposes (Puigdellívol et al. 

2021). AL003, developed by Alector Inc., and Lu AG22515, developed by H. Lundbeck 

A/S, are two more compounds that target the microglial receptors, CD33 and CD40, 

respectively. CD33 and CD40 have each been associated with microglial inflammatory 

and phagocytic activity (Gerritse et al. 1996; Ponomarev et al. 2006; Estus et al. 2019; 

Bhattacherjee et al. 2021). AL003 recently completed a phase 1 safety trial in AD 

patients (ClinicalTrials.gov identifier: NCT03822208) and a phase 1 safety trial with Lu 

AG22515 is currently in progress as of June, 2023 (ClinicalTrials.gov identifier: 

NCT05136053). 

There are currently no approved drugs to specifically treat the 

neuroinflammation that precedes the onset of virtually all neurodegenerative diseases. 

Although current clinical efforts skew heavily toward AD, the results of ongoing trials 
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will provide insight into the value of neuroinflammation as a therapeutic target. As 

neuroinflammation is a unifying process in neurodegenerative disease, there is hope that 

progress made toward the treatment of AD will be transferrable to other diseases, 

including HD, PD, ALS, and more. Furthermore, the ability to pharmacologically 

modulate chronic low-grade neuroinflammation could also be useful to improve or 

preserve brain function in healthy ageing individuals.    

 

1.5 Objectives of this research 

Although there is a clear link between systemic inflammation, 

neuroinflammation, and impairment of neuronal function, the sequences of events are 

difficult to confirm. It is unclear whether peripheral inflammation induces glia activation 

and subsequent neuronal loss, or if inflammation can directly induce neuronal loss which 

promotes glial activation. In vivo models of neurodegenerative disease are useful to build 

our understanding of the broad relationship between neuroinflammation and 

neurodegeneration. However, in vitro models allow for a more mechanistic investigation 

into the relationships between microglia, neurons, and individual cytokines. 

The purpose of this research is to investigate the mechanisms by which 

microglia respond to common pro-inflammatory stimuli as well as the mechanisms by 

which activated microglia can negatively affect neurons. The core questions are whether 

the pro-inflammatory activities of microglia will directly impair neuronal function and 

survival, and if so, whether pharmacological manipulation of microglial activity can 

prevent these negative effects. As microglia are innate immune cells, I focus on the use of 

immune-modulating drugs to either control the activity of microglia in response to pro-

inflammatory stimuli to reduce the release of cytokines before they interact with neuronal 

cytokine receptors. The group of pharmacological agents explored in this thesis is broad 

and includes experimental signaling inhibitors, synthetic cannabinoid receptor agonists as 

well as endocannabinoids, JAK inhibitors, and anti-cytokine biologics. Ultimately, the 

goal of this thesis is to improve our mechanistic understanding of how microglia can 

damage neurons and provide some evidence to support whether traditional 

immunomodulatory drugs hold promise for the treatment of neuroinflammation.  
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Chapter 2: Synthetic cannabinoids reduce the inflammatory activity of 

microglia and subsequently improve neuronal survival in vitro 
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Preface 

Chronologically, the experiments contained within this chapter were performed 

before the experiments contained in other chapters. The primary purposes of this chapter 

were to establish the conditioned media model and determine whether cultured microglial 

cells would induce secondary damage to cultured neuronal cells. The secondary purpose 

was to assess the potential anti-inflammatory properties of different classes of 

cannabinoids on the microglia. This chapter provides a jumping-off point for the 

remainder of the thesis as each subsequent chapter expands on a specific component of 

this chapter.  
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2.1 Abstract 

Microglia are resident immune cells of the brain that survey the 

microenvironment, provide trophic support to neurons, and clear debris to maintain 

homeostasis and healthy brain function. Microglia are also drivers of neuroinflammation 

in several neurodegenerative diseases. Microglia produce endocannabinoids and express 

both cannabinoid receptor subtypes suggesting that this system is a target to suppress 

neuroinflammation. We tested whether cannabinoid type 1 (CB1) or type 2 (CB2) 

receptors could be targeted selectively or in combination to dampen the pro-inflammatory 

behavior of microglia, and whether this would have functional relevance to decrease 

secondary neuronal damage. We determined that components of the endocannabinoid 

system were altered when microglia are treated with lipopolysaccharide and interferon-

gamma and shift to a pro-inflammatory phenotype. Furthermore, pro-inflammatory 

microglia released cytotoxic factors that induced cell death in cultured STHdhQ7/Q7 

neurons. Treatment with synthetic cannabinoids that were selective for CB1 receptors 

(ACEA) or CB2 receptors (HU-308) dampened the release of nitric oxide (NO) and pro-

inflammatory cytokines and decreased levels of mRNA for several pro-inflammatory 

markers. A nonselective agonist (CP 55,940) exhibited similar influence over NO release 

but to a lesser extent relative to ACEA or HU-308. All three classes of synthetic 

cannabinoids ultimately reduced the secondary damage to the cultured neurons. The 

mechanism for the observed neuroprotective effects appeared to be related to 

cannabinoid-mediated suppression of MAPK signaling in microglia. Taken together, the 

data indicate that activation of CB1 or CB2 receptors interfered with the pro-inflammatory 

activity of microglia in a manner that also reduced secondary damage to neurons. 
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2.2 Introduction 

Neuroinflammation is a hallmark of damage to the brain that occurs with chronic 

neurodegenerative diseases as well as acute conditions such as traumatic brain injury or 

septic encephalopathy (Guzman-Martinez et al. 2019; Li et al. 2020; Witcher et al. 2021). 

Microglia are recognized as resident immune cells of the brain and have been identified 

as active propagators of neuroinflammation (Perry et al. 2010). At rest, unreactive 

microglia survey the microenvironment using scavenger receptors, clear debris, and 

provide trophic support to neurons to maintain homeostasis and healthy brain function 

(Nimmerjahn et al. 2005; Cherry et al. 2014). Microglia may detect soluble factors 

released by damaged neurons or infiltrating peripheral immune cells and transition to an 

activated pro-inflammatory phenotype to mediate host defense via release of pro-

inflammatory cytokines such as interleukin (IL)-1β and tumor necrosis factor alpha 

(TNFα) (Chhor et al. 2013). Sufficient concentrations of these cytokines trigger neuronal 

signaling cascades that lead to cellular impairment or apoptosis (Neumann et al. 2002; 

Brown and Vilalta 2015; Bachiller et al. 2018). Thus, the sustained pro-inflammatory 

activity of these microglia promotes chronic neuroinflammation which induces secondary 

neuronal damage and impairs global cognitive function (d’Avila et al. 2018; Zhao et al. 

2019). 

The endocannabinoid system functions at the interface between the nervous 

system and the immune system and has been proposed as a source of targets to treat 

inflammation and neurodegeneration (Pacher et al. 2006). The endocannabinoid system 

comprises synthetic and degradative enzymes for the endocannabinoids, anandamide 

(AEA) and 2-arachidonoylglycerol (2-AG), as well as the cognate G protein-coupled 

receptors (GPCRs), which are the cannabinoid type 1 (CB1) and type 2 (CB2) receptors 

(Howlett 2002). CB1 receptors are abundant in neurons in the central nervous system and 

typically inhibit the release of neurotransmitters when activated (Howlett et al. 2002). 

Conversely, CB2 receptors are primarily found in macrophage and other immune cells, 

including microglia (Galiègue et al., 1995; Howlett et al., 2002; Stella, 2009). CB1 

receptors are primarily responsible for the psychoactive effects of Δ9-

tetrahydrocannabinol (THC), whereas CB2 receptors typically mediate the anti-
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inflammatory effects of specific cannabinoids (Galiègue et al. 1995; Marsicano and Lutz 

1999; Maresz et al. 2005).  

Treatment with nonselective cannabinoids, including endocannabinoids and 

synthetic molecules, has been shown to reduce pro-inflammatory markers in rodent 

models of neuroinflammation and dampen the pro-inflammatory behavior of microglia 

(Ehrhart et al. 2005; Eljaschewitsch et al. 2006; Panikashvili et al. 2006; Fernández-

López et al. 2006; Tanaka et al. 2020; Komorowska-Müller and Schmöle 2020). 

Microglia express both CB1 and CB2 receptors, and cross-talk can occur at the signaling 

level when both receptors are targeted simultaneously (Stella 2010; Callén et al. 2012; 

Navarro et al. 2018a; Young et al. 2022). However, the pharmacological contributions of 

CB1 and CB2 receptors to the pro-inflammatory activity of microglia have not been 

clearly delineated using selective agonists and antagonists. Furthermore, the biological 

relevance of these effects has not been determined with respect to secondary damage to 

neurons.  

In this work, we aimed to determine the effects of synthetic cannabinoids on 

pro-inflammatory microglia using drugs that selectively activate either CB1 or CB2 

receptors, or nonselectively activate both receptors. We used a strategy that involved 

conditioned media to assess the effects of secreted microglial factors on downstream 

neuronal viability (Chhor et al. 2013; Janefjord et al. 2014; Dai et al. 2015; Wang et al. 

2017; García et al. 2018 p.; Liu et al. 2019). We present evidence that each class of 

cannabinoid receptor agonists dampen the pro-inflammatory activity of microglia, and 

that selective activation of cannabinoid receptors may be more beneficial than dual 

activation in this context. Moreover, these effects translated to subsequent improvements 

in neuronal survival the model of microglial-driven neurotoxicity. Taken together, these 

data support that the microglial endocannabinoid system is a promising target to dampen 

microglia-mediated neuroinflammation and prevent subsequent neuronal damage. 
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2.3 Results 

2.3.1. LPS and IFNγ stimulated microglia to release pro-inflammatory factors 

SIM-A9 microglia were treated with a combination treatment of LPS (1000 

ng/mL) and IFNγ (20 ng/mL) to elicit a pro-inflammatory response (Fig. 2. 1A). The 

treatment stimulated the release of NO, TNFα, IL-1β and IL-6 into the culture medium 

with distinct temporal profiles. NO release was significantly elevated within 16 h and 

continued to increase up to 72 h (Fig. 2. 1B). NO release retained an upward trajectory 

throughout all time points and reached 279 ± 9 pmol per microgram of protein at the 

endpoint of 72 h. TNFα peaked at 16,555 ± 2,548 pg/mL at 16 h and was elevated in the 

media between 16 and 24 h following stimulation but returned to baseline by 48 h (Fig. 2. 

1C). IL-1β release peaked at 113 ± 31 pg/mL 24 h following stimulation, but the peak 

concentration at this time point was not statistically different from baseline (Fig. 2. 1D). 

IL-6 peaked at 832 ± 135 pg/mL within 8 h and remained significantly elevated until 16 h 

but returned nearly to baseline by 48 h (Fig. 2. 1E).  
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Figure 2. 1. Soluble factors released following pro-inflammatory treatment. A SIM-

A9 microglia were treated with LPS and IFNγ and the release of the soluble pro-

inflammatory factors NO, TNFα, IL-1β, IL-6 was monitored for up to 48 or 72 h. B NO 

was monitored in the cell supernatant via Griess assay for up to 72 hours following 

treatment (n = 8). C TNFα (n = 4), D IL-1β (n = 4), and E IL-6 (n = 4) were monitored for 

up to 48 hours following treatment using specific enzyme-linked immunosorbent assays. 

Data is presented as mean ± standard error of the mean. Significance was determined using 

the non-parametric Kruskal-Wallis test with Dunn’s post-hoc test; * p < 0.05 vs. 0-hour 

time-point. Panel A was prepared using BioRender.   
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In subsequent experiments, conditioned media from SIM-A9 microglia was 

applied to cultured neurons. For these experiments, microglia were stimulated with LPS 

and IFNγ for 16 h before the media was harvested. This time point was chosen as the 

media harvested at this time point included elevated quantities of NO, TNFα, and IL-6 

compared to baseline. Thus, this conditioned media contained 86.5 ± 1.9 pmol NO per 

microgram of protein, 16,555 ± 2,548 pg/mL TNFα, 85.6 ± 15.0 pg/mL IL-1β, and 512.9 

± 96.4 pg/mL IL-6 in addition to the pro-inflammatory factors that were not specifically 

quantified in this study. 

 

2.3.2. The microglial endocannabinoid system was altered under pro-inflammatory 

conditions 

Given the roles that the endocannabinoid system may play in 

neuroinflammation, we measured gene expression of several components of the 

endocannabinoid system in microglia upon treatment with LPS and IFNγ. Under the pro-

inflammatory conditions, there was a decrease in the mRNA abundance of Cnr1 (CB1; 

3.22-fold, p = 0.0022, Fig. 2. 2A) and Cnr2 (CB2; 17.82-fold, p = 0.0022, Fig. 2. 2B) 

relative to microglia that did not receive the pro-inflammatory stimuli. There was no 

change in NAPEPLD (NAPE-PLD; Fig. 2. 2C) but there was an increase in mRNA 

abundance for FAAH (FAAH; 26.07-fold, p = 0.0022, Fig. 2. 2D). Conversely, there was 

an increase in DAGLA (DAGLα; 1.60-fold, p = 0.0022, Fig. 2. 2E) but no change in 

MGLL (MAGL; Fig. 2. 2F).  

As the abundance of Cnr1 and Cnr2 mRNA was diminished upon treatment with 

the pro-inflammatory stimuli, immunofluorescence staining of CB1 and CB2 receptors 

was used to determine whether the pro-inflammatory microglia expressed cannabinoid 

receptors at the cell surface. Qualitative immunofluorescence staining revealed both CB1- 

and CB2 receptor-like immunoreactivity in the unreactive and pro-inflammatory states 

which indicated that the microglia expressed both receptor proteins following treatment 

with LPS and IFNγ (Fig. 2. 2G-H). Control samples were prepared using a blocking 

peptide for the anti-CB2 receptor antibody which ablated CB2-like immunoreactivity as 

determined qualitatively in all samples regardless of treatment (Fig. 2. S1). 
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Figure 2. 2. Components of the endocannabinoid system were dysregulated in 

microglia exposed to pro-inflammatory stimuli. A-F Reverse transcription quantitative 

PCR analysis of mRNA abundance of A Cnr1 (CB1 receptors), B Cnr2 (CB2 receptors), C 

NAPEPLD (NAPE-PLD), D FAAH (FAAH), E DAGLA (DAGLα), and F MGLL (MAGL) 

following 24 h treatment with vehicle or LPS and IFNγ. Statistical significance was 

determined using the non-parametric Mann-Whitney test; ** p < 0.01. G-H 

Immunofluorescence labeling of CB1 (green) and CB2 (magenta) receptors in SIM-A9 

microglia treated with G vehicle or H LPS and IFNγ. Scale bar; 10 μm for all panels. 
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2.3.3. Conditioned media from pro-inflammatory microglia was neurotoxic 

To determine if the media from pro-inflammatory microglia was cytotoxic, SIM-

A9 microglia were stimulated with LPS and IFNγ for 16 h, and the conditioned media 

was applied to cultured STHdhQ7/Q7 neurons for 24 h. To identify a potential dose-

response relationship between the conditioned media treatment and subsequent neuronal 

survival, the conditioned media was diluted in serum-free DMEM:F12 media so that 

treatment groups would receive as little as 60% of the conditioned media or up to 100% 

conditioned media (Fig. 2. 3A).  

The neurons were cultured in the conditioned media for 24 h and cell viability 

was measured. Compared to media taken from unstimulated microglia, the pro-

inflammatory conditioned media was observed to be neurotoxic to STHdhQ7/Q7 neurons at 

a concentration of 85% or higher (Fig. 2. 3B). In these neurons, 100% conditioned media 

induced death in up to 64.4 ± 4.4% of cells whereas the undiluted media from 

unstimulated microglia induced death in only 30.9 ± 1.7% of cells. Cultured HEK 293T 

cells were subjected to the same treatments for comparison to determine if the pro-

inflammatory media may be selectively neurotoxic. The conditioned media did not 

induce more cell death in HEK 293T cells compared to media from unstimulated 

microglia at any given dilution (Fig. 2. 3C). HEK 293T cells that received 100% 

conditioned media from pro-inflammatory microglia exhibited 19.3 ± 1.3% cell death 

whereas the proportion of cell death was 17.2 ± 4.1% in cells that received media from 

unstimulated microglia.  

As a corroborating measure of cell viability, the concentration of ATP was 

measured in STHdhQ7/Q7 neurons and HEK 293T following exposure to pro-inflammatory 

conditioned media. The STHdhQ7/Q7 neurons exhibited a significant reduction in ATP 

concentration upon exposure to a concentration of 70% or greater conditioned media 

(Fig. 2. 3D). In HEK 293T cells, the pro-inflammatory conditioned media had no effect 

on the concentration of ATP.  
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Figure 2. 3. Conditioned media from pro-inflammatory microglia was toxic to 

STHdhQ7/Q7 neurons and not HEK 293T cells. A Media was harvested from pro-

inflammatory microglia, diluted in serum-free media, and applied to STHdhQ7/Q7 neurons 

or HEK 293T cells in the ratios indicated (60-100% conditioned media). Cell viability was 

measured in B STHdhQ7/Q7 neurons (n = 8) and C HEK 293T cells (n = 4) following 

exposure to conditioned media for 24 hours. The concentration of ATP was also 

determined in D STHdhQ7/Q7 neurons (n = 8) and E HEK 293T cells (n = 4) as a measure 

of overall cell viability. Data is presented as the mean ± standard deviation. Statistical 

significance was determined using two-way ANOVA with Sidak correction for multiple 

comparisons; * p < 0.001. Panel A was prepared using BioRender. 
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2.3.4. Cannabinoid treatments dampened the microglial pro-inflammatory response  

Cannabinoid receptor agonists have been repeatedly shown to have anti-

inflammatory effects in different models of neurodegenerative disease (Price et al. 2009; 

Fakhfouri et al. 2012; Aso et al. 2013; Javed et al. 2016; Chung et al. 2016; Cassano et al. 

2017). We aimed to determine whether stimulation of CB1 or CB2 receptors by selective 

or nonselective synthetic agonists would influence the pro-inflammatory behavior of 

SIM-A9 microglia. Microglia were treated with ACEA (>1400-fold selectivity for CB1 

over CB2), HU-308 (>440-fold selectivity for CB2 over CB1), or CP 55,940 (relatively 

non-selective) and the effect on NO release following stimulation with LPS and IFNγ 

was determined (Pertwee 1997; Hillard et al. 1999; Hanus et al. 1999). Co-treatment with 

ACEA produced a dose-dependent decrease in NO release, to 53.22 ± 14.09% relative to 

control samples with an EC50 of  677.64 nM (Fig. 2. 4A). HU-308 suppressed NO release 

to 72.43 ± 6.13% with an EC50 of 692.04 nM and CP 55,940 suppressed NO release to 

81.26 ± 6.97% with an EC50 of 564.94 nM.  

To corroborate the effects of cannabinoids on NO release, the experiments were 

repeated using the EC90 dose of ACEA (1.2 μM), HU-308 (2.5 μM), or CP 55,940 (1.8 

μM) and/or AM251 (2 μM) or AM630 (1 μM). Microglia treated with ACEA exhibited 

suppressed NO release to 136.8 ± 41.0 nmol per μg total protein compared to 190.9 ± 

27.0 in the cells that received only LPS ± IFNγ (F (3, 52) = 70.38, p < 0.0001) (Fig. 2. 

4B). The effect of ACEA was also blocked by the selective antagonist AM251 (p = 

0.0121) which indicated the effect was mediated by CB1 receptors. Treatment with HU-

308 reduced NO release to 148.0 ± 19.7 nmol per μg total protein (F (3, 52) = 114.8, p < 

0.0001) and the effect was blocked the the CB2 receptor antagonist, AM630 (p = 0.0185) 

(Fig. 2. 4C). This indicated that the effect of HU-308 on NO release was mediated by 

CB2 receptors. Finally, treatment with CP 55,940 suppressed NO release to 147.1 ± 36.3 

nmol per μg total protein (F (4, 67) = 65.44, p = 0.0004) and the effect was partially 

blocked by both AM251 (p = 0.0219) and AM630 (p = 0.0303) which suggested a 

contribution of both receptors to the effects of CP 55,940 (Fig. 2. 4D). As AM251 and 

AM630 are known as inverse agonists of CB1 and CB2 receptors, respectively, we 

prepared dose-response curves with these drugs alone to determine whether there was a 
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dose-dependent potentiation of NO release with the inverse agonism of CB1 or CB2 

receptors (Fig. 2. S2). We found that there was not a dose-dependent effect of AM251 or 

AM630 alone on NO release from SIM-A9 microglia. This indicated that either these 

ligands behaved as neutral antagonists in this assay, or that inverse agonism of the 

cannabinoid receptors did not induce NO release.  
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Figure 2. 4. Microglia treated with cannabinoids exhibited reduced NO release and 

mRNA of pro-inflammatory markers. A NO release following treatment with LPS + 

IFNγ and vehicle, ACEA, HU-308, or CP 55,940 (n = 11). Statistical significance was 

determined using two-way ANOVA with Sidak correction for multiple comparisons; * p < 

0.05, ACEA vs. CP 55,940; ~ p < 0.05, HU-308 vs. ACEA. B-D Cells treated with vehicle 

or LPS + IFNγ and the EC90 dose of B ACEA (1.2 μM), C HU-308 (2.5 μM), or D CP 

55,940 (1.8 μM) and/or AM251 (2 μM) or AM630 (1 μM) (n = 16). Statistical significance 

was determined using the non-parametric Kruskal-Wallis test with Dunn’s post-hoc test; ~ 

p < 0.05 vs. LPS + IFNγ; # p < 0.05 vs. agonist + AM251; ^ p < 0.05 vs. agonist + AM630. 
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To determine whether the synthetic cannabinoid agonists also had an effect on 

the abundance of pro-inflammatory markers, mRNA for Nos2 (iNOS), Tnf (TNFα), Il1b 

(IL-1β), and Il6 (IL-6) were measured following treatment with LPS and IFNγ in the 

presence of cannabinoids. The CB1 and CB2 receptors were targeted individually or in 

combination using the EC90 of ACEA, HU-308 or CP 55,940. For comparison, a 

combination of ACEA and HU-308 was used at half of the EC90. Treatment with LPS and 

IFNγ in the presence of ACEA or HU-308 reduced the abundance of mRNA for Nos2 (p 

< 0.0001; Fig. 2. 5A), Tnf (p < 0.0002; Fig. 2. 5B), Il1b (p < 0.0001; Fig. 2. 5C), and Il6 

(p < 0.0001; Fig. 2. 5D) relative to LPS and IFNγ alone. Treatment with CP 55,940 did 

not influence the mRNA abundance of iNOS or IL-6 but reduced the abundance of 

mRNA for TNFα (p < 0.0001) and IL-1β (p = 0.0007). Interestingly, the combination of 

ACEA and HU-308 was less impactful on the mRNA for pro-inflammatory markers, and 

only reduced the mRNA abundance for IL-1β (p = 0.0048). 
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Figure 2. 5. Microglia treated with cannabinoids exhibited reduced mRNA of pro-

inflammatory markers. SIM-A9 microglia were treated with LPS + IFNγ in conjunction 

with ACEA (1.20 µM), HU-308 (2.50 µM), CP 55,940 (1.80 µM), or ACEA (0.60 µM) 

and HU-308 (1.25 µM). A-D Relative quantities of mRNA for pro-inflammatory markers 

A Nos2, B Tnf, C Il1b, and D Il6 (n = 6). The mRNA abundance is presented as fold change 

over cells that did not receive the LPS + IFNγ or cannabinoid treatments. Significance was 

determined via one-way ANOVA with Dunnett’s correction for multiple comparisons; * p 

< 0.05 vs. untreated; ~ p < 0.05 vs. LPS + IFNγ.  
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To confirm that the synthetic cannabinoid treatments suppressed the release of 

TNFα, IL-1β, and IL-6, the microglial culture medium was analyzed following treatment 

with LPS and IFNγ in combination with ACEA, HU-308, or CP 55,940. Treatment with 

the pro-inflammatory stimuli induced the release of TNFα which was reduced by co-

treatment with ACEA (p = 0.0341) or HU-308 alone (p = 0.0066) whereas CP 55,940 or 

the combination of ACEA and HU-308 did not influence the release of TNFα (Fig. 2. 

6A). The release of IL-1β was also only dampened by co-treatment with ACEA (p = 

0.0021) or HU-308 alone (p = 0.0496) (Fig. 2. 6B). Similarly, IL-6 release was 

suppressed only by treatment with ACEA (p = 0.0024) or HU-308 (p = 0.0254) (Fig. 2. 

6C). 
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Figure 2. 6. Microglia treated with cannabinoids exhibited reduced release of TNFα, 

IL-1β, and IL-6. SIM-A9 microglia were treated with LPS + IFNγ in conjunction with 

ACEA (1.20 µM), HU-308 (2.50 µM), CP 55,940 (1.80 µM), or ACEA (0.60 µM) and 

HU-308 (1.25 µM). A-D Quantities of protein for pro-inflammatory markers A TNFα, B 

IL-1β, and C IL-6 (n = 4) released by SIM-A9 microglia following treatment with vehicle 

or LPS + IFNγ in conjunction with ACEA, HU-308, or CP 55,940. Significance was 

determined using the non-parametric Kruskal-Wallis test with Dunn’s post-hoc test; * p < 

0.05 vs. untreated; ~ p < 0.05 vs. LPS + IFNγ. 
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2.3.5. Microglial cannabinoid treatment reduced neurotoxicity of conditioned media  

The stimulation of CB1 and CB2 receptors reduced the abundance of mRNA for 

pro-inflammatory markers and reduced NO release from cultured SIM-A9 microglial 

cells. To determine whether these effects had biological relevance, the conditioned media 

was again applied to STHdhQ7/Q7 neurons and HEK 293T cells and cytotoxicity was 

measured (Fig. 2. 7A). STHdhQ7/Q7 neurons that received the conditioned media exhibited 

62.2 ± 7.0% cell death. The proportion of cell death was reduced when the SIM-A9 

microglia were pretreated with ACEA (43.3 ± 3.6%; p < 0.0001), HU-308 (37.8 ± 4.5%; 

p < 0.0001), or CP 55,940 (49.8 ± 5.2%; p = 0.0056) (Fig. 2. 7B). Furthermore, the direct 

treatment of neurons with the cannabinoid drugs or the pro-inflammatory stimuli had no 

effect on cell viability (Fig. 2. S3). The effects of ACEA pretreatment were abrogated 

when the SIM-A9 microglia were also pretreated with AM251 or AM630. Interestingly, 

the effects of HU-308 and CP 55,940 were blocked only by AM251 pretreatment whereas 

AM630 had no influence. We also found that although AM630 did not block the 

neuroprotective effects of HU-308 or CP 55,940, an alternative CB2 receptor inverse 

agonist, SR144528, fully blocked the effects of these agonists (Fig. 2. S4). When HEK 

293T cells were subjected to the same treatments, there was no effect of the conditioned 

media, regardless of whether the SIM-A9 microglia had been treated with LPS + IFNγ, 

ACEA, HU-308, or CP 55,940 (Fig. 2. 7C). 
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Figure 2. 7. Microglial cannabinoid treatments reduced neurotoxicity of conditioned 

media. A SIM-A9 microglia were treated with LPS + IFNγ with vehicle, ACEA, HU-308, 

or CP 55,940 in conjunction with AM251 or AM630. The conditioned media was 

subsequently applied directly to cultured B STHdhQ7/Q7 neurons (n = 8) or C HEK 293T 

cells (n = 4) and cell viability was measured after 24 h. * p < 0.01 vs. LPS + IFNγ; ~ p < 

0.05 vs. LPS + IFNγ + agonist + AM251; # p < 0.05 vs. LPS + IFNγ + agonist + AM630. 

Panel A was prepared using BioRender. 
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We assessed the presence of CB1 and CB2 receptors in STHdhQ7/Q7 neurons 

using immunofluorescence and semi-quantitative RT-PCR and determined that the cells 

may contain both CB1 and CB2 receptors (Fig. 2. S5). We observed strong CB1-like 

immunoreactivity but weak CB2-like immunoreactivity which was abrogated using the 

blocking peptide for the anti-CB2 antibody. RT-PCR revealed that STHdhQ7/Q7 neurons 

possess mRNA for both Cnr1 and Cnr2 despite the weak CB2 receptor staining. Thus, it 

could not be ruled out that the cannabinoid drugs in the conditioned media could also 

interact with neuronal CB1 or CB2 receptors to contribute to the neuroprotective effects. 

  

2.3.6. Cannabinoid treatments differentially influenced LPS and IFNγ-mediated signaling 

in microglia 

LPS has been previously shown to signal via NF-κB whereas IFNγ has been 

shown to signal via JAK/STAT1 and phosphoinositide 3-kinase (PI3K)/Akt pathways in 

microglia (Darnell et al. 1994; Ramana et al. 2002; Ehrhart et al. 2005; Eljaschewitsch et 

al. 2006; Zhao et al. 2019; Kang et al. 2019). We hypothesized that activation of CB1 

and/or CB2 receptors would interfere with the phosphorylation of NF-κB p65 or STAT1 

at the early (5 min) or late (30 min) stage of signaling. We found that upon treatment with 

LPS + IFNγ (5 min), NF-κB p65 phosphorylation was elevated to 136.5 ± 11.8% relative 

to vehicle and this was not influenced by co-incubation with ACEA, HU-308, or CP 

55,940 [F = 3.112 (3, 11.90)] (Fig. 2. 8A). Similarly, at the 30 min time point, NF-κB 

p65 phosphorylation was elevated to 126.1 ± 7.9% relative to vehicle and there was no 

significant effect of cannabinoid co-incubation [F = 3.302 (3, 11.08)] (Fig. 2. 8B). 

Upon treatment with LPS + IFNγ (5 min), STAT1 phosphorylation was elevated 

to 134.6 ± 10.5% relative to vehicle and there was no significant effect of ACEA, HU-

308, or CP 55,940 [F = 2.143 (3, 10.88)] (Fig. 2. 8C). Finally, at the 30 min time point, 

STAT1 phosphorylation was elevated to 148.3 ± 7.6% relative to vehicle, and this was 

not affected by cannabinoid co-treatment [F = 1.522 (3, 10.77)] (Fig. 2. 8D). 

  



35 

 

 

 

Figure 2. 8. NF-κB and STAT1 phosphorylation was not influenced by ACEA, HU-

308, or CP 55,940 treatment in conjunction with LPS + IFNγ. SIM-A9 microglia were 

treated with LPS + IFNγ in conjunction with either the vehicle, ACEA (1.2 µM), HU-308 

(2.5 µM), or CP 55,940 (1.8 µM). Phosphorylation of NF-κB (Ser536) was measured at A 

5 min and B 30 min. Phosphorylation of STAT1 (Tyr701) was measured at C 5 min and D 

30 min. Quantities of phosphorylated proteins were normalized to cell number using 

CellTag 700. Phosphorylation (%) was normalized to cells that did not receive LPS + IFNγ 

(constrained to 100%, indicated by dashed line). Statistical significance was assessed using 

Brown-Forsythe and Welch ANOVA tests with Dunnett correction for multiple 

comparisons. 
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Signaling of LPS and IFNγ has also been associated with activation of mitogen-

activated protein kinase (MAPK) pathways including extracellular signal-regulated 

kinases (ERK)1/2, c-Jun N-terminal kinase (JNK), and p38 as well as the PI3K/Akt 

pathway (Waetzig et al. 2005; Eljaschewitsch et al. 2006; Khatchadourian et al. 2012; 

Subedi et al. 2017; Ye et al. 2020; Lu et al. 2021). As the cannabinoid treatments 

dampened the LPS + IFNγ-induced activation of SIM-A9 microglia, we hypothesized 

that activation of CB1 and/or CB2 receptors would interfere with the activation of one or 

several of these signaling pathways. We found that treatment with ACEA or HU-308 

blunted the LPS + IFNγ-induced phosphorylation of ERK1/2 whereas CP 55,940 did not 

have an effect [F = 136.4 (3, 5.530)] (Fig. 2. 9A). HU-308 also dampened the LPS + 

IFNγ-induced phosphorylation of JNK [F = 27.86 (3, 6.532)] (Fig. 2. 9B) and p38 [F = 

7.892 (3, 9.525)] (Fig. 2. 9C) whereas ACEA and CP 55,940 had no statistically 

significant effect on these pathways. Finally, all three treatments blunted the LPS + IFNγ-

induced phosphorylation of Akt [F = 38.88 (3, 6.525)] (Fig. 2. 9D).  
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Figure 2. 9. MAPK and PI3K-Akt pathways were differentially influenced by ACEA, 

HU-308, and CP 55,940 treatment in conjunction with LPS + IFNγ. SIM-A9 microglia 

were treated with LPS + IFNγ with either the vehicle, ACEA (1.2 µM), HU-308 (2.5 µM), 

or CP 55,940 (1.8 µM) for 30 min. Phosphorylation of A ERK1/2 (Thr202/Tyr204), B JNK 

(Thr183/Tyr185), C p38 (Thr180/Tyr182), and D Akt (Ser473) was measured and 

normalized to cell number using CellTag 700. Phosphorylation (%) was normalized to cells 

that did not receive LPS + IFNγ (constrained to 100%, indicated by dashed line). * p < 0.05 

vs. LPS + IFNγ + vehicle; ~ p < 0.05 vs. LPS + IFNγ + CP 55,940; ^ p < 0.05 vs. LPS + 

IFNγ + ACEA. Statistical significance was determined using Brown-Forsythe and Welch 

ANOVA tests with Dunnett correction for multiple comparisons. 
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2.4 Discussion 

We have investigated the influence of synthetic cannabinoid drugs to determine 

the contributions of CB1 and CB2 receptor activation on the pro-inflammatory activity of 

cultured microglia and the downstream effects on cultured neurons. The data suggest that 

in microglia, activation of CB1 or CB2 receptors effectively dampened the release of NO, 

TNFα, IL-1β, and IL-6 and reduced the abundance of mRNA corresponding to these 

factors. Co-activation of CB1 and CB2 receptors also reduced NO release and mRNA for 

IL-1β. Ultimately, treatment with ACEA, HU-308, or CP 55,940 reduced the subsequent 

neurotoxicity of the conditioned media from pro-inflammatory microglia. This indicated 

that either individual or simultaneous activation of cannabinoid receptors effectively 

reduced the pro-inflammatory and neurotoxic activity of microglia in a biologically 

relevant manner.     

Microglia exhibit fluctuations in the endocannabinoid system components under 

pro-inflammatory conditions (Young and Denovan-Wright 2022a). We observed that the 

components of the microglial endocannabinoid system fluctuated upon treatment with the 

proinflammatory stimuli, LPS and IFNγ. The cultured microglia exhibited greatly 

reduced quantities of CB1 and CB2 receptor mRNA, similar findings were reported by 

Maresz et al. (2005) where CB2 receptor mRNA was suppressed in LPS-treated 

microglia. CB2 receptor mRNA was also substantially reduced in primary rat microglia 

and RAW 264.7 macrophage-like cells upon treatment with LPS alone or LPS and IFNγ 

(Maresz et al. 2005). Despite the observed reduction in cannabinoid receptor mRNA, the 

microglia exhibited CB1 and CB2 receptor-like immunoreactivity following treatment 

with LPS and IFNγ. However, antibodies raised against GPCRs and especially CB2 

receptors generally do not exhibit a high degree of specificity (Baker 2015; Zhang et al. 

2019b). This prevented direct correlation between immunofluorescence and CB1 or CB2 

receptor abundance. Ultimately, the microglia were responsive to cannabinoid drugs 

following treatment with LPS and IFNγ which supported that there were still functional 

receptors at the cell surface in this pro-inflammatory state. The microglia exhibited 

changes in mRNA for the endocannabinoid metabolic machinery, including increased 

DAGLα and FAAH. In primary rat microglial cells, LPS treatment also resulted in 
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decreased mRNA for FAAH and MAGL but increased mRNA for DAGLα/β (Mecha et 

al. 2015). Taken together, these data suggest that the pro-inflammatory microglia could 

have shifted to synthesize relatively more 2-AG and less AEA under the pro-

inflammatory conditions. It has been previously observed that activated pro-inflammatory 

microglia release more 2-AG compared to unreactive microglia via a mechanism 

controlled by P2X7 purinoceptors (Witting et al. 2004, 2006). 2-AG has also been found 

to enhance recruitment of leukocytes to facilitate a pro-inflammatory response whereas 

AEA has been found to dampen such a response via cannabinoid receptor activation 

(Eljaschewitsch et al. 2006; Turcotte et al. 2016). Thus, pro-inflammatory microglia may 

release 2-AG to facilitate the recruitment of additional immune cells to propagate 

neuroinflammation.  

We observed that conditioned media from the pro-inflammatory SIM-A9 

microglia induced cell death in the cultured STHdhQ7/Q7 neurons but not in HEK 293T 

cells. Furthermore, there was a relationship between neuronal survival and the relative 

concentration of conditioned media in which the cells were incubated. Microglia can 

potentially kill neurons via several mechanisms including direct phagocytosis or the 

release of toxic factors (reviewed in Brown and Vilalta, 2015). As the microglia were not 

cultured in contact with the neurons, the microglia affected neuronal survival via factors 

released into the media rather than via direct contact. Similar findings have been reported 

as conditioned media from pro-inflammatory microglia was shown to induce apoptosis in 

primary cortical neurons (Chhor et al. 2013). Although it is unclear which molecules 

specifically induced cell death in the cultured neurons, it appeared that the neurons had 

receptors to respond to these factors whereas the HEK 293T cells did not. A limitation 

associated with the use of glial conditioned media is the complete composition of the 

conditioned media is unknown in most cases. In this work, we performed time-course 

experiments and monitored the release of four known pro-inflammatory mediators (NO, 

TNFα, IL-1β, IL-6) to provide multiple reference points for the composition of the 

conditioned media. Furthermore, although glial conditioned media can be prepared in a 

reproducible manner, the composition of glial conditioned media does not represent the 
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concentrations of pro-inflammatory cytokines in vivo. This highlights a benefit of animal 

models in future work. 

Previous work has demonstrated that the endocannabinoid system modulates the 

pro-inflammatory activity of microglia (Eljaschewitsch et al. 2006; Correa et al. 2010; 

Hernangómez et al. 2012; Malek et al. 2015; Ma et al. 2018; Askari and Shafiee-Nick 

2019; Tanaka et al. 2020). Both CB2 receptor-selective agonists and nonselective agonists 

have demonstrated the potential to suppress the LPS-mediated induction of pro-

inflammatory markers in immortalized and primary microglia (Waksman et al. 1999; 

Ehrhart et al. 2005; Ma et al. 2015, 2018; Mecha et al. 2015; Askari and Shafiee-Nick 

2019). We found that selective activation of CB1 or CB2 receptors suppressed NO release 

in a dose-dependent manner and attenuated the induction of mRNA of Nos2, Tnf, Il1b, 

and Il6 as well as TNFα, IL-1β, and IL-6 proteins. However, activation of both receptors 

by CP 55,940 only affected NO release and mRNA for Il1b. This indicated that treatment 

of microglia with different classes of cannabinoids could produce unique anti-

inflammatory responses. As these effects were abrogated by blockade of either CB1 

receptors by AM251 or CB2 receptors by AM630, it is likely that both cannabinoid 

receptors contributed to these anti-inflammatory effects. In agreement with these 

findings, the selective agonists ACEA and JWH-133 also inhibited NO release from N9 

microglia treated with LPS and IFNγ (Navarro et al. 2018a).  

The effects of cannabinoids on cultured SIM-A9 microglia were biologically 

relevant in the cell culture model of inflammation-induced neurotoxicity. We found that 

treatment with either cannabinoid receptor-selective or nonselective agonists reduced the 

subsequent proportion of cell death when the conditioned media was applied to cultured 

neurons. The effects of ACEA were blocked by pre-treatment with AM251 or AM630 

whereas the effects of HU-308 and CP 55,940 were blocked by AM251 or SR144528. 

This may be indicative that the antagonists exhibited cross-antagonism which has 

previously been reported in activated microglia as well as transfected cells (Callén et al. 

2012; Navarro et al. 2018a; Young et al. 2022). Microglia possess several additional 

cannabinoid-sensitive receptors including GPR18 and GPR55 (Walter et al. 2003; 

McHugh et al. 2010; Stella 2010). It is possible that the high concentrations of ACEA 



41 

 

 

(1.2 µM), HU-308 (2.5 µM), or CP 55,940 (1.8 µM) also engaged these other receptors, 

in either an orthosteric or allosteric manner, which contributed to the anti-inflammatory 

effects in a manner that was not completely abrogated by CB1 or CB2 receptor-selective 

antagonists. Alternatively, CB1 and CB2 receptor antagonists alone have previously 

demonstrated anti-inflammatory properties in microglia which could potentially explain 

how the effects of HU-308 or CP 55,940 were not blocked by AM630 (Ribeiro et al. 

2013). Interestingly, the CB2 receptor inverse agonist, SR144528, effectively inhibited 

the protective effects of HU-308 and CP 55,940 where AM630 did not. AM630 has been 

demonstrated to act as a partial agonist of CB1 receptors in addition to an inverse agonist 

at CB2 receptors whereas SR144528 has been shown to interact only with CB2 receptors 

at concentrations up to 10 µM (Rinaldi-Carmona et al. 1998; Ross et al. 1999). Thus, 

SR144528 may be a superior antagonist in experimental systems that involve both 

receptors, such as microglia. 

In this experimental system, there was no evidence that neuronal cannabinoid 

receptors contributed to the changes in neuronal viability upon treatment with 

conditioned media. Direct treatment of the neurons with cannabinoid receptor ligands 

alone did not influence the viability of the STHdhQ7/Q7 neurons. Janefjord et al. (2014) 

also found no changes in cell viability upon direct treatment of cultured SH-SY5Y 

neuronal cells with ACEA or the CB2 receptor-selective agonist, JWH-015 (Janefjord et 

al. 2014). However, it cannot be ruled out that a neuronal cannabinoid receptor 

mechanism could contribute to neuroprotection under pro-inflammatory conditions via 

cannabinoids that remain in the conditioned media. As STHdhQ7/Q7 neurons contain CB1 

receptors, it is possible that ACEA or CP 55,940 in the conditioned media could interact 

with the neurons. We found that STHdhQ7/Q7 may also contain CB2 receptors. 

Furthermore, there is evidence that neurons may express CB2 receptors in vivo (Chen et 

al. 2017; Ma et al. 2019). These neuronal CB2 receptors have also been reported to 

become upregulated in vivo following pathology or drug treatment (Wotherspoon et al. 

2005; Jordan and Xi 2019; Grenier et al. 2021). Thus, the contributory role of neuronal 

cannabinoid receptors in addition to glial cannabinoid receptors should be considered in 

future work.  



42 

 

 

We found that cannabinoid treatments differentially influenced intracellular 

MAPK signaling when co-administered with the pro-inflammatory stimuli. MAPK 

signaling pathways including ERK1/2, JNK, and p38 have previously been associated 

with the pro-inflammatory activities of microglia (Kim et al. 2004; Waetzig et al. 2005; 

Eljaschewitsch et al. 2006; Bachstetter et al. 2011; Li et al. 2019b; Chen et al. 2021). 

Treatment with AEA dampened the release of pro-inflammatory cytokines IL-12 and IL-

23 in a mouse model of multiple sclerosis via the JNK and ERK1/2 pathways (Correa et 

al. 2011). In this case, AEA treatment induced the phosphorylation of ERK1/2 and JNK 

which suppressed the release of IL-12 and IL-23 from microglia via CB2 receptors. 

However, AEA has also been demonstrated to mediate ERK dephosphorylation which 

countered the effects of LPS upon co-treatment in immortalized BV-2 mouse microglia 

(Eljaschewitsch et al. 2006). Other studies have indicated that CB2 receptor activation 

interacts with signaling patterns initiated by LPS and IFNγ such as ERK1/2 and p38 in 

immortalized and primary microglia (Ribeiro et al. 2013; Ma et al. 2015; Reusch et al. 

2022). Based on the data from our work in SIM-A9 microglia, it appears that treatment 

with LPS + IFNγ initiated the phosphorylation of a variety of different signaling 

pathways including MAPK, PI3K-Akt, NF-κB, and JAK/STAT pathways. Furthermore, 

co-treatment with selective and non-selective cannabinoid agonists indicated that 

activation of CB1 and/or CB2 receptors differentially interfered with the phosphorylation 

of the ERK1/2, JNK, p38, and Akt pathways. Although other work has identified a link 

between cannabinoid receptor activation and the attenuation of NF-κB and JAK/STAT 

phosphorylation, we did not make the same observations under the specific reported 

experimental conditions (Ehrhart et al. 2005; Ribeiro et al. 2013). Ultimately, it appears 

that the effects of cannabinoids are mediated by mechanisms that directly oppose those 

driven by the pro-inflammatory stimuli that initiate the transition to a pro-inflammatory 

phenotype. Further research will provide insight into the specific pathways that are linked 

to the induction of different aspects of pro-inflammatory microglial phenotypes. 

We observed a previously identified phenomenon whereby co-activation of CB1 

and CB2 receptors using a nonselective agonist produced unique effects compared to 

activation of CB1 or CB2 receptors via selective agonists. This phenomenon has been 



43 

 

 

previously explained by the formation of physically interacting receptor complexes 

known as heteromers (Callén et al. 2012; Navarro et al. 2018a, 2018b). This has been 

shown to occur in cell types that express both receptors such as microglia which 

primarily mediate the anti-inflammatory effects of cannabinoids in the central nervous 

system (Staiano et al. 2016; Navarro et al. 2018a). Microglia treated with LPS and IFNγ 

were shown to have an enhanced proportion of CB1-CB2 interactions and respond 

differently to combinations of cannabinoid ligands relative to untreated cells (Navarro et 

al. 2018a). For example, co-activation of CB1 and CB2 receptors with agonists for both 

receptors resulted in reduced ERK1/2 phosphorylation in microglia and transfected 

neurons compared to agonism of either receptor individually (Callén et al. 2012; Navarro 

et al. 2018a). Antagonists for either CB1 or CB2 receptors can also diminish signaling 

from both types of receptors (Callén et al. 2012; Navarro et al. 2018a). Similar patterns of 

cross-talk have been observed between CB1 receptors and dopamine D2 receptors as such 

interactions caused differential G protein coupling (Gαi/o to Gαs) which mediated cellular 

events not observed from activation of CB1 or D2 receptors alone (Bagher et al. 2016, 

2017, 2020). 

Although activation of either CB1 and/or CB2 receptors reduced the pro-

inflammatory activity of SIM-A9 microglia, these receptors do not necessarily represent 

equally clinically relevant targets. The prolonged global activation of CB1 receptors can 

induce negative side effects such as psychoactivity and fibrosis (Ashton and Glass 2007; 

Marquart et al. 2010; Volkow et al. 2014; Cinar et al. 2017). Without proper 

management, these effects would preclude the use of selective CB1 receptor agonists to 

treat neuroinflammation in a clinical context. Conversely, drugs that selectively target 

CB2 receptors have shown promise with respect to neuroinflammation, without negative 

side effects associated with nonselective cannabinoids or nonsteroidal anti-inflammatory 

drugs (Ashton and Glass 2007; Vonkeman and van de Laar 2010). Due to these effects, 

selective CB2 receptor agonists have gained traction as potential treatments for both 

systemic inflammation and neuroinflammation (Komorowska-Müller and Schmöle 

2020). Importantly, some aspects of neuroinflammation can also be beneficial and 

support neuronal survival as well as tissue repair (DiSabato et al. 2016). Thus, it will be 
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important to consider potential immunosuppression as an adverse effect in future 

strategies to develop CB2 receptor-targeted drugs. 

There are known differences in microglial behavior among in vitro and in vivo 

models. There is a growing body of work that involves the stimulation of microglia to a 

pro-inflammatory phenotype in vitro using LPS and/or IFNγ, or other stimuli such as 

amyloid-β1-42 (Maresz et al. 2005; Ehrhart et al. 2005; Eljaschewitsch et al. 2006; 

Navarro et al. 2018a). However, populations of microglia do not exhibit strict adherence 

to such a phenotype in vivo which is an inherent limitation of cell culture models 

(Ransohoff 2016a; Dubbelaar et al. 2018). Transcriptomic studies have revealed that 

microglia in the mammalian brain appear to exhibit more complex phenotypes that 

contain aspects of both the pro-inflammatory phenotype and an anti-inflammatory 

phenotype as well as other transcriptomic profiles that are indicative of additional 

functions (Hammond et al. 2019; Masuda et al. 2019). Thus, the mechanisms observed in 

immortalized microglia in vitro may only apply to specific subsets of microglia in vivo 

that exhibit similar pro-inflammatory properties under specific conditions. Given these 

known discrepancies, there is a growing body of evidence that CB2 receptor-targeted 

therapies improve markers of inflammation in microglia and neuronal survival in several 

animal models of neurodegenerative disease (reviewed in Tanaka et al., 2020). Thus, the 

mechanisms that underlie the beneficial effects of CB2 receptor activation in vitro 

systems may translate to more complex models of disease.  

In conclusion, we have demonstrated that the pro-inflammatory behavior of 

cultured microglia can be attenuated through the activation of CB1 or CB2 receptors using 

synthetic selective agonists. Co-activation of CB1 and CB2 receptors using a nonselective 

agonist did not produce additive effects but had reduced efficacy compared to the 

selective agonists. Ultimately, all three types of cannabinoid treatment applied to 

microglia reduced the subsequent neurotoxicity of the glial conditioned media. Given the 

psychoactivity associated with global CB1 receptor activation, this work highlights the 

potential of selective CB2 receptor agonists to regulate pro-inflammatory microglial 

activity in diseases with a neuroinflammatory component. 
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2.5 Supplementary data 

 

Figure 2. S1. CB2-like immunoreactivity in SIM-A9 microglia was abolished by 

pretreatment with an anti-CB2 receptor blocking peptide. CB1 receptor (green) and 

CB2 receptor (magenta)-like immunoreactivity in SIM-A9 microglia treated with vehicle 

or LPS and IFNγ in the presence or absence of a blocking peptide to disrupt the binding of 

the anti-CB2 receptor antibody. Scale bar; 10 μm for all panels. 
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Figure 2. S2. Inverse agonists of CB1 and CB2 receptors did not influence NO release 

in a dose-dependent manner. SIM-A9 microglia were treated with LPS + IFNγ and either 

vehicle, AM251, or AM630. NO release was measured via the Griess assay and normalized 

to total protein. NO release was plotted normalized to the vehicle (constrained to 100%). 
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Figure 2. S3. LPS + IFNγ or cannabinoid treatments alone did not influence 

STHdhQ7/Q7 viability. STHdhQ7/Q7 neurons were treated with LPS + IFNγ, ACEA, HU-

308, CP 55,940, AM251, or AM630 (n = 5-8). Neuronal viability was measured following 

24 h of treatment. 
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Figure 2. S4. The selective CB2 receptor inverse agonist SR144528 effectively 

abrogated the neuroprotective effects of HU-308 and CP 55,940. SIM-A9 microglia 

were treated with LPS + IFNγ with vehicle, HU-308 (2.5 µM), or CP 55,940 (1.8 µM) in 

conjunction with AM251 (2 µM), AM630 (1 µM), or SR144528 (2 µM). The conditioned 

media was subsequently applied directly to cultured STHdhQ7/Q7 neurons (n = 8) and cell 

viability was measured after 24 h. * p < 0.01 vs. LPS + IFNγ; ~ p < 0.05 vs. LPS + IFNγ + 

agonist + AM251; # p < 0.05 vs. LPS + IFNγ + agonist + SR144528. 
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Figure 2. S5. STHdhQ7/Q7 neurons may contain both CB1 and CB2 receptors. A 

STHdhQ7/Q7 neurons were assessed for the presence of CB1 and CB2-like immunoreactivity 

in the presence or absence of a blocking peptide for the anti-CB2 receptor antibody. Scale 

bar; 10 µm in all panels. B-C Using semi-quantitative RT-PCR with agarose gel 

electrophoresis, the presence of B Cnr1 and C Cnr2 was assessed in STHdhQ7/Q7 neurons 

relative to SIM-A9 that were treated with LPS and IFNγ or not. The fragments were 

amplified with the primers used for qPCR (Table S1). The sizes of the amplicons are 

indicated in base pairs (bp). 
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Chapter 3: The microglial endocannabinoid system is dynamically 

regulated by lipopolysaccharide and interferon gamma 
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Preface 

This chapter expands on the observation that the microglial endocannabinoid 

system became dysregulated upon treatment with LPS and IFNγ. There had been many 

conflicting reports of whether inflammatory conditions cause components of the 

endocannabinoid system to become up- or down-regulated. I aimed to address this 

question using LPS and IFNγ separately at multiple different concentrations to determine 

if past discrepancies could be due to stimulus- or concentration-dependent differences.  
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3.1 Abstract 

Perturbation of the endocannabinoid system can have profound effects on 

immune function and synaptic plasticity. Microglia are one of few cell types with a self-

contained endocannabinoid system and are positioned at the interface between the 

immune system and the central nervous system. Past work has produced conflicting 

results with respect to the effects of pro-inflammatory conditions on the microglial 

endocannabinoid system. Thus, we systematically investigated the relationship between 

the concentration of two distinct pro-inflammatory stimuli, lipopolysaccharide and 

interferon gamma, on the abundance of components of the endocannabinoid system 

within microglia. Here we show that lipopolysaccharide and interferon gamma influence 

messenger RNA abundances of the microglial endocannabinoid system in a 

concentration-dependent manner. Furthermore, we demonstrate that the efficacy of 

different synthetic cannabinoid treatments with respect to inhibition of microglia nitric 

oxide release is dependent on the concentration and type of pro-inflammatory stimuli 

presented to the microglia. This indicates that different pro-inflammatory stimuli 

influence the capacity of microglia to synthesize, degrade, and respond to cannabinoids 

which has implications for the development of cannabinoid-based treatments for 

neuroinflammation. 
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3.2 Introduction 

The endocannabinoid system (ECS) plays roles in mood, memory, appetite, 

pain, immune function, and thermoregulation (Wenger and Moldrich 2002; Marsicano 

and Lafenêtre 2009; Pandey et al. 2009; Woodhams et al. 2015). The ECS comprises 

endogenously produced cannabinoids, the receptors for these molecules, and the enzymes 

required to biosynthesize and degrade them. The primary endocannabinoids are 

anandamide (AEA) and 2-arachidonylglycerol (2-AG) which bind to the cannabinoid 

type 1 (CB1) and type 2 (CB2) receptors to regulate synaptic activity or 

neuroinflammation and partially mimic the effects of the psychoactive constituents of 

cannabis (Lu and Mackie 2016; Young and Denovan-Wright 2022a). AEA is synthesized 

by N-acyl phosphatidylethanolamine-specific phospholipase D (NAPE-PLD) and 

metabolized by fatty acid amide hydrolase (FAAH) whereas 2-AG is synthesized by 

diacylglycerol lipase (DAGL) and metabolized by monoacylglycerol lipase (MAGL)(Lu 

and Mackie 2021). Components of the ECS are primarily located in brain cells including 

GABAergic interneurons and microglia, but are also distributed throughout the periphery 

in the immune system and the gut (Stella 2010; Lu and Mackie 2021). The ECS is 

dynamic, and the abundance of its components fluctuate under pathological conditions 

including inflammation and neurodegeneration (Young and Denovan-Wright 2022a). 

Perturbation of the ECS at a global scale may subsequently inhibit immune function and 

synaptic plasticity, or increase the risk to develop psychiatric disorders (Heifets and 

Castillo 2009; Leweke 2012; Lu and Mackie 2016, 2021; Young and Denovan-Wright 

2022a). Thus, it is important to understand how endocannabinoids and the associated 

receptors and metabolic machinery are regulated under pathological conditions. 

Microglia, the resident immune cells of the brain, possess a self-contained ECS 

including receptors for cannabinoid-like molecules and the capacity to biosynthesize and 

metabolize AEA and 2-AG (Stella 2009, 2010). In the brain, endocannabinoids released 

by post-synaptic neurons interact with pre-synaptic neuronal cannabinoid receptors to 

inhibit the release of transmitters, primarily glutamate or GABA, through modulation of 

calcium mobilization, cyclic AMP signaling, and inwardly rectifying potassium currents 

(Howlett 2002). Endocannabinoids also interact with microglial cannabinoid receptors to 
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suppress neuroinflammation (Correa et al. 2010, 2011; Malek et al. 2015; Mecha et al. 

2015). Infusion with AEA or 2-AG has been neuroprotective in animal models of 

multiple sclerosis (Lourbopoulos et al. 2011; Hernangómez et al. 2012). However, 2-AG 

is also an intermediate metabolite in prostaglandin synthesis and excess quantities of 2-

AG could promote neuroinflammation and subsequent neurodegeneration via 

prostaglandin-mediated microglial activity (Nomura et al. 2011; Klawonn et al. 2021). 

Thus, control of the microglial ECS is critical to the regulation of neuroinflammation. 

Microglia exhibit extraordinary phenotypic plasticity and pro-inflammatory 

stimuli such as IFNγ  and LPS have been demonstrated to induce the release of pro-

inflammatory cytokines, stimulate migration, and regulate phagocytosis (Kettenmann et 

al. 2011). Upon exposure to pro-inflammatory stimuli, there are conflicting reports with 

respect to perturbation to the ECS (Young and Denovan-Wright 2022a). Studies using 

various single concentrations of IFNγ and LPS alone or in combination have reported 

both upregulation and downregulation of cannabinoid receptors and the associated 

regulatory enzymes (Carlisle et al. 2002; Maresz et al. 2005; Mecha et al. 2015). These 

conflicting reports have made it difficult to discern the true effects of inflammatory 

conditions on the regulation of the ECS in microglia.  

Given the importance of microglia and the ECS in the maintenance of proper 

brain function and the control of neuroinflammation, we aimed to delineate the effects of 

pro-inflammatory stimuli on the regulation of the microglial ECS. We used two distinct 

pro-inflammatory stimuli, IFNγ and LPS, in a broad range of concentrations to entirely 

assess the dose-dependent fluctuation in the components of the microglial ECS. We also 

aimed to determine whether these molecules would behave in an additive or synergistic 

manner when combined. Lastly, we used a panel of selective and nonselective synthetic 

cannabinoids to measure the responsiveness of microglia to cannabinoid ligands across a 

range of pro-inflammatory conditions.   
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3.3 Results 

3.3.1. IFNγ and LPS induce NO release from microglia in a concentration dependent 

manner 

To compare the effects of IFNγ and LPS on NO release in SIM-A9 microglia, a 

concentration-response curve was prepared for each pro-inflammatory stimulus. Both 

molecules induced the release of NO from microglia in a concentration-dependent 

manner. IFNγ induced the release of NO up to a maximum of 13.41 ± 0.17 nmol per 100 

µg protein with an EC50 of 1.80 ± 0.12 ng/mL (Fig. 3. 1A). LPS stimulated NO release to 

a maximum of 17.77 ± 0.49 nmol per 100 µg protein with an EC50 of 56.89 ± 9.86 ng/mL 

(Fig. 3. 1B). In subsequent experiments, concentrations of 1, 5, and 20 ng/mL were used 

for IFNγ and concentrations of 10, 100, and 1000 ng/mL were used for LPS. These 

values represent the concentrations required to elicit a low, moderate, and maximal pro-

inflammatory response as denoted by the release of NO. 
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Figure 3. 1. IFNγ and LPS stimulate NO release from cultured microglia in a 

concentration-dependent manner. A-B SIM-A9 microglia were stimulated with A IFNγ 

(0.1 – 150.0 ng/mL) or B LPS (1 – 4000 ng/mL) for 16 h and NO release was measured 

from the cell supernatant. Arrowheads indicate the concentrations that were selected for 

subsequent experiments (1, 5, 20 ng/mL for IFNγ; 10, 100, 1000 ng/mL for LPS). Data are 

presented as the mean ± standard deviation of the mean for four independent experiments 

performed in technical duplicates. 
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3.3.2. Pro-inflammatory stimuli modulate microglial cannabinoid receptor abundance 

To determine if IFNγ or LPS influence the abundance of mRNA or protein for 

the cannabinoid receptors, SIM-A9 microglia were treated with increasing concentrations 

of each stimulus. Treatment with either stimulus at any concentration resulted in a 

decrease in Cnr1 mRNA (Fig. 3. 2A). The abundance of Cnr2 mRNA was increased by 

3.1-fold by the lowest concentration of IFNγ but was unaffected by the maximal 

concentration (Fig. 3. 2B). The lowest concentration of LPS increased Cnr2 mRNA by 

2.1-fold but the maximal concentration of LPS also had no effect. In contrast, treatment 

with the maximal concentration of IFNγ increased the abundance of CB1 receptors to 213 

± 68% of baseline whereas LPS resulted in a CB1 protein abundance of 135 ± 44% and 

was deemed to have no affect (Fig. 3. 2C). A similar pattern was observed for CB2 

receptor protein abundance where treatment with IFNγ elevated CB2 protein to 150 ± 

19% relative to baseline whereas LPS treatment resulted in 108 ± 5% (Fig. 3. 2D). These 

data indicate that treatment with IFNγ stimulated the upregulation of CB1 and CB2 

receptors, but LPS did not. 
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Figure 3. 2. IFNγ and LPS differentially influence mRNA and protein abundance of 

CB1 and CB2 receptors. A-B SIM-A9 microglia were treated with IFNγ or LPS for 16 h 

and mRNA abundance of A Cnr1 or B Cnr2 (n = 3) was quantified via RT-qPCR relative 

to cells that were treated with vehicle only. * p < 0.01 compared to untreated; significance 

was determined via one-way ANOVA with Holm-Sidak post-hoc test. C-D SIM-A9 

microglia were treated with IFNγ (20 ng/mL) or LPS (1000 ng/mL). Protein abundance of 

C CB1 receptors or D CB2 (n = 12) receptors was quantified via in-cell western relative to 

cells that were treated with vehicle only, data are presented relative to untreated cells which 

are constrained to 100%. * p < 0.01 relative to untreated; ~ p < 0.01 relative to LPS. 

Significance was determined via Kruskal-Wallis test with Dunn’s correction for multiple 

comparisons.  
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3.3.3. Pro-inflammatory stimuli modulate quantities of enzymes of the endocannabinoid 

system 

We next aimed to assess whether pro-inflammatory stimuli may alter the 

capacity of microglia to synthesize or metabolize endocannabinoids. SIM-A9 cells were 

treated with increasing concentrations of IFNγ or LPS and the quantities of mRNA for 

NAPEPLD, FAAH, DAGLA, and MGLL were assessed. NAPEPLD mRNA was 

unaffected by IFNγ but was decreased upon treatment with the maximal concentration of 

LPS (Fig. 3. 3A). FAAH mRNA was increased only by the maximal concentration of 

IFNγ and the low concentration of LPS (Fig. 3. 3B). These data indicate that microglia in 

a pro-inflammatory phenotype could synthesize less AEA and degrade more AEA 

depending on the degree of stimulus. DAGLA mRNA was increased by the low 

concentration of LPS but was unaffected otherwise (Fig. 3. 3C). MGLL mRNA was 

suppressed by both IFNγ and LPS at all concentrations (Fig. 3. 3D). These data indicate 

that 2-AG synthesis may be unaffected under pro-inflammatory conditions, but 2-AG 

degradation may be enhanced. 
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Figure 3. 3. IFNγ and LPS differentially influence mRNA abundance of enzymes of 

the endocannabinoid system. A-D SIM-A9 microglia were treated with increasing doses 

of IFNγ or LPS for 16 h and mRNA abundance of A NAPEPLD, B FAAH, C DAGLA, D 

MGLL (n = 3) was quantified via RT-qPCR relative to cells that were treated with vehicle 

only. * p < 0.01 compared to untreated; significance was determined via one-way ANOVA 

with Holm-Sidak post-hoc test. 
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3.3.4. Combinations of IFNγ and LPS differentially influence components of the 

endocannabinoid system 

To determine whether IFNγ and LPS could exhibit synergistic effects on the 

mRNA abundance of components of the endocannabinoid system, SIM-A9 microglia 

were treated with combinations of dosages of each stimulus. Combinations were prepared 

using either a maximal concentration of IFNγ and a low concentration of LPS or vice-

versa. The results are summarized in Table 2. 1. The combination treatments did not 

significantly affect Cnr1 mRNA compared to the treatments with IFNγ or LPS alone. In 

contrast, the combination treatments appeared to block the upregulation of Cnr2 mRNA 

observed upon treatment with low concentrations of either stimulus. This indicated that 

Cnr2 mRNA was only elevated in the presence of low concentrations of either IFNγ or 

LPS. NAPEPLD mRNA was generally unchanged although treatment with the maximal 

concentration of IFNγ and a low concentration of LPS resulted in elevated NAPEPLD 

mRNA compared to treatment with IFNγ alone. Interestingly, co-treatment with the 

maximal concentration of IFNγ and the low concentration of LPS induced a 37-fold 

increase in FAAH mRNA compared to the 15-fold increase induced by the same 

concentration of IFNγ alone or the 7-fold increase induced by LPS alone. DAGLA mRNA 

was not significantly influenced by the combination treatments of IFNγ and LPS and 

MGLL mRNA was suppressed whether cells were treated with IFNγ or LPS alone or in 

combination.
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Table 2. 1. Combinations of IFNγ and LPS differentially influence mRNA abundance of some components of the 

endocannabinoid system. Treatments were prepared using either a maximal concentration (Emax) of IFNγ and a low 

concentration (Emin) of LPS or vice-versa. SIM-A9 microglia were treated with IFNγ or LPS alone or in combination and 

mRNA abundance of mRNA for, Cnr1, Cnr2, NAPEPLD, FAAH, DAGLA, MGLL (n = 3) was quantified via RT-qPCR relative 

to cells that were treated with vehicle only. Values represent the fold-change in mRNA abundance relative to vehicle-treated 

cells. * p < 0.01 compared to vehicle; # p < 0.05 compared to IFNγ (20 ng/mL) and LPS (10 ng/mL); ~ p < 0.05 compared to 

IFNγ (1 ng/mL) and LPS (1000 ng/mL); significance was determined via one-way ANOVA with Holm-Sidak post-hoc test. 

Gene Vehicle IFNγ (Emax) LPS (Emin) IFNγ (Emax) 

+ LPS (Emin) 

IFNγ (Emin) LPS (Emax) IFNγ (Emin) + LPS 

(Emax) 

Cnr1 
 

1 (0.31) 0.14 (0.03)* 0.14 (0.11)* 0.50 (0.13) 0.12 (0.1)* 0.36 (0.22)* 0.49 (0.35)* 

Cnr2 
 

1 (0.08) 1.40 (0.38) 2.10 (0.38)* 0.94 (0.1) 3.20 (0.5)*~ 0.51 (0.09)* 0.61 (0.23)* 

NAPEPLD 
 

1 (0.08) 0.72 (0.07)# 0.88 (0.14) 1.20 (0.36) 0.89 (0.16) 0.62 (0.11) 0.66 (0.06) 

FAAH 
 

1 (0.37) 15.38 (3.66)* # 7.12 (3.01) # 37.37 (6.72)* 3.01 (0.87) 4.43 (0.17) 4.81 (0.91) 

DAGLA 
 

1 (0.09) 0.58 (0.13) 2.20 (0.99) 1.30 (0.51) 1.40 (0.5) 0.75 (0.14) 0.95 (0.15) 

MAGL 1 (0.23)* 0.06 (0.01)* 0.19 (0.09)* n.d.a 0.45 (0.04)*~ 0.05 (0.01)* 0.06 (0.01)* 

a Not detected. 
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3.3.5. Treatment with synthetic cannabinoids influenced microglial NO release upon 

exposure to IFNγ and LPS 

Finally, we aimed to assess whether a panel of synthetic cannabinoid molecules 

would inhibit NO release from SIM-A9 microglia upon treatment with increasing 

concentrations of IFNγ and LPS. Concentration-response curves for IFNγ and LPS were 

prepared in the presence of ACEA, HU-308, or CP 55,940 at a concentration of 1 µM or 

a combination of ACEA and HU-308 each at a concentration of 0.5 µM. Shifts in the 

EC50 and Emax were modeled and analyzed to assess the impact of the cannabinoid 

treatments (Table 2. 2). When microglia were treated with increasing concentrations of 

LPS, each of the treatment groups exhibited a reduction in both the EC50 and the Emax 

(Fig. 3. 4A). However, when IFNγ was present, the cannabinoid treatments reduced the 

Emax of NO release but no longer influenced the EC50 (Fig. 3. 4B). This indicated that 

cannabinoid signaling may have potentiated NO release stimulated by a low 

concentration of LPS but suppressed NO release in the presence of a high concentration 

of LPS. When microglia were treated with increasing concentrations of IFNγ, co-

treatment with ACEA or HU-308 reduced the Emax whereas treatment with CP 55,940 or 

ACEA and HU-308 increased the Emax (Fig. 3. 4C). This indicated that individual 

stimulation of CB1 or CB2 receptors inhibited NO release whereas co-activation of both 

receptors potentiated NO release in the presence of high concentrations of IFNγ. 

However, the Emax of NO release was reduced by all cannabinoid treatments upon co-

treatment with LPS and increasing concentrations of IFNγ (Fig. 3. 4D). Taken together, 

the results indicated that the cannabinoid treatments suppressed microglial NO release in 

the presence of high concentrations of pro-inflammatory stimuli but were less efficacious 

in the presence of moderate concentrations of LPS. 
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Figure 3. 4. Cannabinoid treatments differentially influenced NO release from 

microglia. SIM-A9 microglia were treated concurrently with LPS and/or IFNγ in the 

presence of different cannabinoid treatments for 16 h (n = 4). The cannabinoid treatments 

included ACEA and HU-308 (0.5 µM each), ACEA (1 µM), HU-308 (1 µM), or CP 55,940 

(1 µM). NO release was monitored following treatment of microglia with A increasing 

concentrations of LPS, B increasing concentrations of LPS in the presence of IFNγ (1 

ng/mL), C increasing concentrations of IFNγ, D increasing concentrations of IFNγ in the 

presence of LPS (10 ng/mL). 
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Table 2. 2. Cannabinoid treatments differentially influenced the Emax and EC50 of LPS 

and IFNγ with respect to NO release from microglia. SIM-A9 microglia were treated 

with LPS and/or IFNγ in the presence of different cannabinoid treatments. The cannabinoid 

treatments included ACEA and HU-308 (0.5 µM each), ACEA (1 µM), HU-308 (1 µM), 

or CP 55,940 (1 µM).  

Stimulusa Concurrent treatmentb Emax (95% CI)c EC50 (95% CI)c 

LPS Vehicle 17.77 (17.11 to 18.44) 56.89 (47.03 to 68.82) 

 ACEA + HU-308 8.35 (7.81 to 8.90)* 5.74 (3.51 to 9.39)* 

 ACEA 7.39 (6.80 to 7.98)* 3.85 (1.95 to 7.61)* 

 HU-308 7.19 (6.55 to 7.82)* 13.36 (8.52 to 20.96)* 

 CP 55,940 10.26 (9.57 to 10.95)* 4.12 (2.18 to 7.80)* 

LPS IFNγ + Vehicle 19.46 (18.48 to 20.45) 1.29 (0.68 to 2.47) 

 IFNγ + ACEA + HU-308 12.21 (11.41 to 13.01)* 1.31 (0.90 to 1.90) 

 IFNγ + ACEA 11.58 (11.00 to 12.17)* 1.08 (0.83 to 1.39) 

 IFNγ + HU-308 11.86 (11.15 to 12.58)* 1.39 (1.02 to 1.89) 

 IFNγ + CP 55,940 12.02 (11.35 to 12.68)* 1.43 (1.02 to 2.02) 

IFNγ Vehicle 13.41 (13.07 to 13.75) 1.84 (1.65 to 2.06) 

 ACEA + HU-308 15.88 (15.14 to 16.63)* 2.64 (2.25 to 3.09)* 

 ACEA 10.78 (10.15 to 11.41)* 1.10 (0.85 to 1.43)* 

 HU-308 11.11 (10.47 to 11.74)* 2.42 (1.98 to 2.96)  

 CP 55,940 17.18 (16.41 to 17.95)* 1.99 (1.68 to 2.37) 

IFNγ LPS + Vehicle 19.93 (19.52 to 20.35) 1.34 (1.13 to 1.60) 

 LPS + ACEA + HU-308 14.33 (13.32 to 15.33)* 0.29 (0.16 to 0.52)* 

 LPS + ACEA 14.56 (14.07 to 15.06)* ~0.2584 (N.D.) 

 LPS + HU-308 14.49 (13.61 to 15.36)* 0.38 (0.28 to 0.51)* 

 LPS + CP 55,940 12.74 (12.13 to 13.34)* 0.32 (0.07 to 1.54) 

a Applied as a concentration-response curve.   
b Applied as a fixed concentration. 
c Determined by nonlinear regression with four-parameter analysis. 

* Significantly different from vehicle as indicated by non-overlapping 95% CI. 
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3.4 Discussion 

Endocannabinoids and their receptors on microglia have previously been 

implicated in neuroinflammation, but conflicting reports have made it unclear whether 

inflammation may stimulate or suppress the ECS. We used two unique pro-inflammatory 

stimuli, IFNγ and LPS, at low, medium, and high concentrations to examine the effects 

on the microglial ECS. We observed that IFNγ and LPS exhibited differential effects 

relative to one another at different concentrations (Fig. 3. 5). Furthermore, in some cases, 

the combination of both pro-inflammatory stimuli produced results that were not 

observed upon treatment with either IFNγ or LPS alone. 



66 

 

 

 

 

Figure 3. 5. Schematic summary of the effects of LPS and IFNγ on the abundance of mRNA and protein for components 

of the endocannabinoid system. The effects of LPS or IFNγ are indicated for the mRNA abundance of Cnr1, Cnr2, NAPEPLD, 

FAAH, DAGLA, and MAGL, as well as the protein abundance of CB1 and CB2 receptors. Figure created with BioRender. 
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The pro-inflammatory stimuli influenced the mRNA and protein abundance of 

the cannabinoid receptors. The Cnr1 mRNA was suppressed by either IFNγ or LPS 

regardless of concentration. In contrast, Cnr2 mRNA was elevated following treatment 

with a low concentration of either stimulus but subsequently reduced in a dose-dependent 

manner. Furthermore, IFNγ enhanced the abundance of protein for both CB1 and CB2 

whereas LPS had no impact on the protein abundance for either receptor. Carlisle et al. 

(2002) previously reported that IFNγ (~10 ng/mL) had no effect on Cnr2 mRNA whereas 

LPS (1000 ng/ml) suppressed Cnr2 mRNA in RAW264.7 macrophage-like cells. Maresz 

et al. (2005) also reported that IFNγ (~15 ng/mL) did not influence Cnr2 mRNA whereas 

LPS (100 ng/ml) had a suppressive effect in primary cultured microglia. Using cultured 

N9 microglia, it has been reported that LPS (1 µM) induced Cnr2 mRNA by roughly 15-

fold (Navarro et al. 2018a). Using primary rat microglia, it has also been demonstrated 

that LPS (50 ng/mL) suppressed Cnr1 and Cnr2 mRNA after 6 hours, but the abundance 

of these transcripts returned to normal within 24 h (Mecha et al. 2015). These conflicting 

reports have created confusion with respect to the regulation of Cnr2 mRNA in myeloid 

cells under pro-inflammatory conditions (Young and Denovan-Wright 2022a). Our 

results support that high concentrations of IFNγ in fact do not influence Cnr2 mRNA in 

SIM-A9 microglia but low or moderate concentrations stimulate its upregulation. 

Similarly, our findings support that a low concentration (10 ng/mL) of LPS could 

upregulate Cnr2 mRNA whereas high concentrations may suppress it. Taken together, 

these data provide evidence that these pro-inflammatory stimuli influence the regulation 

of CB2 receptors in a biphasic concentration-dependent manner 

We observed that IFNγ and LPS also exhibited concentration-dependent effects 

on mRNA for NAPEPLD, FAAH, DAGLA, and MGLL, the enzymes that synthesize and 

degrade AEA and 2-AG, respectively. The highest concentration of LPS resulted in a 

reduction of mRNA for NAPEPLD and MGLL which would correspond to reduced 

synthesis of AEA and breakdown of 2-AG, respectively. However, the lowest 

concentration of LPS resulted in elevated mRNA for FAAH and DAGLA which would 

correspond to increased breakdown of AEA and synthesis of 2-AG. IFNγ-mediated 

signaling generally had a smaller influence on ECS enzymes compared to LPS, but the 
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highest concentration of IFNγ greatly enhanced the mRNA for FAAH and suppressed 

MGLL. Mecha et al. (2015) previously reported that treatment with LPS (50 ng/mL) 

suppressed mRNA for NAPEPLD, FAAH, and MGLL within 6 hours. However, after 24 

hours, only FAAH and MGLL remained downregulated. These data indicate that 

microglia in a pro-inflammatory phenotype generally exhibit altered quantities of ECS 

enzymes that may result in reduced biosynthesis of AEA but elevated production of 2-

AG. However, these effects are influenced by several variables including type of pro-

inflammatory stimuli as well as concentration and length of exposure to stimuli.   

When combined, IFNγ and LPS exhibited some effects on the ECS that were not 

observed when the microglia were exposed to either pro-inflammatory stimulus alone. To 

assess the effects of dual treatment with IFNγ and LPS, we combined the stimuli using 

the highest concentration of IFNγ (20 ng/mL) and the lowest concentration of LPS (10 

ng/mL) and vice-versa. Generally, the net effect of the dual treatments produced an effect 

that was like the stimuli of the greater concentration. However, there were some 

examples of synergy. Most notably, the combination of IFNγ and LPS upregulated FAAH 

mRNA by 37-fold compared to a 15-fold increase induced by IFNγ alone or the 7-fold 

increase caused by LPS alone. Interestingly, the same upregulation of FAAH mRNA was 

not observed when the lowest concentration of IFNγ was combined with the highest 

concentration of LPS. This indicates that there is crosstalk between toll-like receptor 4 

(TLR4) and the interferon-gamma receptor (IFNGR) which is sensitive to the 

concentrations of ligand for either receptor. Non-additive interactions between the effects 

of LPS and IFNγ have been previously observed in myeloid cells (Häusler et al. 2002; 

Zhao et al. 2006; Papageorgiou et al. 2016). Our data supports that these interactions can 

also affect components of the ECS in microglia. 

Pharmacological activation of CB1 and CB2 receptors influenced the release of 

NO from microglia upon exposure to IFNγ and/or LPS. Several previous studies have 

demonstrated that different cannabinoid molecules could inhibit microglial NO release in 

vitro using single concentrations of pro-inflammatory stimuli (Waksman et al. 1999; Ma 

et al. 2015; Malek et al. 2015; Young and Denovan-Wright 2022b). However, the 

concentration-response curves used in this work revealed that different synthetic 
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cannabinoid treatments could produce a variety of effects that were dependent on the type 

of cannabinoid as well as the concentration of IFNγ and/or LPS. When the microglia 

were exposed to LPS alone, co-treatment with any of the cannabinoid treatments 

substantially reduced the Emax of LPS as well as the EC50. This pattern was also reported 

by Ross et al. (2000) following treatment of RAW264.7 macrophages with LPS and (-)-

WIN 55,212-2 or palmitoylethanolamide. These observed effects of cannabinoids on 

LPS-mediated NO release resemble the expected effects of a modulator which would 

increase the affinity of LPS but decrease its efficacy (Kenakin 2007). However, to our 

knowledge, there is currently no evidence that cannabinoids bind directly to TLR4 in an 

orthosteric or allosteric manner. Thus, this was likely a summative effect that emerged 

based on the overlap of common signaling pathways among TLR4, and CB1 and CB2 

receptors. When microglia were stimulated with IFNγ alone, only co-treatment with 

ACEA or HU-308 suppressed NO release whereas co-treatment with ACEA and HU-308 

or CP 55,940 enhanced NO release. This indicates that co-activation of CB1 and CB2 

receptors may produce a different effect than selective activation of either receptor under 

specific circumstances.   

We found that when microglia were stimulated by LPS and IFNγ, all 

cannabinoid treatments also reduced the maximal NO release but without an effect on the 

EC50. This is potentially because co-treatment with IFNγ masked the cannabinoid-

mediated effects on the EC50 of LPS. When microglia were treated with combinations of 

IFNγ and LPS, all cannabinoids reduced the maximal NO release with variable effects on 

the EC50 of the pro-inflammatory stimuli. Furthermore, there was an observed downward 

shift in NO release at the lower concentrations of LPS and IFNγ which resembles the 

operational model for an allosteric modulator with direct agonist efficacy (Kenakin 

2007). However, it is likely that the synthetic cannabinoids did not act in an allosteric 

manner but have direct agonist efficacy via cannabinoid receptors and suppression of NO 

release was simply masked by a floor effect upon treatment with low concentrations of 

LPS or IFNγ alone. 

CB1 and CB2 have previously been reported to physically associate to form 

heteromers which can alter the response to endogenous or exogenous cannabinoids 
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(Callén et al. 2012; Navarro et al. 2018b; Young et al. 2022). Although CB1-CB2 

heteromers have demonstrated the potential to mediate synergy among cannabinoids 

(Navarro et al. 2018a), the heteromers generally have a propensity to exhibit negative 

cross-talk which reduces the efficacy of cannabinoid drugs when presented in 

combination (Callén et al. 2012; Young et al. 2022; Young and Denovan-Wright 2022b). 

As this specific pattern was only observed in the presence of a high concentration of 

IFNγ and a lower concentration of LPS, it appeared that the pro-inflammatory 

environment also influenced the efficacy of the cannabinoid treatments. 

It has been frequently reported that components of the ECS, especially CB2 

receptors, are upregulated under conditions of neurodegeneration such as in Alzheimer’s 

disease (AD) and Huntington’s disease (HD) (Benito et al. 2003; Sagredo et al. 2009; 

Palazuelos et al. 2009; Mulder et al. 2011). We found that microglial Cnr2 mRNA was 

upregulated upon exposure to relatively low to moderate concentrations of IFNγ and LPS 

but not in response to relatively high concentrations of either stimulus. It is unclear 

whether microglial CB2 receptors are upregulated in AD and HD due to the microglial 

activation associated with chronic neuroinflammation or other disease-specific 

mechanisms. Furthermore, it remains to be determined whether more severe 

neuroinflammation in these diseases would also result in suppression of Cnr2 and other 

components of the ECS as observed in the present study. Regardless of the mechanism, 

the elevated quantities of microglial CB2 receptors in AD and HD are indicative of an 

increased sensitivity to CB2 receptor-selective agonists that have anti-inflammatory 

properties without the psychoactive effects of CB1 receptor-selective or nonselective 

cannabinoid agonists (Ashton and Glass 2007; Navarro et al. 2016; Cassano et al. 2017; 

Young and Denovan-Wright 2022a). In future work, it will be important to determine 

whether CB2 receptors and synthetic enzymes for endocannabinoids are most elevated in 

specific AD or HD stages of disease. This could be indicative of a window of opportunity 

where cannabinoid-based interventions could have the greatest therapeutic efficacy. 

There are limitations to the present study which highlight the value of future 

experiments in vivo. In this work, concentrations of IFNγ and LPS were defined as low, 

moderate, and maximal based on the degree of NO release stimulated by each molecule. 
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Although we observed concentration-dependent effects of IFNγ and LPS on the 

microglial ECS, it is unclear whether these differences may translate to microglia in situ. 

Furthermore, we only assessed microglia at a single time point following exposure to the 

pro-inflammatory stimuli. We selected the time point of 16 hours as it corresponded to 

the point in which the cells exhibit a maximal pro-inflammatory response. Components 

of the ECS have been shown to fluctuate from 6 to 24 hours following a single exposure 

to LPS (50 ng/mL) (Mecha et al. 2015). Thus, the element of time which is missing from 

this study is also worthy of independent exploration. Finally, it would be useful to 

measure the release of endocannabinoids from microglia in response to IFNγ and LPS. 

Although the abundance of ECS enzymes can provide an indication of the propensity of 

microglia to release AEA and 2-AG, lipidomic analyses could provide further insight into 

these results. 

In conclusion, the current study demonstrated that stimulation of cultured 

microglia with distinct pro-inflammatory stimuli, IFNγ and LPS, differentially influenced 

the abundance of mRNA and protein for different components of the ECS. We observed 

that low concentrations of these molecules stimulated the ECS whereas high 

concentrations of these stimuli were neutral or suppressed the ECS. Furthermore, 

treatment with exogenous synthetic cannabinoids inhibited the microglial pro-

inflammatory response. Generally, activation of CB1 or CB2 receptors alone was more 

effective than co-activation of both receptors which highlighted the value of selective 

cannabinoid compounds as anti-inflammatory molecules. 
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Chapter 4: Enantiomeric agonists of cannabinoid type 2 receptors 

differentially regulate the pro-inflammatory activity of microglia 
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Preface 

This chapter further explores the anti-inflammatory effects of CB2 receptor 

activation in microglia. The purpose of the chapter was to determine potential functional 

differences between two enantiomers, HU-308 and HU-433. Tetra-Bio Pharma is 

developing HU-308 as a therapeutic for inflammation, pain, and ophthalmology 

indications. As synthesis of HU-308 tends to generate HU-433 as well, there was industry 

interest to determine the functional differences between these molecules and identify 

whether HU-433 may be independently useful.  
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4.1 Abstract 

Microglia are the resident immune cells of the brain and are the primary 

regulators of inflammation in the central nervous system. Hyperactivation of microglia is 

characterized by chronic upregulation of cytokine release and is a common element of 

several neurodegenerative diseases. Microglial CB2 receptors are an emerging therapeutic 

target to suppress the excessive inflammation associated with hyperactive microglia. HU-

308 and HU-433 are enantiomers and are both selective agonists of CB2 receptors with 

the demonstrated ability to reduce inflammation in vivo. We compared the effects of HU-

308 and HU-433 with respect to β-arrestin2 and Gαi recruitment at the human CB2 

receptor and the anti-inflammatory effects in cultured SIM-A9 microglia. We observed 

that HU-308 more strongly recruited both β-arrestin2 and Gαi. However, HU-433 more 

strongly suppressed LPS- and IFNγ-mediated signaling in microglia which culminated in 

a greater influence over the release of NO and TNF. This demonstrated that the effects on 

downstream signaling were not directly linked to the magnitude of effector recruitment, 

and that the signaling effects were more predictive of anti-inflammatory capacity. This 

work provides insight into the mechanism by which CB2 receptor activation leads to 

suppression of microglial inflammatory activity which is relevant to the treatment of 

neuroinflammation. 
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4.2 Introduction 

The endocannabinoid system (ECS) contributes broadly to the physiology of 

animals and is involved in thermoregulation as well as memory, appetite, and immune 

function (Wenger and Moldrich 2002; Marsicano et al. 2002; Cabral et al. 2008). Type 2 

cannabinoid (CB2) receptors are expressed in myeloid, monocytic, and lymphoid cells 

and mediate the immune-related functions of the ECS (Munro et al. 1993; Galiègue et al. 

1995). This contrasts with type 1 cannabinoid (CB1) receptors which mediate the effects 

of endocannabinoids in the central nervous system (CNS) as well as the psychoactive 

effects of exogenous cannabinoids (Mechoulam and Parker 2013). Although CB2 

receptors were once reported to be absent from the brain, they have since been identified 

primarily within microglia with some expression by neurons (Benito et al. 2003; 

Palazuelos et al. 2009; Lanciego et al. 2011; Zhang et al. 2014, 2021b; Stempel et al. 

2016; Chen et al. 2017; Navarro et al. 2018a). CB2 receptors within the CNS have now 

successfully been targeted to treat neurodegenerative diseases such as Alzheimer’s and 

Parkinson’s disease in animal models (Price et al. 2009; Martín-Moreno et al. 2012; Aso 

et al. 2013; Javed et al. 2016; Li et al. 2019a). Although CB2 receptors have demonstrated 

therapeutic potential, there are few ligands that maintain high selectivity to target these 

anti-inflammatory functions of the ECS without psychoactivity or other off-target effects. 

Selective CB2 receptor agonists have shown promise for the modulation of 

inflammation, pain, neurodegeneration, and osteoporosis (Tabrizi et al. 2016). HU-308 is 

a synthetic cannabinoid and structural analog of cannabidiol (CBD) that behaves as a CB2 

receptor agonist with greater than 440-fold selectivity over CB1 receptors (Hanus et al. 

1999). HU-308 is synthesized from molecules with multiple chiral centers, thus, its 

production yields multiple enantiomers. One such enantiomer includes HU-433 which 

has demonstrated a lower binding affinity for human CB2 receptors than HU-308, but 

increased efficacy in vivo to reduce xylene-induced ear swelling and ovariectomy-

induced bone loss in mice (Smoum et al. 2015). Thus, HU-308 and HU-433 are 

enantiomers that differ with respect to receptor binding and efficacy. However, it is 

unclear whether these agonists differ in terms of arrestin recruitment, downstream 

signaling, or anti-inflammatory capacity in microglia. As these intracellular effects 
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greatly influence the clinical relevance of a potential anti-inflammatory compound, it is 

important that these pharmacological properties are defined.   

Microglia are the resident immune cells of the brain and possess the necessary 

components to biosynthesize and degrade endocannabinoids or respond to cannabinoids 

that target either CB1 or CB2 receptors (Stella 2010; Young and Denovan-Wright 2022a). 

Microglia express CB2 receptors and are the primary target cells for anti-inflammatory 

cannabinoids in the CNS (Stella 2010). Although microglia are known to propagate 

neuroinflammation in response to immunogenic stimuli such as lipopolysaccharides 

(LPS) and interferon gamma (IFNγ), selective activation of microglial CB2 receptors has 

been demonstrated to suppress the pro-inflammatory response to these stimuli (Ehrhart et 

al. 2005; Ashton and Glass 2007; Young and Denovan-Wright 2022b). However, it is 

unclear which signaling pathways are modulated by CB2 receptor agonists to elicit these 

immunosuppressive effects.   

Agonists of CB2 receptors have shown promise for the treatment of 

neuroinflammation but there are gaps in our understanding of how CB2 receptors 

influence the inflammatory activity of microglia to mediate these effects. In this work, we 

utilize the HU-308 molecular scaffold to examine the differential cellular effects of HU-

308 and HU-433 via CB2 receptors. Specifically, we investigate how CB2 receptor 

activation can influence cellular signaling of microglia in response to LPS and IFNγ. Our 

findings suggest that HU-308 and HU-433 exhibit differences in the recruitment of Gαi 

and β-arrestin2 which translate to subtle differences in the canonical signaling responses 

to pro-inflammatory stimuli. Ultimately, these differences in signaling culminate in 

increased efficacy of HU-433 to suppress microglial inflammation in vitro. 

 

4.3 Results 

4.3.1. HU-308 exhibits enhanced recruitment of β-arrestin2 and mini-Gαi compared to 

HU-433 

HU-308 and HU-433 are enantiomers and HU-308 was reported to exhibit 

higher binding affinity for the human CB2 receptor relative to HU-433, but the 

compounds were not compared with respect to effector recruitment (Fig. 4. 1)(Smoum et 
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al. 2015). To assess the relative efficacies of HU-308 and HU-433 on the human CB2 

receptor, NanoBiT assays were performed to measure the concentration-dependent 

recruitment of β-arrestin2 or a mini-Gαi protein (Fig. 4. 2A). The mini-Gαi protein 

constitutes only the activate GTPase domain of Gαi which interacts with the receptor 

upon ligand binding (Nehmé et al. 2017). Preliminary experiments were performed with 

the fusion proteins in different permutations, and it was determined that the assays were 

most sensitive when the small nanoluciferase fragment was fused to the C-terminus of the 

CB2 receptor and the large nanoluciferase fragment was fused to the N-terminus of the β-

arrestin2 or mini-Gαi (Fig. 4. S1). It was also confirmed that any effect of HU-308 or 

HU-433 was reversed by the CB2 receptor inverse agonist, SR144528 (Fig. 4. S2A-B). 

SR144528 alone also reduced the luminescent signal below baseline in a concentration-

dependent manner which suggested that the assay could detect constitutive activity of the 

transfected CB2 receptors (Fig. 4. S2C).  

We measured β-arrestin2 recruitment over the course of 42 min for HU-308 

(Fig. 4. 2B) and HU-433 (Fig. 4. 2C) and the areas under the curve were used to prepare 

concentration-response curves. HU-308 (EC50 = 530.4 nM) exhibited increased β-

arrestin2 recruitment at concentrations above 100 nM compared to HU-433 (EC50 = 2.42 

µM; p < 0.0001) (Fig. 4. 2D). Relative to HU-308, CP 55,940 exhibited increased 

potency with an EC50 of 52.4 nM but reduced efficacy with respect to β-arrestin2 

recruitment. When mini-Gαi recruitment was measured, HU-308 (EC50 = 14.9 µM) and 

HU-433 (EC50 not determined) had low potency and efficacy relative to CP 55,940 (EC50 

= 239.6 nM) (Fig. 4. 2E). However, HU-308 did exhibit increased recruitment of mini-

Gαi compared to HU-433 at concentrations above 100 nM (p < 0.001).  

As HU-308 and HU-433 are both expected to bind the orthosteric site of CB2 

receptors, we investigated whether these molecules would compete with each other to 

influence β-arrestin2 recruitment. To test this, HEK 293T cells expressing human CB2 

receptors were treated with the EC80 of HU-308 (1.8 µM) or HU-433 (5.9 µM) in 

conjunction with increasing concentrations of the other molecule. We observed that at 

concentrations above 10 µM, HU-433 did appear to outcompete HU-308 at the 

orthosteric site which reduced the overall recruitment of β-arrestin2 (Fig. 4. 2F). A 
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similar pattern was observed in the inverse experiments as HU-308 appeared to 

outcompete HU-433 to increase β-arrestin2 recruitment at concentrations above 10 µM. 

These data indicate that although HU-308 and HU-433 compete for the CB2 receptor 

orthosteric site, relatively high levels of cross-contamination would likely be required to 

have an observable influence at the cellular level. 
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Figure 4. 1. Structures of the enantiomers, HU-308 and HU-433, used as CB2 receptor 

agonists. 
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Figure 4. 2. HU-308 exhibits enhanced recruitment of β-arrestin2 and mini-Gαi 

compared to HU-433. A NanoBiT assays were developed to facilitate the detection of β-

arrestin2 or mini-Gαi recruitment to human CB2 receptors in HEK 293T cells. NanoBiT 

assays were utilized to measure the recruitment of β-arrestin2 over the course of 42 minutes 

upon stimulation with increasing concentrations of B HU-308 or C HU-433 (n = 4). D 

Concentration-dependent recruitment of β-arrestin2 in response to HU-308 (1 nM – 54 

µM), HU-433 (1 nM – 54 µM), CP 55,940 (1 nM – 5 µM), or 2-AG (1 nM – 54 µM) (n = 

4). * p < 0.05; HU-308 vs. HU-433. E Concentration-dependent recruitment of mini-Gαi 

in response to HU-308 (1 nM – 54 µM), HU-433 (1 nM – 54 µM), CP 55,940 (1 nM – 5 

µM), or 2-AG (1 nM – 54 µM) (n = 4). F β-arrestin2 recruitment to CB2 receptors following 

treatment with the EC80 of HU-308 (1.8 µM) combined with increasing concentrations of 

HU-433, or the EC80 of HU-433 (5.9 µM) combined with increasing concentrations of HU-

308 (n = 4). * p < 0.05 vs. vehicle. 
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4.3.2. HU-308 and HU-433 blunted LPS- and IFNγ-mediated signaling in SIM-A9 

microglia 

The effects of HU-308 and HU-433 on microglial pro-inflammatory signaling 

were next determined in response to two pro-inflammatory stimuli, LPS and IFNγ. We 

observed that the pro-inflammatory signaling of SIM-A9 microglia displayed an early 

wave (10 min) and a late wave (8 h) for ERK1/2, JNK, p38, and Akt signaling (Fig. 4. 

S3A-D). NF-κB was stimulated early by LPS and only at a later timepoint by IFNγ (Fig. 

4. S3E) whereas STAT1 was only stimulated late by IFNγ and unaffected by LPS. In the 

absence of a pro-inflammatory stimulus, HU-308 and HU-433 stimulated ERK1/2 

phosphorylation (Fig. 4. S4A) but inhibited JNK and p38 phosphorylation (Fig. 4. 

S4B,C) with no effect on Akt phosphorylation (Fig. 4. S4D).  

When SIM-A9 microglia were stimulated with LPS, HU-308 and HU-433 

delayed the initial signaling peak of ERK1/2 and JNK phosphorylation and greatly 

suppressed the second wave of signaling (Fig. 4. 3A,B). Both HU-308 and HU-433 

inhibited the early phosphorylation of p38 although HU-433 exhibited a greater capacity 

to block the late wave of p38 signaling (Fig. 4. 3C). Similarly, HU-433 more strongly 

inhibited the late wave of Akt signaling compared to HU-308 (Fig. 4. 3D). Both HU-308 

and HU-433 inhibited NF-κB signaling at the 8 h timepoint but had no effect on STAT1 

signaling (Fig. 4. 3E,F). When SIM-A9 microglia were stimulated with IFNγ, HU-308 

and HU-433 suppressed the initial wave of ERK1/2 signaling at the 10 min and 60 min 

timepoints, however, HU-433 was more efficacious with respect to suppression of 

ERK1/2 signaling at the later 6 and 8 h timepoints (Fig. 4. 4A). HU-308 and HU-433 also 

suppressed the initial wave of JNK phosphorylation at the 10 min and 30 min timepoints 

whereas only HU-433 reduced JNK phosphorylation at the 16 h timepoint (Fig. 4. 4B). 

With respect to IFNγ-mediated signaling, neither HU-308 or HU-433 affected the 

phosphorylation of p38, Akt, NF-κB, or STAT1 relative to the vehicle (Fig. 4. 4C-F). The 

data indicate that CB2 receptor activation influenced the downstream kinetics of LPS and 

IFNγ differentially, and that HU-433 was generally more efficacious with respect to 

suppression of pro-inflammatory signaling.  
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Figure 4. 3. HU-308 and HU-433 modulate the kinetics and magnitude of microglial 

pro-inflammatory signaling in response to LPS. Cultured SIM-A9 microglia were 

stimulated with LPS (1000 ng/mL) for 16 h, and in-cell western assays were used to 

monitor the phosphorylation of A ERK1/2 (Thr202/Tyr204), B JNK (Thr183/Tyr185), C 

p38 (Thr180/Tyr182), D Akt (Ser473), E NF-κB (Ser536), F STAT1 (Tyr701) (n = 4). 

Each time-point represents an independent preparation of cultured SIM-A9 microglia. 

Statistical significance was determined using two-way ANOVA with Tukey post-hoc test. 

* p < 0.05, vehicle vs. HU-308 and HU-433; ~ p < 0.05, HU-308 vs. HU-433; ^ p < 0.05, 

vehicle vs. HU-433 only. 
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Figure 4. 4. HU-308 and HU-433 modestly affect the kinetics and magnitude of 

microglial pro-inflammatory signaling in response to LPS. Cultured SIM-A9 microglia 

were stimulated with IFNγ (20 ng/mL) for 16 h, and in-cell western assays were used to 

monitor the phosphorylation of A ERK1/2 (Thr202/Tyr204), B JNK (Thr183/Tyr185), C 

p38 (Thr180/Tyr182), D Akt (Ser473), E NF-κB (Ser536), F STAT1 (Tyr701) (n = 4). 

Each time-point represents an independent preparation of cultured SIM-A9 microglia. 

Statistical significance was determined using two-way ANOVA with Tukey post-hoc test. 

* p < 0.05, vehicle vs. HU-308 and HU-433; ~ p < 0.05, HU-308 vs. HU-433. 
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4.3.3. Microglial CB2 receptor activation inhibited the pro-inflammatory activity of 

microglia 

To assess functional differences between HU-308 and HU-433, the microglial 

response to each was compared with respect to the release of NO and TNF, and the 

capacity to induce secondary neurotoxicity. The microglial release of NO was suppressed 

by HU-308 (IC50: 4.39 µM) as well as HU-433 (IC50: 3.25 µM), and HU-433 was more 

efficacious at concentrations above 1 µM (Fig. 4. 5A). Microglial cells that were 

stimulated with LPS (500 ng/mL) and IFNγ (5 ng/mL) released TNF to a concentration of 

7318 ± 222 pg/mL within 16 h (Fig. 4. 5B). Treatment with HU-308 (5 µM) reduced the 

concentration of released TNF to 3541 ± 837 pg/mL and HU-433 treatment (5 µM) 

reduced TNF to 1794 ± 665 pg/mL. This effect on TNF release was reversed by co-

incubation with the inverse agonist, SR144528 (20 µM) which supports the CB2 receptor-

specific effects of HU-308 and HU-433. These data suggest that both HU-308 and HU-

433 had anti-inflammatory effects on SIM-A9 microglial cells via activation of CB2 

receptors, however, HU-433 was more efficacious.  

The influence of HU-308 and HU-433 on secondary neurotoxicity was 

determined using conditioned media and STHdhQ7/Q7 neuronal cells as previously 

described (Young and Denovan-Wright 2022b). SIM-A9 microglia were stimulated with 

LPS (500 ng/mL) and IFNγ (5 ng/mL) in conjunction with HU-308 or HU-433 at 

concentrations of 500 nM or 5 µM. Co-treatment of microglia with HU-433 at either 

concentration improved subsequent neuronal viability whereas HU-308 was only 

efficacious at the 5 µM concentration (Fig. 4. 5C). Co-treatment with SR144528 (20 µM) 

reduced the effects of HU-308 and HU-433 (5 µM), however, there was still an 

improvement in STHdhQ7/Q7 cell viability which is consistent with a partial blockade of 

the receptor-mediated effects. This was likely a consequence of the high agonist 

concentration relative to the antagonist (Rinaldi-Carmona et al. 1998). These data suggest 

that HU-308 and HU-433 reduced the pro-inflammatory activity of SIM-A9 microglia 

which subsequently reduced the secondary damage to cultured STHdhQ7/Q7 cells. 
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Figure 4. 5. HU-308 and HU-433 differentially suppress the release of NO and TNF 

from SIM-A9 microglia which impacts secondary neurotoxicity. Cultured SIM-A9 

microglia were stimulated with LPS (500 ng/mL) and IFNγ (5 ng/mL) for 16 h. A NO 

release was measured using the Griess assay (n = 4). * p < 0.05; two-way ANOVA with 

Sidak post-hoc test. B TNF release was determined by enzyme-linked immunosorbent 

assay (n = 3). Significance was determined using one-way ANOVA with Tukey post-hoc 

test. * p < 0.05 vs. no agonist; ~ p < 0.05, HU-308 vs. HU-433. C SIM-A9 microglia were 

stimulated with LPS (500 ng/mL) and IFNγ (5 ng/mL) in conjunction with HU-308, HU-

433, and SR144528 as indicated for 16 h. The conditioned media was applied to cultured 

STHdhQ7/Q7 cells and ATP concentrations were measured as a proxy for cell viability after 

24 h. * p < 0.05 vs. LPS + IFNγ with no agonist. ~ p < 0.05, agonist (5 µM) vs. agonist (5 

µM) + SR144528 (20 µM).  
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4.4 Discussion 

In this work, we investigated a CB2 receptor agonist, HU-308, and its 

enantiomer, HU-433. The goal was to unravel a previously observed phenomenon 

whereby HU-308 exhibited greater affinity for CB2 receptors in in vitro binding assays 

whereas HU-433 demonstrated greater efficacy in mouse models of inflammation and 

osteoporosis (Smoum et al. 2015). We measured the effects of HU-308 and HU-433 on 

the recruitment of effector proteins to CB2 receptors as well as on the signaling dynamics 

of microglia in response to LPS or IFNγ. HU-308 recruited β-arrestin2 and mini-Gαi 

more strongly than HU-433 which was consistent with the previously observed 

differences in binding affinity (Smoum et al. 2015). In response to LPS, HU-308 and 

HU-433 modulated the canonical pro-inflammatory signaling response including the 

suppression of MAPK and Akt signaling. More specifically, CB2 receptor activation was 

associated with inhibition of the second wave of signaling which has been linked to 

inflammatory activity (Rodems and Spector 1998; Chen et al. 2004; Hadi et al. 2013). 

Ultimately, despite reduced recruitment of effector proteins, HU-433 exhibited greater 

influence over the pro-inflammatory signaling of cultured SIM-A9 microglia which 

culminated in stronger anti-inflammatory effects. 

We observed that HU-308 more strongly recruited both mini-Gαi and β-arrestin2 

to human CB2 receptors compared to HU-433. It was previously reported that HU-308 

induces greater binding of [35S]-GTPγS and also displays an increased binding affinity to 

CB2 receptors as measured by displacement of [3H]-CP 55,940 (Smoum et al. 2015). We 

also found that CP 55,940 recruited β-arrestin2 to human CB2 receptors with 10-fold 

greater potency relative to HU-308 which was previously observed (Soethoudt et al. 

2017). However, we observed greater maximal β-arrestin2 recruitment in response to 

HU-308. Taken together, these data suggest that HU-308 binds strongly to CB2 receptors 

and elicits a greater response than HU-433 with respect to the recruitment of proteins 

required for canonical GPCR-mediated signaling. With respect to binding of CB2 

receptors, docking studies suggest that HU-308 and HU-433 both bind to the orthosteric 

binding pocket in a very similar orientation (Smoum et al. 2015). However, the model 

demonstrated that HU-308 exhibits stronger hydrogen bonding overall and the bicyclic 
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ring is buried deeper into the binding pocket. This information is consistent with our 

finding that HU-308 and HU-433 compete to influence β-arrestin2 recruitment. Together, 

these data strongly suggest that HU-308 and HU-433 both bind to the same orthosteric 

binding site rather than different potential allosteric sites. 

We identified that HU-308 and HU-433 both subtly modulated the early 

signaling responses of microglial cells to LPS and IFNγ. The effects of the CB2 agonists 

in response to LPS were most notable on the phosphorylation of mitogen-activated 

protein kinases (MAPKs), ERK1/2, JNK, and p38. It has been previously demonstrated 

that the phosphorylation of ERK1/2 is a characteristic of microglia following treatment 

with LPS, and that this response is blunted by stimulation of either CB1 or CB2 receptors 

(Ribeiro et al. 2013). LPS was also shown to stimulate ERK1/2 and p38 in primary 

mouse microglia and JNK in BV-2 immortalized microglia (Ribeiro et al. 2013; Liu et al. 

2021). Consistent with past findings, we found that treatment with HU-308 and HU-433 

blunted the early phosphorylation of p38 in SIM-A9 microglia stimulated with LPS. 

However, while ERK1/2 phosphorylation was suppressed by CB2 receptor activation at 

the earliest timepoint, there was a greater response at the one-hour timepoint which is 

indicative of delayed ERK1/2 signaling rather than suppression. Furthermore, HU-308 

and HU-433 enhanced the early phosphorylation of JNK. This was unexpected as JNK 

has been associated with the pro-inflammatory activity of primary microglia from both 

mice and rats (Waetzig et al. 2005; Ribeiro et al. 2013). This suggests that the LPS-

mediated signaling response is multifaceted and CB2 receptor activation has multiple 

effects that are dependent on specific signaling pathways. Microglia stimulated with IFNγ 

exhibited rapid phosphorylation of ERK1/2, JNK, and p38. This IFNγ-mediated effect on 

ERK1/2 and JNK was blunted by treatment with either HU-308 or HU-433. Thus, the 

early pro-inflammatory response of microglia to LPS or IFNγ was broadly suppressed by 

CB2 receptor activation. 

The activation of microglial MAPK and Akt pathways was biphasic in response 

to LPS, but not IFNγ, and was characterized by an early wave and a late wave. Late 

activation of ERK1/2 in immortalized microglia was previously identified and the 

stimulation of CB1 receptors by anandamide suppressed ERK1/2 phosphorylation at the 
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late 24 h timepoint (Eljaschewitsch et al. 2006). We observed that although HU-308 and 

HU-433 influenced the early wave of pro-inflammatory signaling, the effects of CB2 

receptor activation on MAPK signaling were most prominent in the late wave. Together, 

these data indicate that targeting the endocannabinoid system through either CB1 or CB2 

receptors is a viable method to suppress the late wave of MAPK signaling associated with 

pro-inflammatory activation following LPS treatment. Biphasic ERK1/2 signaling in 

response to growth factors has been observed in smooth muscle and epithelial cells 

(Finlay et al. 2003; Chen et al. 2004; Hadi et al. 2013; Huang et al. 2017). The second 

wave of ERK1/2 phosphorylation is associated with proliferative activity as well as the 

inflammatory response to infection in human fibroblasts and mammary epithelial cells 

(Rodems and Spector 1998; Chen et al. 2004; Hadi et al. 2013). A matrix metalloprotease 

inhibitor specifically blunted the second wave of ERK signaling in human mammary 

epithelial cells (Chen et al. 2004). A second wave of LPS-mediated IL-8 secretion has 

been demonstrated in human neutrophils and was dependent on TNF release (Cassatella 

et al. 1993). This indicates that the second wave of signaling is an autocrine mechanism 

involving secreted proteins. Although it is unclear whether the pro-inflammatory activity 

of microglia is primarily linked to the second wave of MAPK signaling, future work is 

warranted to determine whether this could be a primary mechanism for the anti-

inflammatory effects of CB2 receptor agonists.  

Despite the structural similarities between HU-308 and HU-433, we observed 

differences in the efficacy of the ligands to suppress the inflammatory activity of 

microglia. HU-308 previously suppressed the release of NO and TNF from SIM-A9 

microglia and reduced the secondary neurotoxicity in a CB2 receptor-dependent manner 

(Young and Denovan-Wright 2022b). CB2 receptor activation has also been shown to 

inhibit LPS- and IFNγ-mediated effects in other models of microglia, including 

immortalized N9 cells and primary mouse and rat microglia (Ehrhart et al. 2005; Correa 

et al. 2010; Ma et al. 2015; Mecha et al. 2015). In contrast, HU-433 was also shown to 

have greater efficacy in vivo to inhibit xylene-mediated ear swelling (Smoum et al. 2015). 

In this work, we also demonstrated that HU-433 suppressed the release of NO and TNF 
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to a greater extent than HU-308 despite the reduced degree of effector recruitment to CB2 

receptors.  

Although the activity of CB2 receptors has generally been anti-inflammatory and 

neuroprotective in various in vivo models, there is evidence that CB2 receptors promote 

inflammation under specific conditions. In a mouse model of graft-versus-host disease, 

CB2 receptor-knockout mice displayed reduced infiltration of donor CD4+ and CD8+ T 

cells into the brain which was accompanied by reduced caspase-3 cleavage in neurons 

(Moe et al. 2023). These results were replicated with the use of a brain-penetrant inverse 

agonist of CB2 receptors, SMM-189. An additional study identified that primary 

microglia from CB2 receptor-knockout mice were less sensitive to LPS and IFNγ 

(Schmöle et al. 2015). Blockade of CB2 receptors with SR144528 reduced swelling, 

neutrophil recruitment, and leukotriene production in a mouse model of acute ear 

inflammation (Oka et al. 2005). CB2 receptor blockade also reduced the recruitment of 

eosinophils and the release of pro-inflammatory cytokines such as TNF in mice with 

oxazolone-induced contact dermatitis (Oka et al. 2006). These past findings suggest that 

the constitutive activity of CB2 receptors may be required to initiate the pro-inflammatory 

activity of peripheral immune cells as well as microglia. 

Substantial attention has been directed toward understanding the pharmacology 

of CB2 receptors to develop therapeutics for several indications including inflammation, 

itch, osteoporosis, and neuropathic pain (Guindon and Hohmann 2008; Kusakabe et al. 

2013; Han et al. 2013; Rossi et al. 2019). However, HU-308 and most other CB2 receptor 

agonists are highly lipophilic molecules with poor solubility and other undesirable 

physicochemical properties (Soethoudt et al. 2017; Whiting et al. 2022). Thus, although 

HU-308 has been demonstrated to be suitable for topical treatment in multiple mouse 

models of ocular inflammation, it may have unfavorable pharmacokinetic properties 

when administered orally (Toguri et al. 2014; Thapa et al. 2018). As CB2 receptor 

agonists, including HU-308, have repeatedly shown promise in pre-clinical models, 

further optimization of CB2-selective scaffolds with suitable pharmacokinetic properties 

may be critical to the development of CB2 receptors as targets for neuroinflammation. 
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Receptor selectivity has been another challenge in the development of CB2 

receptor agonists with therapeutic potential in the absence of psychoactivity. HU-308 has 

demonstrated very high selectivity for CB2 over CB1 receptors and does not elicit 

catalepsy, antinociception, or hypothermia in mice at doses of up to 100 mg/kg 

(Soethoudt et al. 2017). Furthermore, HU-308 is among the CB2 receptor agonists with 

the fewest off-target effects based on a panel of over 64 human proteins (Soethoudt et al. 

2017). This suggests that HU-308 has the potential to specifically target CB2 receptors in 

vivo. However, it is unclear whether the effects of HU-433 are mediated exclusively by 

CB2 receptors. We found that a much greater concentration of the inverse agonist, 

SR144528, was required to suppress the recruitment of β-arrestin2 and mini-Gαi in 

response to HU-433 compared to HU-308. SR144528 also reversed the anti-

inflammatory effects of HU-433 on microglia to a lesser degree relative to HU-308. The 

effects of HU-433 on mouse osteoblast proliferation were shown to be absent in CB2 

receptor-knockout mice (Smoum et al. 2015). However, anti-inflammatory effects 

through either CB1 receptors or other receptors such as GPR55 have not been ruled out. 

Despite enhanced effector protein recruitment upon treatment with HU-308, the 

enantiomer HU-433 had greater anti-inflammatory properties to counter the effects of 

LPS and IFNγ on cultured SIM-A9 microglia. These data support that microglial CB2 

receptors are a useful target to suppress the pro-inflammatory activity of microglia. 

Furthermore, these data highlight that properties such as β-arrestin recruitment are 

insufficient to judge the efficacy of a GPCR agonist, and that other properties including 

the signaling response may be more predictive of the functional activity. 
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4.5 Supplementary data 

 

Figure 4. S1. Determination of proper orientations for small and large nanoluciferase 

fragments. A NanoBiT assays were performed using the human CB2 receptor sequence 

fused to either the small (CB2-SM) or large (CB2-LG) fragment of nanoluciferase in 

conjunction with β-arrestin2 fused to either the small or large fragment fused to the N-

terminal end (SM- and LG-βArr2, respectively) or the C-terminal end (βArr2-SM and -LG, 

respectively). B NanoBiT assays were performed using the CB2 receptor sequence fused 

to the small or large fragment of nanoluciferase fused to the C-terminal end (CB2-SM and 

-LG, respectively) in conjunction with the mini-Gαi sequence with the small or large 

fragment of nanoluciferase fused to the N-terminal end (SM- and LG-Gαi, respectively). 

Luminescence was recorded as a kinetic measurement over 42 min for β-arrestin2 and 30 

min for Gαi and concentration-response curves were prepared from the area under the curve 

for each concentration of CP 55,940 which was used as the test agonist. 
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Figure 4. S2. Assessment of β-arrestin2 recruitment in response to SR144528. 

NanoBiT assays were performed in HEK 293T cells transfected with human CB2 receptor 

fused to the small nanoluciferase fragment in conjunction with β-arrestin2 fused to the 

large nanoluciferase fragment at the N-terminal end. The effect of increasing 

concentrations of SR144528 (19 nM – 10 µM) on A HU-308 (1.8 µM), B HU-433 (5.9 

µM), or C vehicle only on the recruitment of β-arrestin2 was determined over the course 

of 42 min. Areas under the curves (AUCs) were used to prepare concentration-response 

curves. 

  



92 

 

 

 
Figure 4. S3. Signaling kinetics of SIM-A9 microglia in response to LPS and IFNγ. 

Cultured SIM-A9 microglia were stimulated with LPS (1000 ng/mL) or IFNγ (20 ng/mL) 

over the course of 16 h, and in-cell western assays were used to monitor the 

phosphorylation of A ERK1/2, B JNK, C p38, D Akt, E NF-κB, F STAT1 (n = 4). 

Statistical significance was determined using two-way ANOVA with Tukey post-hoc test. 

* p < 0.05 vs. baseline (0 min).  

 

  



93 

 

 

 
Figure 4. S4. Signaling kinetics of SIM-A9 microglia in response to HU-308 and HU-

433. Cultured SIM-A9 microglia were stimulated with HU-308 or HU-433 (1 µM) over 

the course of 60 min, and in-cell western assays were used to monitor the phosphorylation 

of A ERK1/2, B JNK, C p38, D Akt (n = 4). Statistical significance was determined using 

two-way ANOVA with Tukey post-hoc test. * p < 0.05 vs. baseline (0 min).  
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Chapter 5: JAK1/2 regulates synergy between interferon gamma and 

lipopolysaccharides in microglia 
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Preface 

This chapter investigates the pharmacological activity of LPS and IFNγ in 

microglia. The purposes of this chapter were to identify whether LPS and IFNγ acted on 

microglia in an additive or synergistic manner, and to determine which signaling 

pathways were likely the most critical to the microglial inflammatory response. Past 

reports of associations between altered gut microbiota and neurodegeneration also 

prompted the use of LPS from different bacteria that were considered more harmful or 

beneficial gut microbes. 
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5.1 Abstract 

Microglia, the resident immune cells of the brain, regulate neuroinflammation 

which can lead to secondary neuronal damage and cognitive impairment under 

pathological conditions. Two of the many molecules that can elicit an inflammatory 

response from microglia are lipopolysaccharide (LPS), a component of gram-negative 

bacteria, and interferon gamma (IFNγ), an endogenous pro-inflammatory cytokine. We 

thoroughly examined the concentration-dependent relationship between LPS from 

multiple bacterial species and IFNγ in cultured microglia and macrophages. We measured 

the effects that these immunostimulatory molecules have on pro-inflammatory activity of 

microglia and used a battery of signaling inhibitors to identify the pathways that 

contribute to the microglial response. We found that LPS and IFNγ interacted 

synergistically to induce a pro-inflammatory phenotype in microglia, and that inhibition 

of JAK1/2 completely blunted the response. We determined that this synergistic action of 

LPS and IFNγ was likely dependent on JNK and Akt signaling rather than typical pro-

inflammatory mediators such as NF-κB. Finally, we demonstrated that LPS derived from 

Escherichia coli, Klebsiella pneumoniae, and Akkermansia muciniphila can elicit 

different inflammatory responses from microglia and macrophages, but these responses 

could be consistently prevented using ruxolitinib, a JAK1/2 inhibitor. Collectively, this 

work reveals a mechanism by which microglia may become hyperactivated when levels 

of LPS and IFNγ rise above normal. Given that elevations in circulating LPS and IFNγ 

occur in a wide variety of pathological conditions, it is critical to understand the 

pharmacological interactions between these molecules to develop safe and effective 

treatments for neuroinflammation. 
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5.2 Introduction 

Microglia are specialized brain-resident macrophages that are uniquely equipped 

to support neuronal function as well as regulate inflammatory processes (Nimmerjahn et 

al. 2005; Perry et al. 2010). Although microglia can suppress inflammation and promote 

tissue repair in the central nervous system, these cells are phenotypically plastic and are 

also the primary initiators and propagators of inflammation in the brain (Cherry et al. 

2014). The pro-inflammatory activity of microglia is typically protective against 

pathogens or the aggregation of debris within the brain (Davalos et al. 2005; Lehnardt 

2010). However, microglial hyperactivity accelerates neuronal death associated with 

chronic neurodegenerative diseases, like Alzheimer’s disease (AD), as well as acute 

conditions such as sepsis-associated encephalopathy (Perry et al. 2010; Widmann and 

Heneka 2014; Guzman-Martinez et al. 2019). Although microglia regulate innate 

immunity in the brain, microglia are also sensitive to immunostimulatory molecules in 

peripheral circulation (Hoogland et al. 2015). By this mechanism, systemic inflammation 

induces the priming of microglia, resulting in a heightened pro-inflammatory response 

upon detection of a second stimulus. In this context, individuals with chronic systemic 

inflammation may be more susceptible to subsequent neurodegeneration, and likewise, 

individuals with established brain pathology may exhibit an exaggerated microglial 

response to peripheral infection (Perry and Holmes 2014; Brown 2019). 

Interferon gamma (IFNγ), a pro-inflammatory cytokine, can be released by 

microglia as well as peripheral immune cells and is commonly elevated in patients with 

chronic inflammatory diseases such as type 2 diabetes, obesity, or rheumatoid arthritis 

(Kasahara et al. 1983; Ye et al. 1995; Tsiavou et al. 2005; Monteiro et al. 2017; Zhang et 

al. 2019a; Bradley et al. 2022). IFNγ serves as a primary activator of myeloid cells upon 

binding the interferon gamma receptor (IFNGR), and can prime microglia or 

macrophages for an enhanced response to other pro-inflammatory stimuli such as 

lipopolysaccharide (LPS)(Hayes et al. 1995; Held et al. 1999; Schroder et al. 2006; 

Monteiro et al. 2017). LPS is a component of gram-negative bacterial cell membranes 

that interacts with toll-like receptor 4 (TLR4), present on immune cells (Wright et al. 

1990; Lu et al. 2008). When LPS enters the blood stream, it generates a systemic 
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inflammatory response and elicits sickness behavior in humans at relatively low 

concentrations (Rietschel et al. 1994; Sandiego et al. 2015). LPS may enter general 

circulation during acute bacterial infection or from the gut microbiome via damaged 

intestinal epithelia (Evans and Pollack 1993; van Langevelde et al. 1998). Although LPS 

and IFNγ have typically been investigated in the context of the peripheral immune 

system, both molecules interact with microglia, especially under conditions of systemic 

inflammation when the blood-brain barrier may be more permeable (Murray et al. 2011; 

Chai et al. 2014; Too et al. 2014; Banks et al. 2015; Vargas-Caraveo et al. 2017).  

Some links have been drawn between circulating LPS and the development of 

neurodegenerative disease. High concentrations of LPS have been observed in the blood 

of patients with AD, and intestinal permeability is increased in Parkinson’s disease 

(Zhang et al. 2009b; Forsyth et al. 2011). This highlights a potential mechanism whereby 

LPS enters peripheral circulation to induce neuroinflammation in concert with IFNγ. 

Combined stimulation with IFNγ and LPS has been demonstrated to elicit pro-

inflammatory activity from microglia that induces neurotoxicity (Navarro et al. 2018a; 

Young and Denovan-Wright 2022b). However, the interactions between LPS and IFNγ at 

the level of microglial signaling are unclear which impedes the rational development of 

drugs to suppress neuroinflammation. 

In this study, we addressed the hypothesis that LPS and IFNγ stimulate 

microglia to elicit a greater inflammatory response than treatment with either molecule 

alone. We also probed downstream signaling pathways to identify those most closely 

linked with the microglial response. LPS from multiple bacterial species, Escherichia 

coli, Klebsiella pneumoniae, and Akkermansia muciniphila, were also assessed to 

determine whether microglia and macrophage cells respond differently based on the 

source of LPS. We provide evidence that co-activation of TLR4 and IFNGR stimulates 

microglial-derived inflammation in a synergistic manner which can be prevented by 

blockade of Janus kinase 1 and 2 (JAK1/2) in microglia and macrophages, despite 

evidence that TLR4 does not primarily signal via the JAK-STAT pathway. These data 

highlight a single pharmacological target that may be used to nullify the pro-

inflammatory activity of myeloid cells under a variety of pathological conditions. 
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5.3 Results 

5.3.1. IFNγ and LPS from E. coli induce microglial inflammation in a synergistic manner  

Although it has been well established that IFNγ and LPS elicit a pro-

inflammatory response from microglia (Chhor et al. 2013; Navarro et al. 2018a; Young 

and Denovan-Wright 2022b), we aimed to determine whether the combination of both 

molecules would produce an additive, synergistic, or antagonistic response. Microglial 

cells were treated with increasing concentrations of IFNγ and LPS in combination with 

increasing concentrations of the other molecule. NO release was measured as a proxy for 

pro-inflammatory activity (Bal-Price and Brown 2001; Chhor et al. 2013).  

IFNγ stimulated NO release from microglia in a concentration-dependent 

manner (Fig. 5. 1A). When LPS was added in combination, there was a concentration-

dependent leftward shift in the curve as well as an increase in baseline and maximal NO 

release. Similarly, LPS induced NO release from microglia, and the potency as well as 

basal and maximal NO release was elevated in the presence of IFNγ at concentrations as 

low as 0.1 ng/mL (Fig. 5. 1B). NO release that was stimulated by IFNγ or LPS was 

completely blocked by the inducible nitric oxide synthase (iNOS) inhibitor, 1400W, 

which indicated that the reactive NO release was controlled by the inducible form of 

NOS (Fig. 5. S1)(Garvey et al. 1997). 

To determine whether the microglial response to the combination of IFNγ and 

LPS was additive or synergistic, isobolograms were prepared from the EC50 values and a 

combination index analysis was performed. The combination index provides an 

indication of whether two molecules may act in a synergistic (< 1), additive (= 1), or 

antagonistic (> 1) manner (Chou and Talalay 1984; Chou 2006, 2018). The EC50 values 

were determined for IFNγ or LPS alone and in the presence of the other molecule (Fig. 5. 

1C). The combination indices for IFNγ combined with increasing concentrations of LPS 

were 0.745 (0.05 ng/mL), 0.534 (0.5 ng/mL), and 0.343 (5 ng/mL). This indicated that 

the potency of IFNγ increased synergistically with increasing concentrations of LPS. The 

inverse experiments revealed a similar pattern as the combination indices for LPS 

combined with increasing concentrations of IFNγ were 0.813 (0.01 ng/mL), 0.459 (0.1 
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ng/mL), and 0.633 (1 ng/mL) (Fig. 5. 1D). This indicated that the addition of IFNγ also 

enhanced the potency of LPS in a synergistic manner. Taken together, these data suggest 

that IFNγ and LPS induced NO release from microglia in a synergistic manner, with 

pronounced effects even at relatively low concentrations.     

Induction of mRNA for four pro-inflammatory markers was measured to further 

assess the microglial response to IFNγ and LPS. The mRNA markers used were Nos2 

(iNOS), Tnf (TNF), Il6 (IL-6), and Il1b (IL-1β), as these markers are strongly associated 

with microglial pro-inflammatory activity (Chhor et al. 2013). Low, medium, and high 

concentrations of IFNγ or LPS relative to the maximal effect were chosen based on the 

concentration-response curves for NO release. These concentrations corresponded to 1, 5, 

and 20 ng/mL for IFNγ (Fig. 5. 1E) and 10, 100, and 1000 ng/mL for LPS (Fig. 5. 1F). 

Nos2 was the only marker elevated by IFNγ and was only elevated by the highest 

concentration of IFNγ (Fig. 5. 1G). In contrast, LPS upregulated the mRNA abundance of 

Nos2, Tnf, Il6, and Il1b at all concentrations (Fig. 5. 1H-J). These data indicated that LPS 

was a more robust stimulus than IFNγ alone to elevate the mRNA abundance of specific 

pro-inflammatory markers in cultured microglia. 

The measurements of mRNA abundance were repeated to assess whether 

combinations of IFNγ and LPS would produce different effects compared to either 

stimulus alone. SIM-A9 microglia were treated with a low concentration of IFNγ and a 

high concentration of LPS or vice versa. For comparison, cells were also treated with a 

high concentration of both stimuli. Treatment with high IFNγ (20 ng/mL) and low LPS 

(10 ng/mL) increased the mRNA for Nos2, Tnf, and Il6 compared to the same 

concentration of IFNγ or LPS alone (Table 5. S1). This pattern was also observed upon 

treatment with low IFNγ (1 ng/mL) and high LPS (1000 ng/mL). When maximal 

concentrations of each were combined, Nos2 and Tnf were elevated compared to any 

other combination of concentrations, but the same pattern was not observed for Il6. This 

suggests that TLR4 and IFNGR co-activation produces great increases in mRNA for 

some pro-inflammatory markers, especially Nos2 and Tnf. 
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Figure 5. 1. IFNγ and LPS from E. coli stimulated a pro-inflammatory response from 

microglia in a concentration-dependent and synergistic manner. A SIM-A9 microglial 

cells were treated with increasing concentrations of IFNγ (50 fg/mL – 20 ng/mL) with 

vehicle (PBS) or increasing concentrations of LPS. B Microglial cells were treated with 

increasing concentrations of LPS (2.5 pg/mL – 1000 ng/mL) with vehicle (PBS) or 

increasing concentrations of IFNγ. NO release was monitored via the Griess assay (n = 4) 

after 16 h. Data points represent the means ± SEM. Area under the curve was calculated 

and plotted for each concentration-response curve. C An isobologram was prepared using 

EC50 values for IFNγ and LPS alone or IFNγ combined with LPS (0.05, 0.50, 5.00 ng/mL). 

D An isobologram was prepared using EC50 values for IFNγ and LPS alone or LPS 

combined with IFNγ (0.01, 0.10, 1.00 ng/mL). Combination indices were calculated for 

the co-treatments based on the method of Chou and Talalay (1984). The dashed line 

represents a predicted additive response whereby a position to the lower left of the dashed 

line indicates synergy and a position to the upper right of the dashed line indicates 

antagonism between the two molecules. Concentration-response curves for NO release 

were used to identify relatively low, medium, and high concentrations of E IFNγ (1, 5, or 
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20 ng/mL) or F LPS (10, 100, or 1000 ng/mL) to use in RT-qPCR experiments. The relative 

abundance of mRNA was quantified for G Nos2, H Tnf, I Il1b, and J Il6 (n = 3) following 

treatment with IFNγ (1, 5, or 20 ng/mL) or LPS (10, 100, or 1000 ng/mL). The mRNA 

abundance is presented as the fold-change relative to vehicle. Statistical significance was 

determined using a one-way ANOVA with Dunnett’s correction for multiple comparisons; 

* p < 0.05 vs. vehicle. 
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5.3.2. Synergy is consistent between IFNγ and LPS from K. pneumoniae and A. 

muciniphila  

LPS from additional bacterial species, K. pneumoniae and A. muciniphila, were 

used to determine whether the bacterial species of origin would influence the observed 

synergy between TLR4 and IFNGR. We observed that IFNγ induced NO release in a 

concentration-dependent manner, and that the combination of LPS from K. pneumoniae 

increased both the maximal and the basal NO release (Fig. 5. 2A). The increase in basal 

NO release occurred at a concentration of 5 ng/mL and there was a decrease in the EC50 

of IFNγ in the presence of only 0.05 ng/mL LPS from K. pneumoniae (Table 5. 1). A 

similar pattern was observed when the inverse experiments were performed as there was 

an increase in basal and maximal NO release as well as an increase in the potency of LPS 

from K. pneumoniae when combined with increasing concentrations of IFNγ (Fig. 5. 2B). 

When the concentration-response curves of LPS from K. pneumoniae were combined 

with increasing concentrations of IFNγ, there was a shift in the combination index from 

0.885 (0.001 ng/mL) to 0.317 (1 ng/mL) which indicated that the potency of LPS from K. 

pneumoniae was increasingly enhanced by increasing concentrations of IFNγ (Fig. 5. 

2C). 

The same experiments were performed using LPS from A. muciniphila as this 

species of bacteria has been demonstrated to be a beneficial gut microbe rather than a 

potential pathogen (Zhou 2017). As with LPS from E. coli and K. pneumoniae, LPS from 

A. muciniphila enhanced the IFNγ-mediated NO release from SIM-A9 microglia. 

However, basal NO release was only influenced at a concentration of 500 ng/mL LPS, 

and the potency of IFNγ was only increased by the LPS from A. muciniphila at a 

concentration of 5 ng/mL (Fig. 5. 2D). This indicated that LPS from A. muciniphila had 

less of a potentiation effect on IFNγ compared to LPS from E. coli or K. pneumoniae. 

Similarly, a higher concentration of IFNγ was required to enhance the effects of LPS 

from A. muciniphila compared to LPS from K. pneumoniae (Fig. 5. 2E)(Table 5. 1). 

When the concentration-response curves of LPS from A. muciniphila were combined 

with increasing concentrations of IFNγ, there was a shift in the combination index from 
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0.743 (0.001 ng/mL) to 0.290 (1 ng/mL) which indicated that the potency of LPS was 

enhanced by increasing concentrations of IFNγ (Fig. 5. 2F)(Table 5. 1). 
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Figure 5. 2. LPS from K. pneumoniae and A. muciniphila acted synergistically with 

IFNγ to induce NO release from SIM-A9 microglial cells. A SIM-A9 microglial cells 

were treated with increasing concentrations of IFNγ (50 fg/mL – 20 ng/mL) with vehicle 

(PBS) or increasing concentrations of LPS from K. pneumoniae. B Microglial cells were 

treated with increasing concentrations of LPS from K. pneumoniae (2.5 pg/mL – 1000 

ng/mL) with vehicle (PBS) or increasing concentrations of IFNγ. C An isobologram was 

prepared using EC50 values for IFNγ combined with LPS (0, 0.05, 0.5 ng/mL) or LPS 

combined with IFNγ (0, 0.001, 0.01, 0.1, 1 ng/mL). D SIM-A9 microglial cells were treated 

with increasing concentrations of IFNγ (50 fg/mL – 20 ng/mL) with vehicle (PBS) or 

increasing concentrations of LPS from A. muciniphila. E Microglial cells were treated with 

increasing concentrations of LPS from A. muciniphila (2.5 pg/mL – 1000 ng/mL) with 

vehicle (PBS) or increasing concentrations of IFNγ. F An isobologram was prepared using 

EC50 values for IFNγ combined with LPS (0, 0.05, 0.5, 5, 50 ng/mL) or LPS combined 

with IFNγ (0, 0.001, 0.01, 0.1, 1 ng/mL). In all cases, NO release was measured using the 

Griess assay 16 h following the treatment (n = 4). Data points represent the means ± SEM. 

Area under the curves were calculated and plotted for each concentration-response curve.  
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Table 5. 1. SIM-A9 microglia were treated with increasing concentrations of IFNγ or LPS in the presence of multiple 

concentrations of the other molecule (n = 4). Minimum NO release (Emin), maximal NO release (Emax), and the EC50 were calculated 

using nonlinear regression with four-parameter analysis. The combination indices were determined for the EC50 of IFNγ and LPS 

the presence of multiple concentrations of the other molecule. Combination indices could not be calculated when the concentration 

of the concurrent treatment exceeded its EC50. The Emin, Emax and EC50 are presented as the 95% confidence intervals (CI).   

Treatmenta Concurrent treatment Emin (NO, μM) Emax (NO, μM) EC50 (ng/mL) Combination 

index 

  LPS from  

E. coli (ng/mL) 

        

IFNγ 0 -0.11 to 0.97  31.25 to 33.74  1.474 to 1.783 1 

  0.05 -0.51 to 1.24 33.98 to 37.30* 1.055 to 1.373* 0.745 

  0.5 -0.65 to 1.28 45.43 to 48.90* 0.740 to 0.960* 0.534 

  5 5.58 to 8.63* 53.62 to 58.20* 0.291 to 0.443* 0.343 

  50 18.29 to 20.82* 54.22 to 59.81* 0.562 to 0.943* - 

  500 31.99 to 34.92* 57.18 to 64.04* 0.578 to 1.336* - 

  IFNγ (ng/mL)         

LPS from E. coli 0 -0.62 to 1.86 31.53 to 37.77 30.26 to 58.25 1 

  0.01 1.54 to 3.13  26.84 to 29.50  27.11 to 40.26 0.813 

  0.1 1.14 to 4.22  31.20 to 36.83^  10.84 to 25.80^ 0.459 

  1 16.76 to 21.28^ 46.84 to 49.34^ 0.45 to 0.85^ 0.633 

  10 41.49 to 46.63^ 58.58 to 61.51^ 0.40 to 1.34^ - 

  LPS from  

K. pneumoniae (ng/mL) 

        

IFNγ 0 -0.3136 to 1.648 43.76 to 51.06 0.5335 to 0.6554 1 

  0.05 0.2366 to 1.775 45.73 to 50.60 0.4164 to 0.5053* 0.758 

  0.5 -1.082 to 1.640 60.03 to 67.14* 0.04661 to 0.1831* 0.504 

6

1
0
6
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Treatmenta Concurrent treatment Emin (NO, μM) Emax (NO, μM) EC50 (ng/mL) Combination 

index 

  5 15.16 to 19.53* 71.38 to 86.20* -0.1966 to 0.1947* - 

  50 26.47 to 29.82* 59.76 to 71.06* -0.1859 to 0.2642* - 

  500 26.82 to 31.17* 63.91 to 84.62* -0.2048 to 0.5614 - 

  IFNγ (ng/mL)         

LPS from K. pneumoniae 0 -0.3136 to 1.648 43.76 to 51.06 0.5335 to 0.6554 1 

  0.001 0.2366 to 1.775 45.73 to 50.60 0.4164 to 0.5053^ 0.885 

  0.01 -1.082 to 1.640 60.03 to 67.14^ 0.04661 to 0.1831^ 0.791 

  0.1 15.16 to 19.53^ 71.38 to 86.20^ -0.1966 to 0.1947^ 0.515 

  1 26.47 to 29.82^ 59.76 to 71.06^ -0.1859 to 0.2642^ 0.317 

  10 26.82 to 31.17^ 63.91 to 84.62^ -0.2048 to 0.5614 - 

  LPS from  

A. muciniphila (ng/mL) 

        

IFNγ 0 -0.1857 to 1.017 31.35 to 34.64 0.5210 to 0.5984 1 

  0.05 -0.2169 to 1.433 32.81 to 38.26 0.4965 to 0.6237 0.991 

  0.5 -0.3372 to 0.4994 36.89 to 39.43* 0.4770 to 0.5329 0.884 

  5 -0.6463 to 0.7297 41.80 to 45.03* 0.2127 to 0.2843* 0.502 

  50 0.2994 to 4.408 44.73 to 53.83* -0.2404 to 0.0278* 0.342 

  500 19.28 to 23.28* 51.16 to 58.30* -0.4241 to -0.0807* - 

  IFNγ (ng/mL)         

LPS from A. muciniphila 0 0.0028 to 0.96 21.64 to 29.51 179.50 to 358.31 1 

  0.001 -0.11 to 1.43 22.15 to 42.74 182.83 to 851.43 0.743 

  0.01 -0.59 to 0.33 30.61 to 39.88* 226.07 to 401.48 0.751 

6

1
0
7
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Treatmenta Concurrent treatment Emin (NO, μM) Emax (NO, μM) EC50 (ng/mL) Combination 

index 

  0.1 -0.75 to 0.53 31.53 to 34.66* 55.19 to 71.60* 0.192 

  1 4.15 to 7.24* 40.49 to 43.61* 4.24 to 7.06* 0.290 

  10 22.66 to 42.76* 52.19 to n.d.* 1.969 to n.d. - 

a Applied as a concentration-response curve 

* Significantly different from IFNγ alone as indicated by non-overlapping 95% CI. 

^ Significantly different from LPS alone as indicated by non-overlapping 95% CI. 

 

6

1
0
8
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5.3.3. JAK1/2 exerts control over the microglial response to IFNγ and LPS 

IFNGR signaling is transduced via JAK1 and JAK2 whereas TLR4 signals 

primarily via myeloid differentiation primary response 88 (MyD88)(Vogel et al. 2003; 

Schroder et al. 2004, 2006). Despite little overlap in upstream effector proteins, the 

receptors share several downstream signaling pathways activated by IFNγ and LPS, 

including NF-κB and MAP kinases (MAPKs)(Fig. 5. 3A). We hypothesized that if there 

was no crosstalk between IFNGR and TLR4 signaling, then inhibition of JAK1/2 would 

block only IFNγ-mediated effects and inhibition of MyD88 would block only LPS-

mediated effects. To test this, microglia were stimulated using fixed concentrations of 

IFNγ and LPS alone or in combination. These treatments were delivered concurrently 

with TAK-242 or ruxolitinib. TAK-242 is a selective inhibitor of TLR4 that disrupts the 

interaction with MyD88 to suppress LPS-mediated signaling (Takashima et al. 2009; 

Matsunaga et al. 2011). Ruxolitinib is a dual inhibitor of JAK1 and JAK2 that suppresses 

signaling mediated by IFNγ and other JAK-dependent cytokines, such as IL-6 (Quintás-

Cardama et al. 2010; Albeituni et al. 2019). 

We observed that inhibition of TLR4 prevented the response to LPS, however, it 

did not block the microglial response to IFNγ. TAK-242 suppressed LPS-mediated NO 

release with an IC50 of 36.48 nM (Fig. 5. 3B). In the presence of a moderate 

concentration of IFNγ (5 ng/mL), the IC50 of TAK-242 was 1.62 µM, a shift of nearly 45-

fold, this also increased the total AUC (Fig. 5. S2A). When microglia were treated with 

IFNγ alone, TAK-242 inhibited IFNγ-mediated NO release with an IC50 of 32.81 µM 

which is three orders of magnitude higher than the inhibition of LPS and may be 

indicative of nonspecific effects at extremely high concentrations (Fig. 5. 3C). These 

results were expected as TAK-242 is known to inhibit TLR4 but has not been shown to 

influence IFNGR or IFNγ-mediated signaling.  

The inverse experiments revealed that inhibition of JAK1/2 using ruxolitinib 

blocked the microglial response to IFNγ and LPS when presented alone or in 

combination. Ruxolitinib inhibited IFNγ-mediated NO release with an IC50 of 320.63 nM 

(Fig. 5. 3D). In the presence of additional LPS (50 ng/mL), the IC50 of ruxolitinib was 

shifted only to 397.19 nM which was not different from IFNγ alone, and there was no 
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change in the total AUC (Fig. 5. S2B). This indicated that inhibition of JAK1/2 

completely prevented NO release in response to IFNγ, even in the presence of LPS, 

without a loss in potency or efficacy. When microglia were stimulated with LPS alone, 

ruxolitinib inhibited NO release with an IC50 of 26.48 nM (Fig. 5. 3E). These data 

indicated that inhibition of IFNGR signaling via blockade of JAK1/2 could blunt the pro-

inflammatory effects of IFNγ and LPS when presented to microglia alone or in 

combination. 

We assessed the effects of TLR4 or JAK1/2 inhibition with respect to the 

secondary effects on cultured STHdhQ7/Q7 neuronal cells. We approached this using a 

conditioned media system as previously described (Young and Denovan-Wright 2022b). 

STHdhQ7/Q7 cells were treated with media from SIM-A9 microglia that had been 

previously treated with LPS or IFNγ in combination with vehicle, TAK-242, or 

ruxolitinib. ATP concentrations were measured as a proxy for cell viability. When 

STHdhQ7/Q7 cultures were exposed to media from microglia previously treated with LPS, 

the ATP concentration fell from 0.99 ± 0.06 µM to 0.17 ± 0.03 µM, and the ATP 

concentration was 0.29 ± 0.05 µM upon exposure to media from microglia that were 

treated with IFNγ (Fig. 5. 3F). However, direct exposure of STHdhQ7/Q7 cells to LPS or 

IFNγ had no effect on cell viability which suggested that cell death was a result of 

microglial-secreted factors (data not shown). Co-treatment with either TAK-242 or 

ruxolitinib attenuated the effects of LPS-conditioned media on STHdhQ7/Q7 cell viability. 

However, only ruxolitinib blunted the effects of IFNγ-conditioned media whereas TAK-

242 had no effect. A similar pattern was observed for the glutamate-mediated calcium 

uptake in STHdhQ7/Q7 cells. Conditioned media from microglia that were treated with 

LPS induced a loss of glutamate-mediated calcium uptake which was likely a result of the 

reduced number of viable cells (Fig. 5. 3G). As observed with NO release and secondary 

neuronal death, TAK-242 and ruxolitinib each blocked the LPS-mediated effects on 

calcium uptake in STHdhQ7/Q7 cells. Conditioned media from microglia that were treated 

with  IFNγ also reduced calcium uptake in STHdhQ7/Q7 cells. These effects were partially 

blocked by TAK-242 but completely reversed by ruxolitinib (Fig. 5. 3H). Together, these 
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data were consistent with the notion that blockade of JAK1/2 is sufficient to inhibit LPS-

mediated effects in microglia. 
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Figure 5. 3. JAK1/2 inhibition negatively regulates TLR4-mediated signaling in 

microglia but not vice-versa. A Microglia exhibit substantial overlap in canonical 

signaling pathways. Blue and red colors indicate signaling pathways specific to TLR4 and 

IFNGR, respectively, whereas gold colour indicates signaling pathways known to overlap. 

All signaling inhibitors used within the study are indicated. Created with BioRender. B 

Microglia were stimulated with LPS (1000 ng/mL) alone or in combination with IFNγ (5 
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ng/mL) in the presence of increasing concentrations of a TLR4 signaling inhibitor, TAK-

242 (2 nM – 500 µM). C Microglia were stimulated with IFNγ (20 ng/mL) in the presence 

of TAK-242 (60 nM – 200 µM). D Microglia were stimulated with IFNγ alone (20 ng/mL) 

or in combination with LPS (50 ng/mL) in the presence of increasing concentrations of a 

selective JAK1/2 inhibitor, ruxolitinib (200 pM – 5 µM). E Microglia were stimulated with 

LPS (1000 ng/mL) in the presence of ruxolitinib (1 nM – 10 µM). F Microglia were 

stimulated with vehicle, or LPS (1000 ng/mL) or IFNγ (20 ng/mL) in conjunction with 

TAK-242 (1 µM) or ruxolitinib (1 µM) to generate conditioned media. The conditioned 

media was applied to STHdhQ7/Q7 neuronal cells and cell viability was measured after 24 h 

(n = 4). * p ≤ 0.05 as determined by one-way ANOVA with Tukey post-hoc test. 

STHdhQ7/Q7 neuronal cells were incubated for 24 h with conditioned media from microglia 

that had been treated with G LPS (1000 ng/mL) or H IFNγ (20 ng/mL) in conjunction with 

TAK-242 (1 µM) or ruxolitinib (1 µM). Calcium uptake in response to glutamate (500 µM) 

was then measured using fluo-4 calcium-sensitive dye (n = 4). Significance was determined 

using 95% confidence intervals of the area under the curve. 
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5.3.4. Bacterial species of origin influences the pro-inflammatory effect of LPS on 

microglia  

The structure of LPS can differ among gram-negative bacterial species which 

creates opportunities for differential effects upon interaction with TLR4 (Mohr et al. 

2022). K. pneumoniae is part of a normal microbiome in many humans but may also 

cause community-associated infections, including pneumonia (Calfee 2017). In contrast, 

A. muciniphila is inversely correlated with the onset of obesity and diabetes and is known 

as a beneficial gut microbe (Zhou 2017). Thus, we compared the pro-inflammatory 

effects of LPS from K. pneumoniae and A. muciniphila in addition to E. coli. We 

observed that LPS from K. pneumoniae stimulated microglia with the greatest potency 

(EC50; 2.13 ng/mL) and efficacy whereas LPS from A. muciniphila was the least potent 

(EC50; 33.67 ng/mL) but elicited a similar response to LPS from E. coli at the highest 

concentration (Fig. 5. 4A).  

To better understand the spectrum of species-specific effects, microglia were 

treated with LPS (100 ng/mL) from K. pneumoniae, E. coli, or A. muciniphila and 

microglia were profiled for an array of functional markers. LPS from all three species 

upregulated the mRNA for Nos2, Tnf, Il6, Il1b, and Ccl2 (Fig. 5. 4B). However, LPS 

from A. muciniphila elicited a smaller response with respect to upregulation of Tnf, Il1b, 

and Il6 compared to LPS from other species (Table 5. S2). Furthermore, LPS from E. coli 

and A. muciniphila upregulated Nos2 mRNA to a similar degree which was less than LPS 

from K. pneumoniae. This coincides with the observation that LPS from K. pneumoniae 

elicited greater NO release compared to LPS from E. coli and A. muciniphila. LPS from 

all species upregulated Csf3 but LPS from A. muciniphila had the smallest effect (Fig. 5. 

4C). Furthermore, LPS from A. muciniphila was the only type to upregulate Sirpa and 

Cd11b which are phagocytic markers. LPS from all species induced a reduction in 

mRNA abundance for the microglial homeostatic markers, Cx3cr1 and P2ry12. There 

was no effect on anti-inflammatory markers (Arg1, Cd206, Fizz1, Il10) from LPS of any 

species or IFNγ (data not shown).  

At a stimulatory concentration of 100 ng/mL, conditioned media from microglia 

stimulated with K. pneumoniae LPS induced the greatest proportion of cell death in 
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cultured STHdhQ7/Q7 neuronal cells (Fig. 5. 4D). In contrast, conditioned media from 

microglia stimulated with A. muciniphila LPS was the least damaging to cultured 

neurons. Together, these data suggest that LPS from K. pneumoniae elicited the greatest 

pro-inflammatory response from microglia and LPS from A. muciniphila had the smallest 

effect, whereas LPS from E. coli had a comparatively moderate effect. Regardless of 

species of origin, ruxolitinib blocked the LPS-mediated NO release in a concentration-

dependent manner (Fig. 5. 4E). Ruxolitinib most potently blocked the effects of LPS 

from A. muciniphila (IC50; 12.33 nM) and was the least potent against LPS from K. 

pneumoniae (IC50; 45.31 nM). Thus, the effects mediated by LPS from all species were 

ultimately sensitive to the inhibition of JAK1/2. 

We next aimed to assess whether LPS from multiple bacterial species could 

elicit a stronger pro-inflammatory response compared to a single form. The cells were 

first exposed to the EC50 of LPS from one species with increasing concentrations of LPS 

from another species. We observed that combining LPS from multiple bacterial species 

elicited a response from microglia that was comparable to the expected maximal effect 

from a single form of LPS (Fig. 5. 4F). The experiments were repeated using the ECmax 

of one type of LPS with increasing concentrations of another. We observed that once the 

Emax was reached using LPS from K. pneumoniae or E. coli, addition of a different LPS 

had no effect on NO release (Fig. 5. 4G). However, when cells were treated with the 

ECmax of A. muciniphila, addition of LPS from E. coli or K. pneumoniae induced a 

further increase in NO release. Thus, once the pro-inflammatory effect was saturated by 

LPS from E. coli or K. pneumoniae, further addition of another type of LPS had no effect. 

However, when a saturating concentration of A. muciniphila was used, subsequent 

addition of LPS from E. coli or K. pneumoniae induced a greater effect. This may be 

suggestive of differences in the affinity of different types of LPS for TLR4, or differences 

in the proportion of total TLR4 that each LPS must bind to reach the maximal effect.



116 

 

 

 
Figure 5. 4. Lipopolysaccharides from E. coli, K. pneumoniae, and A. muciniphila 

stimulate microglia in a JAK1/2-sensitive manner. A SIM-A9 microglial cells were 

stimulated with LPS from E. coli, K. pneumoniae, and A. muciniphila (1 pg/mL – 1111 

ng/mL) and NO release was measured after 16 h ( n = 4). Data points represent the mean ± 

SEM. Significant differences between areas under the curve (AUC) are indicated by an 
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asterisk and were determined using non-overlapping 95% confidence intervals. SIM-A9 

cells were treated with 100 ng/mL LPS from E. coli, K. pneumoniae, or A. muciniphila or 

5 ng/mL IFNγ for 16 h and the mRNA for B pro-inflammatory or C other functional 

microglial markers was assessed (n = 4). * p ≤ 0.05 vs. vehicle as determined by non-

overlapping confidence intervals. D Conditioned media from microglia that received the 

same treatment was applied to STHdhQ7/Q7 neuronal cells, cell viability was measured after 

24 h (n = 8). * p ≤ 0.05 as determined by one-way ANOVA with Tukey post-hoc test. E 

SIM-A9 cells were treated with the EC80 of LPS from each species with increasing 

concentrations of ruxolitinib, a selective JAK1/2 inhibitor, and NO release was measured 

after 16 h (n = 4). Data points represent the mean ± SEM. SIM-A9 cells were treated with 

the F EC50 or G ECmax of LPS from one bacterial species in combination with an increasing 

concentration of LPS from another species, as indicated, and NO release was measured 

after 16 h (n = 4). Data points represent the mean ± SEM.   
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5.3.5. Crosstalk between IFNGR and TLR4 is distinct among downstream signaling 

pathways 

We dissected the crosstalk between IFNGR and TLR4 in microglia using a 

battery of inhibitors for known signaling pathways downstream of MyD88 and JAK1/2. 

This included specific inhibitors of JNK, Akt, ERK, mTOR, NF-κB, and p38. NO release 

was used as a proxy for pro-inflammatory activity as induction of iNOS and subsequent 

NO release is tightly linked to microglial inflammatory activity (Bal-Price and Brown 

2001; Chhor et al. 2013; Young and Denovan-Wright 2022a, 2022c). We hypothesized 

that if a specific pathway contributed to the synergy between IFNγ and LPS, combination 

of both stimuli would produce a rightward shift in the concentration-response curve. In 

contrast, if a pathway does not contribute to the synergy between IFNγ and LPS, we 

would expect inhibition of that pathway to have a similar effect on NO release regardless 

of whether IFNγ and LPS are presented alone or in combination. 

Signaling inhibition experiments were performed using LPS alone or in the 

presence of IFNγ and vice-versa. Inhibition of JNK and Akt effectively blocked NO 

release mediated by LPS or IFNγ alone with reduced efficacy and a rightward shift in the 

IC50s when stimuli were presented together (Fig. 5. 5A-D). The bidirectional reduction in 

potency and efficacy was clear upon quantification of the AUC for all concentration-

response curves. Inhibition of ERK signaling blocked both LPS and IFNγ-mediated NO 

release but the curve was only shifted when the IFNγ treatment was spiked with LPS and 

not vice-versa (Fig. 5. 5E-F). Conversely, mTOR inhibition shifted the curve to the right 

only when LPS was spiked with IFNγ (Fig. 5. 5G-H). Inhibition of NF-κB-mediated 

signaling blocked NO release regardless of the stimulus, but the IC50 values and AUC 

were not affected when both stimuli were presented together (Fig. 5. 5I-J). Finally, 

inhibition of p38 did not produce a measurable reduction in NO release from microglia 

(Fig. 5. 5K-L). These data suggest that JNK and Akt facilitate synergy between TLR4 

and IFNGR whereas crosstalk may be unidirectional and more selective at the level of 

ERK and mTOR signaling, with no crosstalk observed at the level of NF-κB or p38 

(Table 5. S3). 
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Figure 5. 5. Inhibition of pathways downstream of TLR4 and IFNGR signaling 

differentially influences NO release from microglia stimulated with LPS and/or IFNγ. 

SIM-A9 microglia were stimulated with LPS (1000 ng/mL) alone or with IFNγ (5 ng/mL). 

Alternatively, microglia were stimulated with IFNγ (20 ng/mL) alone or with LPS (50 

ng/mL) (n = 4). Microglia were concurrently treated with increasing concentrations of 

inhibitors for A-B JNK (SP 600125; 15 nM – 250 µM), C-D PI3K-Akt (LY294002; 15 nM 

– 250 µM), E-F ERK (U0126; 10 nM – 1 mM), G-H mTOR (PP-242; 380 pM – 25 µM), 

I-J NF-κB (IKK-16; 380 pM – 25 µM), or K-L p38 (SB 203580; 15 nM – 25 µM). Data 

points represent the mean ± SD. Significant differences between areas under the curve 

(AUC) are indicated by an asterisk and were determined using non-overlapping 95% 

confidence intervals. 
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5.3.6. JAK1/2 blockade inhibits LPS-mediated NO release in cultured macrophages 

Microglia and macrophages have a shared developmental origin and exhibit 

many similar properties with respect to innate immune function (Ginhoux et al. 2010). 

We used cultured RAW 264.7 macrophages to determine whether LPS from different 

bacterial species and inhibition of JAK1/2 would produce similar results compared to 

microglia. As with the microglia, we found that LPS from K. pneumoniae stimulated the 

macrophage cells with the greatest potency (EC50; 4.14 ng/mL) and LPS from A. 

muciniphila was the least potent (EC50; 17.41 ng/mL) (Fig. 5. 6A). LPS from E.coli 

elicited a maximal response from macrophages that was the same as K. pneumoniae, 

whereas in microglia, the response to LPS from E. coli was lower and more comparable 

to that of A. muciniphila. IFNγ stimulated macrophages with an EC50 of 4.18 ng/mL 

which was less potent than in microglia (Fig. 5. 6B). As in microglia, TAK-242 inhibited 

the effects of all types of LPS and affected IFNγ-mediated NO release to a lesser extent 

(Fig. 5. 6C). Inhibition of JAK1/2 by ruxolitinib did block LPS-mediated NO release in 

macrophages, but the inhibition was not complete in macrophages as observed in 

microglia (Fig. 5. 6D). Taken together, these results suggest that LPS from various 

bacterial species have differential effects on cultured macrophages and that JAK1/2 also 

controlled TLR4-mediated signaling in these cells. 
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Figure 5. 6. Unidirectional control of JAK1/2 over TLR4-mediated NO release is 

recapitulated in RAW 264.7 macrophage cells. RAW 264.7 macrophages were 

stimulated with A LPS from E. coli, K. pneumoniae, and A. muciniphila (1 pg/mL – 1111 

ng/mL)(n = 4). Data points represent the mean ± SEM. B Macrophage cells were stimulated 

with IFNγ, and NO release was measured after 16 h (n = 4). Data points represent the mean 

± SEM. Cells were stimulated with a maximal concentration of LPS or IFNγ in conjunction 

with increasing concentrations of C ruxolitinib or D TAK-242 (n = 4). Significant 

differences between areas under the curve (AUC) are indicated by an asterisk and were 

determined using non-overlapping 95% confidence intervals. 

 

  



122 

 

 

5.4 Discussion 

Here, we have investigated the molecular basis of pro-inflammatory microglial 

activity following stimulation with LPS and IFNγ. Both molecules stimulated NO release 

and the induction of mRNA for Nos2, Tnf, and Il6 in a concentration-dependent manner. 

A drug combination analysis indicated that the interaction between LPS and IFNγ was 

synergistic. The signaling pathways downstream of TLR4 and IFNGR made unequal 

contributions to the microglial response as blockade of JAK1/2, immediately downstream 

of IFNGR, inhibited the effects of IFNγ and LPS whereas inhibition of TLR4 blocked 

only the effects of LPS and not IFNγ. An in-depth probing of downstream signaling 

pathways revealed the effect was dependent on JNK and PI3K-Akt signaling rather than 

more canonical pro-inflammatory signaling pathways such as NF-κB. We found that LPS 

from K. pneumoniae was more efficacious and potent in the stimulation of microglia 

compared to LPS from E. coli or A. muciniphila which indicated that LPS from different 

bacterial species may have different capacities to initiate inflammation in the brain. These 

findings were consistent in cultured macrophages. Ultimately, this work highlights the 

interactions that can occur between bacterial components and endogenous cytokines at 

the cellular signaling level and the influence over the immune response when these 

molecules are upregulated under pathological conditions. 

It has been long established that microglial priming by IFNγ is a contributor to 

neuroinflammation and neurodegeneration (Perry and Holmes 2014). Microglial priming 

has been operationally defined by an initial stimulus, typically IFNγ, which induces a 

small initial response but facilitates an enhanced subsequent response upon exposure to a 

secondary stimulus, typically LPS (Schroder et al. 2006). We found that LPS elicited a 

greater response from SIM-A9 cells compared to IFNγ alone, however, concurrent 

stimulation with both molecules mediated a pharmacologically synergistic response. 

Elevated systemic IFNγ is associated with several conditions, including viral infection, 

alcohol abuse, obesity, and ageing (Bandrés et al. 2000; Katze et al. 2002; Pacifico et al. 

2006; Lowe et al. 2020). These conditions are each associated with increased risk of 

neurodegeneration, including the development of AD (Mazon et al. 2017; Hou et al. 

2019; Kamal et al. 2020; Sun et al. 2022). Furthermore, elevated serum LPS 
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concentrations are observed in AD, amyotrophic lateral sclerosis (ALS), liver cirrhosis, 

chronic HIV infection, as well as in transient bacterial infection (Brenchley et al. 2006; 

Zhang et al. 2009b; Kell and Pretorius 2015; Raparelli et al. 2017; Brown 2019). Thus, 

chronic inflammatory diseases characterized by elevated IFNγ may induce neurological 

changes via microglial activation in a manner that is enhanced in the presence of LPS due 

to infection or leaky gut (Fig. 5. 7).  
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Figure 5. 7. Summary of potential mechanisms by which circulating levels of LPS and 

IFNγ may become elevated to synergistically activate microglia in the brain. Humans 

have an abundance of microbial species that reside within the gut. The composition of these 

species may vary depending on the health status of the individual. Gram-negative bacteria 

shed LPS which may enter general circulation, especially under conditions of increased 

intestinal permeability, generally known as leaky gut. Alternatively, LPS may enter 

peripheral circulation upon infection of a wound by a bacterial species such as E. coli. The 

concentration of circulating IFNγ may be elevated in type 2 diabetes, obesity, and several 

other conditions. When LPS and IFNγ are elevated in general circulation, the two 

molecules act together to activate microglia in a synergistic manner. This triggers the 

release of cytokines and other pro-inflammatory factors that may negatively impact 

surrounding cells. Figure created with BioRender. 
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The JAK-STAT pathway is the canonical signaling pathway immediately 

downstream of IFNGR whereas LPS typically engages MyD88- or TRIF-dependent 

pathways to mediate gene transcription via NF-κB or IRF3 (Schroder et al. 2004, 2006; 

Lu et al. 2008). We found that blockade of JAK1/2 by ruxolitinib was sufficient to 

completely inhibit NO release from microglial cells that had been stimulated with LPS or 

IFNγ, or both. However, interference with TLR4-mediated signaling by TAK-242 only 

inhibited NO release from cells treated with LPS alone. These data suggest that LPS-

mediated activation of microglia is regulated by JAK1/2. LPS has been reported to 

directly engage JAK2 in RAW 264.7 macrophage cells (Okugawa et al. 2003; Kimura et 

al. 2005) and in primary glial cultures (Minogue et al. 2012). In these works, LPS was not 

found to activate JAK1. Thus, it is possible that ruxolitinib completely inhibited the 

JAK1/2-mediated effects of IFNγ as well as the JAK2-mediated effects of LPS in 

microglia and macrophage cells. Although TLR4 and IFNGR have not been 

demonstrated to form heteromers, this is commonly observed with G protein-coupled 

receptors, and TLR4 has been demonstrated to physically interact with other receptors 

such as TLR5 which alters its signaling profile (Bagher et al. 2020; Hussain et al. 2020; 

Zrein et al. 2020; Young et al. 2022). It is also possible that inhibition of JAK1/2 by 

ruxolitinib influenced the shift in cellular metabolism from oxidative phosphorylation to 

aerobic glycolysis that occurs in innate immune cells upon stimulation with LPS or IFNγ 

(Gaber et al. 2017; Yang et al. 2021). This metabolic shift is known to occur downstream 

of JAK1/2 and Akt (Orihuela et al. 2016). A JAK1/3 inhibitor, tofacitinib, has been 

previously shown to reverse the metabolic shift back to oxidative phosphorylation and 

simultaneously reduce pro-inflammatory cytokine release in an ex vivo model of 

rheumatoid arthritis (McGarry et al. 2018). It has also been demonstrated that a panel of 

different JAK inhibitors can shift metabolism away from glycolysis toward oxidative 

phosphorylation in primary synovial fibroblasts from human patients with psoriatic 

arthritis (O’Brien et al. 2021). Thus, it may be possible that JAK inhibitors blunt the pro-

inflammatory effects of LPS via inhibition of the metabolic shift that is associated with 

pro-inflammatory microglial phenotypes. Ultimately, these regulatory mechanisms by 
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which JAK inhibits TLR4, which does not primarily signal via the JAK-STAT pathway, 

are worthy of further exploration.  

Different bacterial species exhibit structural differences in the LPS presented on 

the outer membrane which creates differences in the immune response generated by these 

different LPS molecules (Vatanen et al. 2016; Mohr et al. 2022). We utilized LPS derived 

from E. coli, K. pneumoniae, and A. muciniphila to stimulate SIM-A9 microglial cells as 

well as RAW 264.7 macrophages and observed that LPS from K. pneumoniae was the 

most potent stimulator of NO release whereas LPS from A. muciniphila elicited the 

smallest response. Each of these species of bacteria can be found in the mammalian gut 

and an increased abundance of K. pneumoniae has been associated with inflammatory 

bowel diseases in mice as well as humans (Rashid et al. 2013; Federici et al. 2022; Zhang 

et al. 2022b). In contrast, A. muciniphila is negatively associated with such inflammatory 

bowel diseases as well as obesity and diabetes (Everard et al. 2013; Chevalier et al. 2015; 

Li et al. 2016; Zhou 2017). Furthermore, colonization with A. muciniphila is associated 

with reduced disease severity in a mouse model of ALS (Blacher et al. 2019). Although 

the abundances of K. pneumoniae and A. muciniphila in the gut are linked to the severity 

of inflammation in several pathologies, it is unclear whether the underlying mechanisms 

are related to LPS release and TLR4 activation.  

JAK-mediated signaling is implicated in a number of inflammatory conditions 

that primarily include autoimmune diseases, however, there is increasing attention on the 

value of JAK as a pharmacological target for neurodegenerative diseases (Villarino et al. 

2017; Lashgari et al. 2021; Rusek et al. 2023). The JAK1/3 inhibitor, tofacitinib, is 

approved for the treatment of rheumatoid arthritis but has also demonstrated success in 

the treatment of autoimmune encephalitis in individuals that did not benefit from typical 

anti-inflammatory therapies including corticosteroids (Schwartz et al. 2016; Jang et al. 

2021). Machine learning algorithms were also used to identify ruxolitinib and several 

other JAK inhibitors as potential treatments for AD which is consistent with current 

evidence that excessive IFN-mediated signaling contributes to disease progression 

(Taylor et al. 2018; Rodriguez et al. 2021). A recent report indicated that rheumatoid 

arthritis patients taking tofacitinib did not have a reduced risk of AD or related dementia 
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compared to the control patients who took abatacept, a T cell inhibitor (Desai et al. 2022). 

However, it remains to be determined whether blockade of JAK in high-risk healthy 

patients could delay the onset of AD. In a mouse model of Parkinson’s disease, an 

experimental JAK2 inhibitor, AZD1480, effectively prevented the pro-inflammatory 

response of microglia to alpha-synuclein and preserved the viability of dopaminergic 

neurons (Qin et al. 2016). Given that alpha-synuclein and amyloid-beta interact with 

microglial TLR4 receptors which we observed to be regulated by JAK1/2, it is possible 

that JAK inhibitors would be effective inhibitors of microglial activation by these 

proteins, especially in the presence of elevated endogenous IFNγ (Reed-Geaghan et al. 

2009; Fellner et al. 2013; De et al. 2019; Hughes et al. 2020). In addition to the effects on 

microglia, tofacitinib also prevented IFNγ-mediated intestinal leakage in human colonic 

organoids via suppression of claudin-2 (Sayoc-Becerra et al. 2020). Thus, epithelial JAK-

STAT signaling is involved in the regulation of intestinal permeability (Lei et al. 2021). 

As elevations in gut permeability and circulating LPS have been observed in AD and 

Parkinson’s disease, it is possible that blockade of JAK signaling could also be useful to 

reduce the initial leakage of LPS from the gut into general circulation (Zhang et al. 

2009b; Forsyth et al. 2011).  

Microglia exhibit different responses to priming and changes in phenotypic 

plasticity that are dependent on the developmental stage of the cells. Primary microglia 

from newborn mice generally exhibit reduced basal release of pro-inflammatory 

cytokines, an enhanced response to LPS, as well as increased sensitivity to priming 

compared to microglia from aged mice (Lajqi et al. 2020). Furthermore, the concentration 

of LPS used for priming is important as an ultra-low concentration (1 fg/mL) provokes 

trained immunity whereas priming with a higher initial concentration (100 ng/mL) 

induces tolerance and subsequent resistance to a second stimulus (Lajqi et al. 2019). 

These effects on cytokine release and priming were dependent on upregulation of PI3Kγ 

which is congruent with our observation that blockade of PI3K-Akt signaling potently 

inhibited the LPS-mediated inflammatory response. Although the SIM-A9 cells used in 

this work were spontaneously immortalized microglia derived from one-day old mouse 

pups, it is difficult to assess whether these cells behave more like neonatal or aged 
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microglia. However, there are data to support that the mechanisms reported in this work 

are likely similar in cells derived from young or old animals. Baricitinib, a JAK1/2 

inhibitor, has been shown to reduce microglial activation in vivo in response to infection 

with HIV in 5-week old male mice (Gavegnano et al. 2019). Similarly, an experimental 

JAK2 inhibitor, TG101209, inhibited the IFNγ-induced pro-inflammatory response in 

primary microglia prepared from 12- to 14-month old APPswe/PS1dE9 (APP/PS1) mice 

(Jones et al. 2015). Thus, blockade of microglial JAK-STAT signaling likely has 

therapeutic potential in young as well as aged animals.  

There are limitations to the current study which highlight the value of future 

work using in vivo models. We found that LPS and IFNγ acted in a synergistic manner to 

promote a pro-inflammatory phenotype in cultured microglia. Within the brain, microglia 

interact with several different cytokines, hormones, and cell types that were not present in 

our cell culture system. The associated cell types primarily include perivascular 

macrophages and astrocytes which modulate the central immune response to pro-

inflammatory stimuli (Quan et al. 1998; Schiltz and Sawchenko 2002; Liddelow et al. 

2017). Future studies in vivo would be helpful to determine how basal circulating levels 

of IFNγ influence the microglial response to LPS, and vice versa, and whether the 

synergistic response remains consistent. We also identified that LPS derived from 

different bacterial species variably induced a pro-inflammatory response from microglia 

as well as macrophages. There is currently a dearth of information to suggest whether 

LPS derived from different bacterial species may influence the pro-inflammatory 

response of microglia in vivo. However, it has been reported that LPS from species such 

as Bacteroides dorei may antagonize TLR4 and inhibit the response to LPS from E. coli 

(Vatanen et al. 2016). Additionally, it has been established that the abundance of specific 

bacteria can be positively or negatively correlated with the development of 

neurodegenerative diseases (Blacher et al. 2019; Chandra et al. 2023). Thus, there is a 

clear need to improve our understanding of how LPS derived from the microbiome is 

linked to chronic systemic inflammation and subsequent neurodegeneration. 

In summary, the current study demonstrates that LPS and IFNγ induce a pro-

inflammatory microglial phenotype in a pharmacologically synergistic manner via 
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activation of their cognate receptors, TLR4 and IFNGR, respectively. The inflammatory 

response of microglial and macrophage cells differed depending on whether the LPS was 

derived from E. coli, K. pneumoniae, or A. muciniphila which indicates that the source of 

LPS is critical to the response from myeloid cells. Inhibition of JAK1/2 was sufficient to 

completely block the microglial response to the co-activation of TLR4 and IFNGR, even 

though TLR4 activation is not canonically linked to JAK-STAT signaling. This work 

highlights a mechanism whereby microglia may become hyperactivated when levels of 

LPS and IFNγ rise above normal and demonstrates a single pharmacological target to 

block this response. Future work to unravel the mechanisms of microglial hyperactivation 

and neurotoxicity will be critical to the eventual treatment of diseases with a 

neuroinflammatory component.    
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5.5  Supplementary data 

 

Figure 5. S1. Inhibition of microglial NO release by the iNOS inhibitor 1400W. A 

Microglia were stimulated with LPS (1000 ng/mL) or IFNγ (20 ng/mL) in the presence of 

increasing concentrations of an iNOS enzyme inhibitor (1400W; 250 pM – 2.5 mM) (n = 

4). B Concentration-response curves were converted to area under the curve (AUC) to 

allow for direct comparison of the overall effect of iNOS inhibition. Data is presented as 

the mean ± SEM AUC. Significant differences are indicated by an asterisk and were 

determined using non-overlapping 95% confidence intervals.  
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Figure 5. S2. Areas under the curve for NO release from SIM-A9 microglia stimulated 

with LPS and IFNγ in conjunction with TAK-242 or ruxolitinib. Microglia were 

stimulated with LPS and/or IFNγ in the presence of A increasing concentrations of a TLR4 

signaling inhibitor (TAK-242; 2 nM – 500 µM) or B increasing concentrations of a 

selective JAK1/2 inhibitor (ruxolitinib; 200 pM – 5 µM) and cumulative nitric oxide 

release was measured after 16 hours (n = 4). Concentration-response curves were prepared 

and area under the curve (AUC) was used to compare overall nitric oxide release between 

treatments. Data is presented as the mean ± SEM. Significant differences are indicated by 

an asterisk and were determined using non-overlapping 95% confidence intervals. 
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Table 5. S1. SIM-A9 microglia were treated with IFNγ at the Emin (1 ng/mL) or Emax (20 ng/mL), LPS at the Emin (10 ng/mL) or 

Emax (1000 ng/mL), or a combination of both as indicated (n = 3). The Emin and Emax concentrations were determined by NO release 

analysis. The relative abundance of mRNA was quantified for Nos2, Tnf, Il1b, and Il6. Values presented are the mean (standard 

deviation). Statistical significance was determined using a one-way ANOVA with Dunnett’s correction for multiple comparisons; 

p < 0.05. 

Gene IFNγ (Emin) IFNγ (Emax) LPS (Emin) LPS (Emax) IFNγ (Emax) + LPS 

(Emin) 

IFNγ (Emin) + 

LPS (Emax) 

IFNγ (Emax) + 

LPS (Emax) 

Nos2 4.52 (1.35) 734.57 (23.02) 219.69 (90.67) 530.16 (85.33) 5497.53 (1344.42)* 1201.30 (16.85)# 3655.57 (331.49)† 

Tnf 1.11 (0.19) 6.55 (0.12) 22.29 (5.05) 26.87 (2.31) 75.01 (18.75)* 50.59 (4.11)# 187.34 (4.34)† 

Il1b 1.71 (0.23) 0.35 (0.04) 97.01 (13.42) 258.94 (36.16) 24.48 (13.7) 160.71 (20.14) 94.84 (9.47) 

Il6 2.77 (1.18) 22.94 (6.25) 581.21 (133.84) 821.64 (106.76) 1465.11 (254.45)* 1346.8 (75.23)# 590.30 (167.84) 

* Higher than IFNγ (Emax) and LPS (Emin) alone. 

# Higher than IFNγ (Emin) and LPS (Emax) alone. 

† Higher than IFNγ (Emax) and LPS (Emax) alone. 

 

 

6

1
3
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Table 5. S2. SIM-A9 cells were treated with 100 ng/mL LPS from K. pneumoniae, E. coli, or A. muciniphila or 5 ng/mL IFNγ 

for 16 h and the mRNA for pro-inflammatory or other functional microglial markers was assessed by RT-qPCR (n = 4). Data are 

presented as the fold-change relative to the vehicle mean (with 95% confidence intervals). 

  K. pneumoniae E. coli A. muciniphila IFNγ 

Nos2 39.51 (34.71 - 44.31) 30.13 (17.72 - 42.54) 23.36 (17.63 - 29.1) 162.1 (108.05 - 216.16) 

Tnf 6.64 (4.54 - 8.73) 6.16 (4.38 - 7.94) 3.51 (2.9 - 4.12) 1.69 (1.24 - 2.15) 

Tlr4 1.34 (0.60 - 2.08) 1.46 (0.43 - 2.50) 1.17 (0.55 - 1.8) 0.99 (0.60 - 1.37) 

Ifngr1 0.67 (0.25 - 1.09) 0.83 (0.21 - 1.46) 0.79 (0.41 - 1.18) 0.58 (0.18 - 0.97) 

Il1b 641.99 (534.89 - 749.08) 455.91 (307.06 - 604.76) 110.73 (79.86 - 141.6) 0.92 (0.35 - 1.5) 

Il6 30.66 (14.88 - 46.44) 32.1 (21.53 - 42.66) 10.78 (8.67 - 12.9) 0.81 (0.48 - 1.15) 

Ccl2 18.99 (13.39 - 24.58) 16.71 (1.65 - 31.77) 8.6 (4.74 - 12.47) 3.02 (1.39 - 4.65) 

Flt1 1.77 (0.87 - 2.66) 3.03 (0.68 - 5.39) 3.24 (2.09 - 4.39) 3.41 (1.18 - 5.64) 

Csf3 12334.58 (9544.69 - 15124.46) 10539.24 (6414.89 - 14663.59) 2428.39 (2231.65 - 2625.14) 4.42 (-0.01 - 8.84) 

Tgfb1 3.53 (0.33 - 6.73) 6 (3.05 - 8.95) 6.85 (5.87 - 7.84) 4.18 (0.84 - 7.52) 

Cd11b 2.6 (0.77 - 4.44) 5.59 (1.28 - 9.91) 4.3 (3.66 - 4.93) 1.39 (0.46 - 2.32) 

Sirpa 1.65 (1.05 - 2.26) 2.76 (0.87 - 4.66) 2.32 (1.75 - 2.88) 1.34 (0.23 - 2.46) 

Cx3cr1 0.05 (-0.02 - 0.12) 0.09 (0.04 - 0.14) 0.24 (0.12 - 0.35) 0.02 (-0.01 - 0.05) 

P2ry12 0.17 (-0.23 - 0.58) 0.12 (0.03 - 0.20) 0.26 (0.04 - 0.48) 1.12 (0.66 - 1.58) 

 

6
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Table 5. S3. SIM-A9 microglia were stimulated with LPS (1000 ng/mL) alone or with 

IFNγ (5 ng/mL). Alternatively, microglia were stimulated with IFNγ (20 ng/mL) alone or 

with LPS (50 ng/mL). Microglia were co-treated with an inhibitor of JNK (SP 600125; 15 

nM – 250 µM), PI3K-Akt (LY294002; 15 nM – 250 µM), ERK (U0126; 10 nM – 1 mM), 

mTOR (PP-242; 380 pM – 25 µM), or NF-κB (IKK-16; 380 pM – 25 µM). Concentration-

response curves were prepared using four-parameter analysis and used to calculate the IC50 

as well as the bottom of the curve (ICmax) for NO release relative to vehicle. Data are 

presented as the mean (95% confidence interval).   

Inhibited 

pathway 

Treatments Bottom (% vehicle) IC50 (µM) 

JNK LPS  2.93 (2.57 - 3.28) 0.25 (0.19 - 0.31) 

 LPS + IFNγ (5 ng/mL) 26.36 (24.33 - 28.39)* 1.62 (1.03 - 3.44)* 

 IFNγ 8.24 (6.66 - 9.82) 9.31 (7.49 - 11.29) 

 IFNγ + LPS (50 ng/mL) 21.91 (21.06 - 22.76)^ 17.86 (14.48 - 24.94)^ 

Akt LPS  4.42 (3.08 - 5.76) 0.34 (0.27 - 0.40) 

 LPS + IFNγ (5 ng/mL) 28.53 (27.07 - 30.00)* 9.53 (4.23 - 805.37)* 

 IFNγ 2.41 (0.25 - 5.08) 53.58 (29.24 - 1745.82) 

 IFNγ + LPS (50 ng/mL) 15.63 (12.87 - 18.39)^ 32.66 (23.55 - 76.20) 

ERK LPS  5.35 (3.12 - 7.57) 182.39 (154.52 - 222.33) 

 LPS + IFNγ (5 ng/mL) 7.35 (6.01 - 8.68) 208.45 (159.95 - 316.22) 

 IFNγ 2.86 (1.08 - 4.64) 31.84 (27.03 - 37.67) 

 IFNγ + LPS (50 ng/mL) 8.57 (4.85 - 12.29)^ 236.05 (156.31 - 503.50)^ 

mTOR LPS 10.43 (9.29 - 11.57) 1.01 (0.60 – 3.01) 

 LPS + IFNγ (5 ng/mL) 36.43 (35.35 - 37.52)* 4.70 (3.77 – 6.35)* 

 IFNγ 7.07 (5.42 - 8.72) 7.11 (5.49 - 11.99) 

 IFNγ + LPS (50 ng/mL) 3.58 (2.94 - 4.23)^ 13.03 (8.18 - 54.57) 

NF-κB LPS  6.91 (5.92 - 7.90) 0.99 (0.61 - 2.17) 

 LPS + IFNγ (5 ng/mL) 3.98 (2.38 - 5.57)* 2.37 (1.90 - 2.99) 

 IFNγ 2.58 (2.22 - 2.95) 2.10 (1.87 - 2.34) 

 IFNγ + LPS (50 ng/mL) 2.64 (0.64 - 4.64) 2.85 (2.39 - 3.41)^ 

* Significantly different from LPS alone as indicated by non-overlapping 95% CI.  

^ Significantly different from IFNγ alone as indicated by non-overlapping 95% CI. 
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Chapter 6: Microglia-mediated neuron death requires TNF and is 

exacerbated by mutant huntingtin 
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Preface 

The primary aim of this chapter was to identify which specific microglial-

secreted factors were required to cause neuronal death in the conditioned media model. It 

had been well established that there are excessive quantities of pro-inflammatory factors 

in the brains of patients with Huntington’s disease and that this is correlated with 

neuronal loss in the striatum. However, no mechanistic link had been drawn. Thus, as a 

secondary objective, I aimed to determine whether neuronal cells that express mutant 

huntingtin were inherently more sensitive to the pro-inflammatory environment produced 

by microglia. 
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6.1 Abstract 

Microglia, the resident immune cells of the brain, regulate the balance of 

inflammation in the central nervous system under healthy and pathogenic conditions. 

Chronic hyperactivation of microglia is associated with neuronal death. However, the 

specific secreted factors required to kill neurons are unknown. We used a conditioned 

media system to assess the profile of microglia-secreted proteins in response to LPS and 

IFNγ and the effects of these proteins on cultured neuronal cells. STHdhQ7/Q7 and 

STHdhQ111/Q111 neuronal cells were used a model for wild-type and Huntington’s disease 

neurons, respectively. We found that pro-inflammatory microglial media induced the 

hyperactivation of ERK1/2, Akt, and CREB pathways in STHdhQ111/Q111 cells compared 

to STHdhQ7/Q7 cells. This culminated in apoptosis and necroptosis which was dependent 

on TNF and elevated in STHdhQ111/Q111 cells. We also determined that survival of 

STHdhQ7/Q7 cells could be improved by activation of CB1 or D2 receptors whereas 

survival of STHdhQ111/Q111 cells was improved only by stimulation of D2 receptors. These 

data indicate that pro-inflammatory microglia kill neurons in a TNF-dependent manner, 

that these effects can be blocked upon neutralization of TNF, and that neuronal resilience 

can possibly be enhanced by modulation of the endocannabinoid and dopamine systems. 
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6.2 Introduction 

Microglia are recognized as the resident immune cells of the brain which survey 

brain parenchyma and regulate several processes including synaptic activity and 

maintenance, permeability of the blood-brain barrier, and clearance of cellular waste and 

debris (Stevens et al. 2007; Neumann et al. 2009; Bilimoria and Stevens 2015; Haruwaka 

et al. 2019; Badimon et al. 2020). Under healthy conditions, microglia secrete trophic 

factors and support proper neuronal function (Ueno et al. 2013; Badimon et al. 2020). 

However, pathogen or damage-associated molecular patterns in the brain evoke pro-

inflammatory responses from microglia (Kreutzberg 1996). Under conditions of chronic 

neuroinflammation, pro-inflammatory microglia fail to clear waste, engulf synapses in 

excessive quantities, and facilitate entry of peripheral immune cells into the brain (Prinz 

and Priller 2017; Norris et al. 2018; Jafari et al. 2021). In addition to the dysregulation of 

homeostatic processes, pro-inflammatory microglia secrete large quantities of pro-

inflammatory cytokines which can induce neuronal dysfunction and death (Hu et al. 

1997; Chhor et al. 2013; Frakes et al. 2014; Young and Denovan-Wright 2022b).  

TNF is a pleiotropic cytokine that is released in abundance by pro-inflammatory 

microglia in vitro as well as in vivo (Gregersen et al. 2000; Lambertsen et al. 2005; Ajami 

et al. 2018; Young and Denovan-Wright 2022b). Elevated TNF protein in the 

cerebrospinal fluid and serum has been associated with the progression of MS, AD, and 

PD (Tarkowski et al. 2003; Magaki et al. 2007; Swardfager et al. 2010; Chen et al. 2018; 

Magliozzi et al. 2021; Fu et al. 2023). This would suggest that TNF release by microglia 

and other immune cells is associated with neurodegeneration. TNF can directly induce 

apoptosis upon activation of TNFR1 but may also trigger cell death by necroptosis when 

caspase-8 is inhibited (Webster and Vucic 2020). TNF is the primary inducer of extrinsic 

apoptosis in the CNS and is thus relevant to several neurodegenerative diseases (Siegel 

2006). However, elevated neuronal necroptosis has also been implicated in several 

diseases of the human CNS (Yuan et al. 2019). Microglia may efficiently clear apoptotic 

cells from the CNS whereas necroptosis of neurons involves the leakage of intracellular 

contents which promotes the further recruitment and pro-inflammatory stimulation of 
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microglia (Ofengeim and Yuan 2013). Thus, the specific mechanisms by which microglia 

induce neuronal death can impact the progression of the neuroinflammation. 

Huntington’s disease (HD) is a progressive neurodegenerative disease 

characterized by dysfunction and death of medium-spiny neurons (MSNs) which 

manifests in global cognitive impairment and chorea (Sieradzan and Mann 2001; 

MacDonald et al. 2003; Pérez-Navarro et al. 2006). MSN death has been partially 

attributed to an excitotoxic mechanism linked to dysfunctional handling of dopamine and 

glutamate mediated by mutant huntingtin (mHTT) (Jakel and Maragos 2000; Pérez-

Navarro et al. 2006; Paoletti et al. 2008). However, it is now recognized that there are 

several other factors that contribute to MSN death, including inflammation, which 

emerges from the brain as well as the periphery (Crotti and Glass 2015; Rocha et al. 

2016; Valadão et al. 2020). In the brain, pro-inflammatory microglia begin to gather in 

the striatum of pre-symptomatic HD patients, and continue to accumulate throughout the 

progression of the disease (Sapp et al. 2001; Pavese et al. 2006; Tai et al. 2007). 

Cerebrospinal fluid from HD patients also has higher concentrations of pro-inflammatory 

cytokines such as IL-6 and TNF (Björkqvist et al. 2008). In the periphery, innate immune 

cells in the blood have upregulated expression of immediate early genes and increased 

circulating IL-6 can be reliably detected 15 years prior to the onset of symptoms (Runne 

et al. 2007; Björkqvist et al. 2008). Thus, systemic inflammation and propagation of 

neuroinflammation by microglia likely contribute to neuronal death in the pathogenesis 

of HD. 

Microglia that express mHTT exhibit constitutively elevated markers of 

activation and have an increased capacity to induce neuronal death in vivo and ex vivo 

(Crotti et al. 2014; O’Regan et al. 2021). Monocytes and macrophages isolated from HD 

patients also release more pro-inflammatory cytokines such as IL-1β, IL-6, IL-8, and 

TNF upon stimulated with lipopolysaccharides (LPS) compared to cells isolated from 

healthy controls (Björkqvist et al. 2008; Träger et al. 2014). This indicates that microglia 

and other immune cells are dysfunctional in HD and generate excessive inflammation, 

even in the absence of extrinsic pro-inflammatory stimuli. When expressed in neurons, 

wild-type (wt)HTT has pro-survival functionality whereas mHTT can promote caspase-
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dependent cell death (Sánchez et al. 1999; Rigamonti et al. 2000). This could be 

indicative of a mechanism whereby neurons in the HD brain have reduced pro-survival 

capacity and are less resilient to potentially neurotoxic factors released by microglia. 

Although HD pathophysiology appears to create a pro-inflammatory environment within 

the brain, it is unclear whether neurons that express mutant HTT are inherently sensitive 

to this environment.  

In this work, we investigated mechanisms of microglia-mediated neurotoxicity 

using cultured neurons that originated from wild-type and HD mice (Trettel et al. 2000). 

The primary goal was to identify the minimum necessary factors released by microglia to 

elicit a pro-death response from neurons. We also aimed to determine whether the 

expression of mHTT would hypersensitize neurons to pro-inflammatory factors released 

by microglia and enhance cell death. 

 

6.3 Results 

6.3.1. mHTT conferred enhanced sensitivity to microglial-derived factors 

To assess the early neuronal response to conditioned microglial media, we 

applied media from microglia that had been stimulated with LPS and IFNγ to cultured 

neuronal cells. STHdhQ7/Q7 and STHdhQ111/Q111 neuronal cells were used and are 

homozygous for a humanized huntingtin allele with 7 or 111 CAG repeats, respectively. 

The activation of eight signaling pathways was monitored for three hours upon exposure 

of the neurons to microglial pro-inflammatory media (Fig 6. 1A). We observed an 

exaggerated response from STHdhQ111/Q111 cells with respect to phosphorylation of 

ERK1/2 (Fig. 6. 1B; F (5, 36) = 4.751), Akt (Fig. 6. 1C; F (5, 36) = 3.689), and CREB 

(Fig. 6. 1D; F (5, 36) = 3.420). In each case, the elevated signaling relative to STHdhQ7/Q7 

cells was clear within 10 minutes, and signaling via these pathways remained elevated 

after 3 h. Phosphorylation of p38 was elevated in STHdhQ111/Q111 cell after 30 mintes, and 

in STHdhQ7/Q7 cells only at the 120-minute time point. However, there was no difference 

between groups (Fig. 6. 1E). NF-κB p65 phosphorylation was elevated in both cell types 

from the 10-minute time point until 60 minutes following stimulation, and remained 

significantly higher in STHdhQ7/Q7 cells at the 120-minute time point (Fig. 6. 1F). There 
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was no observed elevation in the phosphorylation of JNK (Fig. 6. 1G), PLCβ3 (Fig. 6. 

1H), or STAT1 (Fig. 6. 1I) relative to baseline with no difference between cell types.  

To assess whether STHdhQ7/Q7 and STHdhQ111/Q111 cells exhibit differences in 

cell viability in response to pro-inflammatory microglial media, both cell types were 

exposed to the conditioned media and monitored for 24 h. We observed that the viability 

of STHdhQ7/Q7 fell below baseline after 16 h, whereas the viability of STHdhQ111/Q111 cells 

fell below baseline and was different from STHdhQ7/Q7 after 8 h (Fig. 6. 1J). These 

differences were maintained after 24 h. Taken together, these data suggest that pro-

inflammatory microglial media reduced the viability of neuronal cells which was 

exacerbated by mHTT, and this response was linked to the early hyperactivation of 

ERK1/2, Akt, and CREB pathways. 
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Figure 6. 1. STHdhQ111/Q111 cells exhibit an exaggerated early signaling response in 

ERK, Akt, and CREB pathways compared to STHdhQ7/Q7 cells upon treatment with 

microglial conditioned media. A SIM-A9 microglia were stimulated with LPS and IFNγ, 

conditioned media was applied to cultured STHdhQ7/Q7 and STHdhQ111/Q111 neuronal cells. 

Phosphorylation of B ERK1/2 (Thr202/Tyr204), C Akt (Ser473), D CREB (Ser133), E 

JNK (Thr183/Tyr185), F p38 (Thr180/Tyr182), G PLCβ3 (Ser537), H NF-κB (Ser536), 

and I STAT1 (Tyr701) was determined using the in-cell western technique (n = 4). Each 

time-point represents an independent preparation of cells. J Conditioned media from 

unstimulated microglia (M0) or microglia treated with LPS and IFNγ (M1) was applied to 

cultured STHdhQ7/Q7 and STHdhQ111/Q111 neuronal cells and the ATP concentration was 

monitored over 24 h (n = 8). Each time-point represents an independent preparation of 

cells. Significance was determined using two-way ANOVA with Sidak post-hoc test; * p 

< 0.05; STHdhQ7/Q7 vs. STHdhQ111/Q111 cells. ~ p < 0.05 vs. baseline (0 minutes). 
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6.3.2. Microglia engaged in robust pro-inflammatory activity in response to LPS and 

IFNγ 

We first assessed the profile of proteins released by SIM-A9 microglial cells in 

an unreactive state and upon treatment with LPS or IFNγ. In the basal phenotype, 

microglia released several chemokines, such as chemokine ligand (CCL)2 and CCL3, and 

relatively low quantities of pro- and anti-inflammatory cytokines (Fig. 6. 2A). Upon 

treatment with LPS, there was an upregulation of chemokines such as CCL5, CCL12, and 

CXCL9, as well as the pro-inflammatory cytokines, IL-6 and TNF (Fig. 6. S1). Upon 

treatment with IFNγ, there was a substantial increase in the release of chemokines 

CCL12, CXCL10, and CXCL11, as well as IL-6 and TNF. When microglia were treated 

with LPS and IFNγ in combination, there was an upregulation of IL-6 (Fig. 6. 2B), TNFα 

(Fig. 6. 2C), with no change in the anti-inflammatory cytokines, IL-4 (Fig. 6. 2D) and IL-

10 (Fig. 6. 2E). Intercellular adhesion molecule 1 (ICAM-1), which promotes entry of 

peripheral immune cells through the blood-brain barrier, was stimulated by IFNγ but not 

LPS (Fig. 6. 2F). However, the growth factor, granulocyte colony stimulating factor (G-

CSF), was upregulated more in response to LPS (Fig. 6. 2G). These data support that LPS 

and IFNγ robustly induce pro-inflammatory microglial phenotypes but do not completely 

overlap in their effects. 

The abundance of iNOS (Fig. 6. 2H) and COX2 (Fig. 6. 2I) proteins were 

qualitatively monitored over the course of 16 h upon stimulation with LPS or IFNγ. At 

the endpoint, the population of cells exhibited strong iNOS- and COX2-like 

immunoreactivity. As iNOS and COX2 are robust indicators of pro-inflammatory 

microglia, these experiments provided visual confirmation that microglia engage in pro-

inflammatory activity upon stimulation with LPS and IFNγ (Chhor et al. 2013). These 

data demonstrate that in the unreactive state, the microglia constitutively released several 

chemokines with relatively low amounts of pro- and anti-inflammatory cytokines. 

However, activation of TLR4 and/or IFNGR induced the microglia into a pro-

inflammatory phenotype, characterized by upregulation of intracellular iNOS and COX2 

as well as the release of IL-6 and TNF. 
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Figure 6. 2. Microglia exhibit pro-inflammatory properties upon stimulation with 

LPS and IFNγ. A. SIM-A9 microglia were stimulated with vehicle (PBS), LPS (1000 

ng/mL), IFNγ (20 ng/mL), or LPS and IFNγ, and the media was assessed for the protein 

abundance of 39 cytokines and chemokines. Proteins were measured using a Proteome 

Profiler™ antibody array; cell culture supernatant from 24 technical replicates was pooled 

and incubated with each membrane with antibodies spotted in duplicate. B-G. The log2 

fold-change relative to vehicle was determined for all proteins and plotted for B. IL-6, C. 

TNFα, D. IL-4, E. IL-10, F. G-CSF, G. CCL2. H-I. Microglial cells were stimulated with 

LPS and IFNγ and H. iNOS- and I. COX2-like immunoreactivity was assessed after 16 h. 

Scale bar; 20 μm. 
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6.3.3. Microglial pro-inflammatory activity and secondary neurotoxicity were modulated 

favourably by blockade of JAK1/2 

We used a battery of signaling inhibitors to prevent the activation of pathways 

that are known to contribute to the effects of LPS or IFNγ, or both. SIM-A9 microglial 

cells were stimulated with half-maximal concentrations of LPS and IFNγ in conjunction 

with increasing concentrations of each signaling inhibitor. The inhibited pathways in 

these experiments were TLR4, JAK1/2, NF-κB, p38, mTOR, ERK, JNK, and Akt. NO 

release was used as a proxy for pro-inflammatory activity as it correlates with release of 

many pro-inflammatory cytokines and the upregulation of mRNA for markers of 

inflammation (Young and Denovan-Wright 2022b).  

We observed that blockade of TLR4 (Fig. 6. 3A) and JAK1/2 (Fig. 6. 3B) 

resulted in the most potent inhibition of NO release from the cultured microglia. This was 

expected, as TLR4 and JAK1/2 are the most upstream targets to inhibit the effects of LPS 

and IFNγ, respectively. However, blockade of TLR4 via TAK-242 resulted in the 

inhibition of NO release to 75.2 ± 2.7% of the vehicle whereas blockade of JAK1/2 via 

ruxolitinib inhibited NO release to 1.7 ± 0.9%. These data suggest that dual inhibition of 

JAK1/2 was sufficient to block the effects of LPS and IFNγ. Inhibition of NF-κB (Fig. 6. 

3C), p38 (Fig. 6. 3D), mTORC1/2 (Fig. 6. 3E), ERK1/2 (Fig. 6. 3F), JNK (Fig. 6. 3G), 

and Akt (Fig. 6. 3H) using a variety of inhibitors reduced the release of NO from 

microglia with various degrees of potency and efficacy. Blockade of NF-κB, mTOR, 

ERK, and Akt reduced NO release by more than 80% whereas inhibition of p38 had no 

effect on microglial NO release. This demonstrated that the JAK1/2 inhibitor, ruxolitinib, 

was the most useful to inhibit microglial NO release compared to other experimental 

inhibitors with respect to potency and efficacy.  

To assess the effect of signaling inhibition on subsequent neuronal viability, 

microglia were stimulated with LPS and IFNγ in conjunction with vehicle or a signaling 

inhibitor and neuronal viability was assessed following treatment with the conditioned 

media. Blockade of NF-κB, p38, ERK1/2, JNK, or Akt further reduced cell viability 

compared to conditioned media in the absence of a signaling inhibitor (Fig. 6. 3I). 

Inhibition of mTOR improved the relative cellular viability of only STHdhQ111/Q111 cells 
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and inhibition of JAK1/2 improved cell viability in both celltypes. Thus, JAK1/2 were 

the only proteins downstream of TLR4 and IFNGR that regulated the pro-inflammatory 

activity of microglia and improved subsequent neuronal viability when inhibited by 

ruxolitinib. 
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Figure 6. 3. Microglial NO release downstream of TLR4 and IFNGR and subsequent neuronal survival is modulated 

favourably by inhibition of JAK1/2. SIM-A9 microglia were stimulated with LPS and IFNγ (EC50 concentrations), and 

treated with inhibitors of A TLR4 (TAK-242; 190 pM – 3.1 µM), B JAK1/2 (Ruxolitinib; 190 pM – 3.1 µM), C NF-κB (IKK-

16; 190 pM – 50 µM), D p38 (SB 203580; 190 pM – 13 µM), E mTORC1/2 (PP-242; 190 pM – 200 µM), F ERK1/2 (U0126; 

190 pM – 200 µM), G JNK (SP 600125; 190 pM – 200 µM), and H PI3K-Akt (LY294002; 190 pM – 200 µM). I SIM-A9 

microglia were stimulated with LPS and IFNγ in conjunction with vehicle or an inhibitor of TLR4, JAK1/2, NF-κB, p38, 

mTORC1/2, ERK1/2, JNK, or PI3K-Akt (10 µM for each). The ATP concentration was measured after 24 h as a proxy for 

cell viability. Significance was determined using two-way ANOVA with Sidak post-hoc test; * p < 0.05; STHdhQ7/Q7 vs. 

STHdhQ111/Q111 cells. ~ p < 0.05 vs. vehicle. 
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6.3.4. Microglial-secreted TNF was necessary but insufficient to mediate neuronal death 

TNF is a known mediator of cell death and was the most abundant pro-

inflammatory factor released by SIM-A9 microglia in response to LPS and IFNγ. For this 

reason, we investigated whether TNF released by microglia was a primary mediator of 

cell death in the STHdhQ7/Q7 and STHdhQ111/Q111 cells. We observed that recombinant 

TNF had no negative effect on cell viability except for STHdhQ111/Q111 cells at a 

concentration of 150 ng/mL (Fig. 6. 4A). However, when recombinant TNF was added to 

pro-inflammatory media, the proportion of cell death was increased in a concentration-

dependent manner (Fig. 6. 4B). TNF was neutralized from the pro-inflammatory media 

using polyclonal antibodies to determine whether removal of TNF could prevent the 

neuronal death associated with the microglial media. The pro-inflammatory media 

contained TNF at a concentration of 14,669 ± 891 pg/mL which was decreased to 1,721 ± 

83 pg/mL at a 1:100 antibody dilution and 190 ± 10 pg/mL at a 1:20 dilution (Fig. 6. 4C). 

When pro-inflammatory media that had been treated with the anti-TNF antibodies was 

applied to STHdhQ7/Q7 and STHdhQ111/Q111 cells, there was a significant improvement in 

viability at the 1:100 dilution (Fig. 6. 4D). When the media had been treated with the 

1:20 antibody dilution to remove 98.7% of the TNF, there was no effect of the media on 

overall cell viability as measured by ATP concentration.  

When cell viability was measured by penetration of zombie red dye, we 

observed that pro-inflammatory media induced cell death in 40 ± 6% of  STHdhQ7/Q7 cells 

and 72 ± 7%  STHdhQ111/Q111 cells which was blocked by anti-TNF antibodies in both 

cases (Fig. 6. 4E). The effects of pro-inflammatory media on the reductive capacities of 

the STHdhQ7/Q7 and STHdhQ111/Q111 cells were examined using calcein and reazurin 

substrates. The addition of recombinant TNF (15 ng/mL) reduced the ability of 

STHdhQ7/Q7 cells to metabolize calcein but did not affect STHdhQ111/Q111 cells (Fig. 6. 

4F). The pro-inflammatory media negatively impacted the ability of both cell types to 

metabolize calcein, this effect was partially ameliorated but not completely reversed by 

neutralization of TNF. This pattern was also observed when reazurin was used as a 

substrate (Fig. 6. 4G). Taken together, these data suggest that among the microglial 

secretome, TNF is a component that was necessary but not sufficient to mediate cell 
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death. Thus, neutralization of TNF ameliorated the damaging effects of pro-inflammatory 

media on STHdhQ7/Q7 and STHdhQ111/Q111 cells. 

To further assess the specific mechanisms of neuronal cell death, STHdhQ7/Q7 

and STHdhQ111/Q111 cells were stained for caspase-3 cleavage and receptor interacting 

protein kinase 3 (RIP3) phosphorylation. Cleavage of caspase-3 is indicative of apoptotic 

cell death whereas phosphorylated RIP3 (pRIP3) suggests that a cell is fated for 

necroptotic cell death, and both mechanisms of cell death have been linked to TNF (Zhao 

et al. 2001; Wang et al. 2008; Zhang et al. 2009a; Sun et al. 2012). In response to pro-

inflammatory microglial media, 15.9 ± 2.8% of STHdhQ7/Q7 cells were positive for 

cleavage of caspase-3 compared to 20.3 ± 2.0% of STHdhQ111/Q111 cells (Fig. 6. 4H). This 

was in contrast with >90% cells that stained positive for caspase-3 cleavage in response 

staurosporine which served as a positive control. This suggests that although pro-

inflammatory media induced apoptosis in a relatively small subset of cells, there was no 

difference between STHdhQ7/Q7 and STHdhQ111/Q111 cells. In response to the same 

stimulus, 28.0 ± 5.6% of STHdhQ7/Q7 cells were positive for pRIP3 compared to 41.8 ± 

5.5% of STHdhQ111/Q111 cells (Fig. 6. 4I). This phosphorylation of RIP3 was blocked by 

necrostatin-1 which inhibits the phosphorylation of RIP1 downstream of TNF receptor 1 

(TNFR1) activation (Degterev et al. 2005; Christofferson et al. 2014). Taken together, 

these data demonstrated that conditioned media from pro-inflammatory microglia 

induced a combination of apoptosis and necroptosis in both cell types. However, a 

necroptotic mechanism of cell death accounted for the increased proportion of death 

observed in STHdhQ111/Q111 cells. 
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Figure 6. 4. TNF is necessary but not sufficient to mediate neuronal cell death by pro-

inflammatory microglial media. STHdhQ7/Q7 and STHdhQ111/Q111 cells were treated with 

increasing concentrations of mouse recombinant TNF (0.8 – 150 ng/mL) that had been 

added to media derived from A unstimulated microglia or B microglia that were stimulated 

with LPS (1000 ng/mL) and IFNγ (20 ng/mL), and ATP was measured after 24 h as a proxy 

for cell viability (n = 4). Significance was determined using two-way ANOVA with Sidak 

post-hoc test. * p < 0.05, STHdhQ7/Q7 vs. STHdhQ111/Q111. ~ p < 0.05 vs. baseline. C Media 

from microglia treated with LPS and IFNγ or vehicle was incubated with increasing 

concentrations of polyclonal anti-TNF antibodies (1:20,000 – 1:20) and concentrations of 

TNF were measured by enzyme-linked immunosorbent assay. Significance was 

determined by one-way ANOVA with Tukey post-hoc test. ~ p < 0.05 vs. baseline. D 

Conditioned media from stimulated or unstimulated microglia was incubated with vehicle 

or anti-TNF antibodies and applied to STHdhQ7/Q7 and STHdhQ111/Q111 cells, ATP 

concentrations were measured after 24 h. Significance was determined using two-way 

ANOVA with Sidak post-hoc test. * p < 0.05, STHdhQ7/Q7 vs. STHdhQ111/Q111. ~ p < 0.05 

vs. baseline. E Conditioned media from stimulated or unstimulated microglia was 
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incubated with vehicle or anti-TNF antibodies and applied to STHdhQ7/Q7 and 

STHdhQ111/Q111 cells, proportions of cells penetrated by zombie red dye were manually 

counted. Conditioned media from stimulated or unstimulated microglia was incubated with 

vehicle, recombinant TNF, or anti-TNF antibodies and applied to STHdhQ7/Q7 and 

STHdhQ111/Q111 cells. Reduction of F calcein or G resazurin was measured after 24 h. 

Following the same conditioned media treatments, STHdhQ7/Q7 and STHdhQ111/Q111 were 

stained for H caspase-3 cleavage as a marker of apoptosis, or I RIP3 phosphorylation as a 

marker of necroptosis. Significance was determined using two-way ANOVA with Sidak 

post-hoc test. * p < 0.05, STHdhQ7/Q7 vs. STHdhQ111/Q111; ~ p < 0.05 vs. baseline; ^ p < 

0.05, M1 media vs. M1 media + anti-TNF antibodies. 
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6.3.5. Inhibitory stimuli promoted resilience of neuronal cells  

Differentiated STHdhQ7/Q7 and STHdhQ111/Q111 cells are models of striatal 

medium spiny neurons of the indirect pathway (Trettel et al. 2000). These cells express 

cannabinoid type 1 (CB1) and dopamine type 2 (D2) receptors which are linked to Gαi, as 

well as adenosine 2a (A2A) receptors which are linked to Gαs and N-methyl-D-aspartate 

(NMDA) receptors which mediate calcium uptake (Gerfen et al. 1990; Ferré et al. 2010, 

2016; Galvan et al. 2012; Gardoni and Bellone 2015). Thus, agonists of CB1 or D2 

receptors provide an inhibitory stimulus whereas agonists of A2A or NMDA receptors 

provide distinct excitatory stimuli. We stimulated the neuronal cells with an agonist for 

each receptor subtype concurrently with the pro-inflammatory stimulus to determine 

whether stimulation or inhibition of the cells could improve survival. 

The selective CB1 receptor agonist, ACEA, as well as dopamine had no effect at 

the low concentration (500 nM) but substantially improved survival of STHdhQ7/Q7 cells 

at a concentration of 5 µM (F [9, 70] = 37.87; p < 0.0001). In contrast, treatment with the 

A2A receptor-selective agonist, CGS 21680, or NMDA had no effect on cell viability at 

either concentration (Fig. 6. 5A). A similar pattern was observed in STHdhQ111/Q111 cells, 

however, the effect of CB1 receptor activation was lost (Fig. 6. 5B)(F [9, 70] = 118.2). It 

is possible that this was due to a loss of CB1 receptor expression as we observed a 

reduction in Cnr1 mRNA in STHdhQ111/Q111 cells (p = 0.0286) with no change in Drd2 

(Fig. 6. 5C). STHdhQ111/Q111 cells also exhibited increased mRNA for Tnfrsf1a (p = 

0.0412) but reduced mRNA for Tnfrsf1b (p = 0.0286) which is consistent with the 

increased TNF-mediated cell death (Fig. 6. S2). Furthermore, the STHdhQ111/Q111 cells 

had increased mRNA for Ifngr1 and Tlr4 which would indicate increased sensitivity to 

IFNγ and LPS, however, no direct effects of these molecules were observed with respect 

to cell viability (data not shown). Together, these data show that stimulation of D2 

receptors was protective against the pro-inflammatory microglial media in both cell types 

whereas CB1 receptor stimulation was protective only in the wild-type STHdhQ7/Q7 cells.  
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Figure 6. 5. Neuronal cell survival was improved by stimulation of CB1 and D2 receptors. Conditioned media from microglia 

treated with LPS (1000 ng/mL) and IFNγ (20 ng/mL) was combined with ACEA, dopamine, CGS 21680, or NMDA (500 nM or 

5 µM) and added to A STHdhQ7/Q7 or B STHdhQ111/Q111 cells. ATP concentrations were measured after 24 h as a proxy for cell 

viability. Significance was determined using one-way ANOVA with Tukey post-hoc test. * p < 0.05 vs. pro-inflammatory media. 

C mRNA for several G protein-coupled receptors and cytokine receptors was measured to assess baseline differences between 

STHdhQ7/Q7 and STHdhQ111/Q111 cells. Significance was determined using two-tailed Mann-Whitney tests. * p < 0.05 vs. 

STHdhQ7/Q7.
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6.4 Discussion 

We have investigated the differential effects of microglial-secreted factors on the 

cellular survival of wild-type STHdhQ7/Q7 cells as well as STHdhQ111/Q111 cells which 

express humanized mHTT. We have also investigated the mechanisms by which pro-

inflammatory microglial media induces neuronal cell death. The results demonstrated that 

STHdhQ111/Q111 cells exhibited hyperactivation of ERK, Akt, and CREB signaling 

pathways in the initial 3 h upon exposure to the pro-inflammatory media. This culminated 

in an overall increase in cell death which was attributed specifically to an increase in 

necroptosis. This mechanism of cell death in both cell types was dependent on TNF as 

neuronal survival could be maintained through the selective neutralization of TNF from 

the conditioned media. Thus, the results of this work suggest that TNF is required for 

microglia to promote neuronal death without phagocytosis, and highlights a mechanism 

by which mHTT may sensitize neurons to microglia-mediated death.  

We observed enhanced death in cultured neuronal cells that expressed 

humanized mHTT compared to cells that expressed wtHTT. This death was preceded by 

the hyperactivation of ERK, Akt, and CREB. ERK was shown to play a critical role in 

glutamate-mediated necroptosis in cultured HT-22 mouse hippocampal neurons, 

necrostatin-1 inhibited early ERK phosphorylation but had no effect on JNK or p38 

(Zhang et al. 2013). This necroptosis was also prevented by the ERK inhibitor, U0186, 

which suggests that ERK signaling can initiate necroptotic cell death (Zhang et al. 2013). 

Biphasic phosphorylation of ERK has been specifically associated with necroptosis as 

opposed to apoptosis in mouse L929 adipocytes (Sipieter et al. 2021). We also observed 

biphasic ERK phosphorylation in STHdhQ111/Q111 cells, with an initial peak at 30 min and 

a second peak approaching by 3 h. This would be consistent with the increased 

proportion of necroptosis in STHdhQ111/Q111 cells compared to STHdhQ7/Q7 cells. TNF-

mediated necroptosis was preceded by the activation of Akt and mTOR and subsequent 

generation of mitochondrial reactive oxygen species in HT-22 cells (Liu et al. 2014). In 

this case, cell death was prevented by necrostatin-1 as well as selective inhibitors of Akt 

and mTOR. This suggests that Akt as well as mTOR may also be an important 

distinguishing factor as we observed increased Akt phosphorylation in STHdhQ111/Q111 
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cells compared to STHdhQ7/Q7 cells in response to pro-inflammatory microglial media. 

We also observed increased phosphorylation of CREB in STHdhQ111/Q111 cells. CREB is 

phosphorylated upon stimulation by pro-inflammatory cytokines, however, CREB is 

typically associated with an anti-apoptotic response rather than a pro-death response 

(Saha et al. 2009; Wen et al. 2010). CREB signaling was specifically associated with a 

neuroprotective response to TNF in HT-22 cells (Jensen et al. 2017). It is possible that 

CREB phosphorylation was elevated in STHdhQ111/Q111 cells as a compensatory 

mechanism for the ERK- and Akt-dependent pro-death signaling but further probing of 

these pathways would be required to confirm this.  

The contributions of microglia to neuronal death have been documented in a 

variety of experimental models of neurodegeneration disease, both in vitro and in vivo 

(Hickman et al. 2018).  We found that pro-inflammatory media from microglia induced a 

mixture of apoptosis and necroptosis in cultured neuronal cells expressing wtHTT and 

mHTT. Specifically, STHdhQ7/Q7 and STHdhQ111/Q111 cells demonstrated equal levels of 

apoptosis whereas STHdhQ111/Q111 cells exhibited more necroptosis. This distinction is 

relevant as necroptosis propagates inflammation via leakage of damage-associated 

molecular patterns whereas apoptosis does not (Pasparakis and Vandenabeele 2015). 

TNF is a potent inducer of apoptosis through the death-domain of TNFR1 which recruits 

several pro-apoptotic signal transducers (Dhuriya and Sharma 2018). TNF can also 

mediate necroptosis under certain circumstances (Sun et al. 1999). Necroptosis is driven 

by the formation of a RIP1-RIP3 complex which is favoured when RIP1 is unable to 

activate caspase-8 to initiate apoptosis (Holler et al. 2000; Sun et al. 2002; Cho et al. 

2009; Berghe et al. 2014). In neurons, necroptosis is favoured when mitochondrial 

dysfunction leads to the depletion of ATP or nicotinamide adenine dinucleotide 

(NAD+)(Kristian et al. 2011). Excitotoxic insults mediated by glutamate promote an 

excessive calcium influx which can promote necroptosis via mitochondrial calcium 

overload (Sattler and Tymianski 2001; Nakagawa et al. 2005). Neurons expressing mHtt 

have dysregulated mechanisms of intracellular calcium handling which sensitizes the 

cells to excitotoxic cell death (Tang et al. 2003, 2005; Wu et al. 2011). Necroptotic 

neurons have been observed multiple sclerosis (MS), amyotrophic lateral sclerosis (ALS), 
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and Parkinson’s disease (PD) (Re et al. 2014; Ofengeim et al. 2015; Wu et al. 2015). 

TNF-mediated neuronal necroptosis also appeared to be elevated based on post-mortem 

analyses in tissues from Alzheimer’s disease (AD) patients which were corroborated 

using human inducible pluripotent stem cells (iPSCs)(Jayaraman et al. 2021). The 

process of necroptosis is an emerging therapeutic target for the treatment of AD (Xu et al. 

2021; Richard and Mousa 2022). Future work will determine whether necroptosis is a 

useful therapeutic target or if it is more beneficial to reduce molecules that initiate 

necroptosis, such as TNF. 

It has been repeatedly demonstrated that TNF alone has limited capacity to 

induce neuronal injury but can be potentiated by several different stimuli when presented 

concurrently. A single dose of TNF (50 ng/mL) was found insufficient to induce either 

apoptosis or necrosis in cultured neurons in the absence of microglia (Neniskyte et al. 

2014). This is consistent with our finding that recombinant TNF did not negatively affect 

the viability of STHdhQ7/Q7 or STHdhQ111/Q111 cells at concentrations of up to 150 ng/mL. 

TNF alone was also not neurotoxic to primary human co-cultures that consisted of 

neurons, astrocytes, and microglia (Chao et al. 1995). However, in the presence of IL-1β, 

TNF induced marked neuronal injury which could be prevented using an anti-TNF 

antibody (Chao et al. 1995). Similarly, conditioned media from microglia stimulated with 

amyloid-β induced death of mouse primary cortical neurons but was inhibited by co-

treatment with recombinant soluble TNFR1 (Floden et al. 2005). It was also shown that 

TNF was only neurotoxic in the presence of microglia and that secondary neurotoxicity 

was dependent on the release of Fas ligand (Taylor et al. 2005). IFNγ was previously 

shown to potentiate cytotoxic effects of TNF on a cervical cancer cell line (Suk et al. 

2001). In this case, it appeared that IFNγ inhibited the pro-survival response and shifted 

the effects of TNF toward a pro-death response. IFNγ also potentiated the pro-

inflammatory response of microglia to TNF in Parkinsonian monkeys but it was not 

determined whether this enhanced neuronal death (Barcia et al. 2011). IFNγ induced 

neuronal death in co-cultures of primary neurons and glia, but IFNγ had no effect on 

neuronal survival in the absence of microglia (Mount et al. 2007). These reports suggest 

that IFNγ may also be required along with TNF to induce neurotoxicity. TNF has also 
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been demonstrated to induce neuronal death indirectly via microglia in several cell 

culture systems. In a co-culture model of microglia and neurons, microglia were observed 

to phagocytose otherwise viable neurons upon stimulation with TNF (Neniskyte et al. 

2014). Microglia also elicited neuronal death via excitotoxicity through the release of 

glutamate upon TNF treatment (Takeuchi et al. 2006). Together, these reports suggest 

that TNF, IL-1β, IFNγ, and glutamate each play important roles in microglia-mediated 

cell death.   

We observed that stimulation of D2 receptors improved survival in STHdhQ7/Q7 

and STHdhQ111/Q111 cells whereas stimulation of CB1 receptors was only beneficial in 

STHdhQ7/Q7 cells. A loss of CB1 receptors is a well established characteristic of striatal 

neurons in HD, as well as in these cell lines (Glass et al. 1993; Laprairie et al. 2013). As 

we also observed a loss in Cnr1 mRNA, it is possible that the reduced efficacy of ACEA 

in STHdhQ111/Q111 cells was due to reduced receptor density. Although a loss of D2 and 

A2A receptors has also been observed in the progression of HD, we did not find a 

difference in Drd2 or Adora2a mRNA between cell types (Richfield et al. 1991; Glass et 

al. 2000). There are conflicting reports regarding whether it is more beneficial to enhance 

or suppress striatal dopamine in HD (Chen et al. 2013; Cepeda et al. 2014). The D2 

receptor agonist, quinpirole, has been shown to reduce striatal excitotoxicity in rats 

(Cepeda et al. 1998). Antidopaminergic drugs reduced the motor symptoms of HD in 

humans, but worsened cognition (Harris et al. 2020). Thus, dopaminergic signaling 

appears to be pleiotropic and promotes neuronal survival and dysfunction. In addition to 

D2 receptors, stimulation of CB1 receptors has been proposed as a useful treatment for 

HD. The use of a positive allosteric modulator of CB1 receptors delayed the onset of 

symptoms in the R6/2 mouse model of HD (Laprairie et al. 2019). Direct stimulation of 

CB1 receptors using delta(9)-tetrahydrocannabinol (THC) improved outcomes in the 

mouse experimental autoimmune encephalomyelitis (EAE) model of MS (Maresz et al. 

2007). However, such treatments would likely be associated with an intolerable degree of 

psychoactivity (Kleine-Brueggeney et al. 2015). Direct activation of CB1 receptors has 

been demonstrated to reduce neurogenic inflammation in the periphery, as well as 

microglial cytokine release (McKenna and McDougall 2020; Young and Denovan-
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Wright 2022b). Together, these reports suggest that CB1 receptors would be viable 

therapeutic targets to improve neuronal survival and reduce inflammation. However, dose 

is important and the adverse effects of chronic global CB1 receptor activation may limit 

the usefulness of this strategy. 

There are several FDA-approved TNF inhibitors which are typically prescribed 

to treat chronic inflammatory conditions, including autoimmune disorders (Kodama et al. 

2005; Meier et al. 2013; Meroni et al. 2015). However, there is growing attention toward 

the use of TNF inhibitors for the treatment of neurodegenerative diseases (Chang et al. 

2017; Torres-Acosta et al. 2020). Patients that took TNF blocking agents for rheumatoid 

arthritis, psoriasis, and ankylosing spondylitis have shown a reduced risk of developing 

AD (Zhou et al. 2020; Watad et al. 2022). However, TNF inhibitors did not reduce the 

risk of dementia among rheumatoid arthritis patients when compared to abatacept or 

methotrexate (Kern et al. 2021; Desai et al. 2022). Among patients with inflammatory 

bowel disease, early exposure to anti-TNF therapy reduced the incidence of PD by 78% 

(Peter et al. 2018). Thus, the use of TNF inhibitors has shown promise among patients 

that use them to treat chronic inflammatory conditions. TNF inhibitors have also shown 

therapeutic potential with respect to cognitive performance, neuroinflammation, and 

motor performance in mouse models of tauopathy, AD, PD, and HD (McCoy et al. 2006; 

Shi et al. 2011; Hsiao et al. 2014; Kim et al. 2016; Ou et al. 2021). In the future, it will be 

important to determine whether the early blockade of TNF in the brain is a viable 

treatment for slow the progression of neurodegeneration in healthy individuals at high-

risk for neurodegeneration such as those that carry mutant huntingtin or familial AD risk 

genes. 
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6.5 Supplementary data 

 

Figure 6. S1. Proteome Profiler antibody array results. SIM-A9 microglia were 

stimulated with vehicle (PBS), LPS (1000 ng/mL), IFNγ (20 ng/mL), or LPS and IFNγ, 

and the media was assessed for the protein abundance of 39 cytokines and chemokines. 

Proteins were measured using a Proteome Profiler™ antibody array; cell culture 

supernatant from 24 technical replicates was pooled and incubated with each membrane 

with antibodies spotted in duplicate. Data are presented as the log2 fold-change relative to 

vehicle treatment. 
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Figure 6. S2. mRNA for several G protein-coupled receptors and cytokine receptors 

in STHdhQ7/Q7 and STHdhQ111/Q111 cells. Significance was determined using two-tailed 

Mann-Whitney tests. * p < 0.05 vs. STHdhQ7/Q7. 
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Chapter 7: Methods 

7.1 Pharmacological compounds and preparation of treatments 

All compounds used in this research are detailed in Table 7. 1. Small molecules 

were dissolved in dimethyl sulfoxide (DMSO) and recombinant proteins were diluted in 

phosphate buffered saline (PBS) with 0.1% bovine serum albumin (BSA). All 

compounds were stored at -20°C at concentrations of at least 1 mM or 100 µg/mL. 

Compounds were prepared in serum-free media and negative control groups received the 

vehicle of DMSO and/or PBS with 0.1% BSA as appropriate. Treatments and 

corresponding vehicle solutions were also prepared in serum-free media so that media for 

all treatment groups contained 0.1% DMSO. 

 

7.2 Cell culture 

Spontaneously immortalized microglia (SIM)-A9 cells (ATCC CRL-3265; 

Nagamoto-Combs et al., 2014) were purchased from Cedarlane (Burlington, ON, 

Canada). SIM-A9 microglia were maintained at 37°C with 5% CO2 in complete media 

containing Dulbecco’s modified eagle’s medium (DMEM):F12 (ATCC 30-2006), 

supplemented with 10% heat-inactivated fetal bovine serum (Gibco, #A31607), 5% heat-

inactivated donor horse serum (Sigma-Aldrich, #H1270), and 100 U/mL penicillin-

streptomycin (Gibco, #15140122). Cells were dissociated from plates using PBS with 0.5 

mM EDTA (Sigma-Aldrich, #D8537). SIM-A9 microglia are of female origin (Krasnow 

et al. 2017). 

Conditionally immortalized STHdhQ7/Q7 cell lines were derived from striatal 

progenitor cells of female embryonic day 14 C57BL/6J mice. The STHdhQ7/Q7 cells 

possess mutant huntingtin loci with a humanized exon 1 containing 7 polyglutamine 

repeats. Cells were maintained at 33°C, 5% CO2 in DMEM that was supplemented with 

10% fetal bovine serum, 2 mM L-glutamine, 100 U/mL penicillin-streptomycin, and 400 

μg/mL Geneticin. To promote differentiation into an adult neuron-like phenotype, the 

complete media was replaced with serum-free DMEM that contained the following 

differentiation cocktail: acidic fibroblast growth factor (10 ng/mL), 3-isobutyl-1-
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methylxanthine (250 µM), phorbol 12-myristate 13-acetate (200 nM), forskolin (50 µM), 

and dopamine (10 µM). The cells were allowed to differentiate for 16 hours prior to 

experimentation (Hauber 1998; Trettel et al. 2000). 

RAW 264.7 macrophage-like cells (ATCC® TIB-71) were routinely maintained 

at 37˚C with 5% CO2 up to the 15th passage. Cells were grown in complete media 

containing DMEM (Gibco, #10313021), supplemented with 10% fetal bovine serum and 

100 U/mL penicillin-streptomycin. Cells were dissociated from plates using 0.5 mM 

EDTA in Dulbecco’s Phosphate Buffered Saline. Immortalized RAW 264.7 cells were 

established from a male mouse. 

Human embryonic kidney (HEK) 293T cells (ATCC® CRL-3216) were 

routinely maintained at 37˚C with 5% CO2. Cells were grown in complete media 

containing DMEM (Gibco, #10313021), supplemented with 10% fetal bovine serum and 

100 U/mL penicillin-streptomycin. Cells were dissociated from plates using 0.5 mM 

EDTA in Dulbecco’s Phosphate Buffered Saline. HEK 293T cells were established from 

the kidney epithelium of a human female fetus. 

 

7.3 Microglial NO release 

NO release from microglial and macrophage cells was determined using a Griess 

reagent system. Briefly, 30,000 cells were seeded into 96-well plates and allowed to 

adhere to the plate for at least 3 h. Treatments were added at the desired concentration in 

100 µL serum-free media. After 16 h, 50 µL of media was moved to a new clear 96-well 

plate and combined with 50 µL of Griess solution (Sigma, #G4410). Following an 

incubation of 10 minutes in the dark, absorbance of the samples was measured at 540 nm 

with a FLUOstar Omega plate reader (BMG Labtech; Ortenberg, DE). Standard 

preparations of nitrite were used to prepare standard curves to quantify NO release (μM). 

 

7.4 Enzyme-linked immunosorbent assays 

SIM-A9 microglia were seeded into 96-well plates at a density of 30,000 cells 

per well in serum-free media and allowed to adhere for at least 3 h. Cells were treated as 

indicated and the media was measured to determine the concentration of TNF, IL-1β, and 
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IL-6. The protocols for the ELISAs were followed as per the manufacturer’s instructions 

for the mouse TNF (R&D Systems, #MTA00B; Minneapolis, MN, USA), IL-1β (R&D 

Systems, #DY401-05) and IL-6 (R&D Systems, #DY406-05) kits. Dilution factors of 

1:50, 1:1, and 1:10 were used for TNF, IL-1β and IL-6, respectively.   

 

7.5 Reverse transcription quantitative PCR 

To isolate total RNA, cells were seeded into 6-well plates at 500,000 cells per 

well in serum-free media and allowed at least 3 h to adhere to the plate. Following 

treatment, cells were dissociated from the plates and pelleted in 1.5 mL microcentrifuge 

tubes. RNA was isolated via the TRIzol method using 1 mL of TRIzol reagent per sample 

(Invitrogen, #LS15596026; Burlington, ON, Canada). Genomic DNA was removed using 

DNase I (NEB, #M0303) as per manufacturer’s recommendations and RNA was purified 

by ethanol precipitation. Total RNA (1 µg) was reverse transcribed in a 20 µL reaction 

using the LunaScript RT SuperMix Kit (NEB, #E3010) at 25°C for two minutes, 55°C 

for ten minutes, and 95°C for one minute. The complementary DNA (cDNA) was diluted 

1:3 with DEPC-treated water and stored at -20°C. To amplify each gene of interest, 2 µL 

of diluted cDNA was combined with 10 µL of Luna Universal qPCR Master Mix (NEB, 

#M3003), 500 nM of forward and reverse primers, and topped to 20 µL with DEPC-

treated water. The details of all primers used are included in Table 7. 2. The reactions 

took place in a Bio-Rad CFX96 Touch system (Bio-Rad Laboratories; Hercules, CA, 

USA) with an initial denaturation of 95°C for one minute, followed by 45 cycles of 95°C 

for 15 seconds and 56°C for 30 seconds. Fluorescence was measured after each cycle.  

Data were converted to delta Cq (dCq) values by subtraction of the Cq of the 

gene of interest from the mean Cq value of the reference genes. The dCq values were 

transformed using the formula 2^dCq to determine the mean number of mRNA molecules 

present for the gene of interest relative to the reference genes. The data were either 

presented as the 2^dCq values or as the fold-change of the vehicle control mean. 

Elongation factor 1-alpha (Eef1a) and beta-2 microglobulin (B2m) were used as reference 

genes and were determined to be stable among treatment groups as per the methods of 

Young et al. (2019) and Mishra et al. (2023). 
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7.6 Immunofluorescence 

SIM-A9 microglia or STHdhQ7/Q7 neurons were seeded onto round 18 mm 

coverslips (ThermoFisher Scientific, #NC0301187) in 12-well plates at a density of 

150,000 cells per coverslip in serum-free media and allowed at least 3 h to adhere to the 

coverslip. Cells were treated as indicated, rinsed thrice with TBS, and fixed in 4% 

paraformaldehyde (ThermoFisher Scientific, #AA433689M) in TBS for 12 minutes. 

Coverslips were washed in TBS with 0.3% Triton X-100 for 20 minutes to permeabilize 

the cells. The cells were blocked for at least 45 minutes in 20% Intercept blocking buffer 

(LI-COR Biosciences, #927-60001; Lincoln, NE, USA) in TBS. Coverslips were 

incubated overnight at 4°C in primary antibody at a dilution of 1:500. The details of 

antibodies used are available in Table 7. 3. Coverslips were washed thrice in TBS with 

0.1% Tween-20 for at least five minutes each and incubated in secondary antibody at a 

dilution of 1:500 at room temperature for two hours. Coverslips were again washed thrice 

in TBS with 0.1% Tween-20 for at least five minutes each and mounted in ProLong 

Diamond Antifade Mountant (ThermoFisher Scientific, #P36965). Slides were viewed on 

a Leica SP8 inverted confocal microscope (Leica Microsystems; Wetzlar, Germany) at 

64-100X objective using oil immersion. Images were captured using Leica LAS X 

software. Adjustments to brightness and contrast were made to entire images, and equal 

adjustments were made to all images within each experiment. 

 

7.7 Preparation of conditioned media 

SIM-A9 microglia were grown to confluence in 10 cm dishes and treated with 

LPS and IFNγ in 5 mL of serum-free DMEM:F12 for 16 h. The media was aspirated 

from the 10 cm dishes and centrifuged at 300 x g for five minutes to pellet any cells. The 

supernatant was aspirated and stored at -20°C until needed. Control (M0) media was 

prepared in parallel from microglia that did not receive LPS or IFNγ.  
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7.8 Cell viability assays 

The LIVE/DEAD Viability/Cytotoxicity Kit for mammalian cells (Invitrogen, 

#L3224) was used to measure the proportion of dead cells following treatment with 

conditioned media. The viability assay relies on ethidium homodimer-1 which penetrates 

dead cells and fluoresces upon intercalation of DNA. STHdhQ7/Q7 neurons or HEK 293T 

cells were seeded into white clear-bottom 96-well plates in complete media. STHdhQ7/Q7 

cells were treated with the differentiation cocktail and allowed 16 hours to differentiate to 

a neuronal phenotype. The cells were incubated with conditioned media for 24 h, rinsed 

twice with warm PBS, and then equilibrated in 200 µL PBS that contained 2 µM EthD-1. 

Fluorescence (544/620 nm) was measured using a FLUOstar Omega plate reader (BMG 

Labtech). Data were reported as cell death (%) where 0% was defined by untreated cells 

and 100% was defined by cells treated with 70% methanol for 20 minutes to permeabilize 

the membrane and allow maximal EthD-1 penetration. 

ATP concentrations were measured as a proxy for cell viability using the 

CellTiter Glo viability kit (Promega) as per the manufacturer’s instructions. STHdhQ7/Q7 

neurons were plated and treated as described, and 100 µL of CellTiter Glo reagent was 

added to lyse the cells and provide a luminescent signal proportional to the concentration 

of ATP. Total luminescence was measured using a FLUOstar Omega plate reader (BMG 

Labtech). A standard curve of ATP was used to determine the absolute concentration 

within each sample. 

The penetration of Zombie red dye was used as a proxy for cell death of 

neuronal cells in response to microglial media. The Zombie Red™ Fixable Viability Kit 

(BioLegend, #423109) was used as per the manufacturer’s recommendation. Briefly, 

STHdhQ7/Q7 neurons were plated and treated as described, fixed in 4% PFA for 15 

minutes, incubated with Zombie red dye at a 1:1,000 dilution for 30 minutes in the dark, 

rinsed in complete media to quench extracellular staining, and mounted for viewing on 

the confocal microscope.  

Resazurin reduction was also assessed as a measure of cell viability using the 

CellTiter Blue viability kit (Promega) as per the manufacturer’s instructions. Briefly, 

STHdhQ7/Q7 neurons were plated in clear-bottom black 96-well plates and treated as 
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described, 20 µL of CellTiter blue reagent was added and the plates were incubated at 

37°C for 2 h. Fluorescence was measured using the resorufin filter of a CLARIOstar plate 

reader to determine the reduction of resazurin to resorufin. 

 

7.9 In-cell western assays 

SIM-A9 microglia were seeded into black clear-bottom 96-well plates 

(ThermoFisher Scientific, #12-566-70) at a density of 30,000 cells per well in serum-free 

media and allowed a minimum of 3 h to adhere to the plate. Cells were stimulated as 

indicated and fixed in 4% PFA in Tris buffered saline (TBS; 137 mM sodium chloride, 

20 mM Tris, pH 7.6) for 15 minutes at room temperature. Cells were rinsed in TBS, 

permeabilized in TBS with 0.3% Triton X-100 for 15 minutes, rinsed in TBS again, and 

blocked in 20% Intercept blocking buffer (LI-COR Biosciences, #927-60001) diluted in 

TBS with 0.1% Tween-20 for at least 45 minutes. Phosphorylated proteins were detected 

using the primary antibodies diluted in blocking buffer to a final dilution of 1:200. 

Primary antibody incubations took place overnight at 4°C without agitation. Cells were 

rinsed thrice in TBS + 0.1% Tween-20 and incubated at room temperature for two hours 

with the secondary antibodies conjugated to IRDye 800CW at a dilution of 1:500. Cells 

were co-incubated with CellTag 700 (LI-COR Biosciences, #926-41090; 1:500 dilution) 

to allow for normalization to cell number. Cells were rinsed thrice in TBS and allowed to 

dry for at least 20 minutes prior to imaging. Plates were imaged on an Odyssey CLx 

platform (LI-COR Biosciences) using Image Studio version 5.0 software at medium 

quality, 4.0 mm focus offset, and automated channel intensities. The fluorescence of the 

800 nm channel was normalized to the fluorescence of the 700 nm channel to provide 

normalized signal intensities for each sample. Normalized signals were used for statistical 

purposes and data were presented as the fold-change compared to the mean of the 

negative control or vehicle treatment. 
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7.10 NanoLuc binary technology assay and construct preparation 

To prepare the CB2-SmBiT construct, the sequence for the human CB2 receptor 

was subcloned into the pBiT3.1-C [CMV/SmBiT] Vector (Promega). The CB2 receptor 

sequence was obtained from Dr. Bryan Roth (University of North Carolina at Chapel 

Hill) via Addgene (plasmid # 66255). The CB2 receptor sequence was amplified using 

primers harboring XhoI and HindIII sites and the PCR product was gel purified using the 

Monarch® DNA gel extraction kit (NEB, # T1020). The CB2 receptor fragment and the 

pBiT3.1-SmBiT backbone were digested using the XhoI and HindIII restriction enzymes 

and purified using the Monarch® PCR & DNA clean-up kit (NEB, # T1030). The 

digested fragments were ligated using instant sticky-end ligase master mix (NEB, 

#M0370), transformed into NEB® 5-alpha competent E. coli (high efficiency; NEB, 

#C2987), and plasmid DNA was isolated using the Monarch® plasmid miniprep kit 

(NEB, #T1010). The CB2-SmBiT construct was verified by next-generation sequencing 

prior to use (Plasmidsaurus; Eugene, OR). The sequences and annotated maps of the 

CB2-smBiT and lgBiT-mini-Gαi plasmids are included in Figures 7.1 and 7.2, 

respectively. The sequence of the sm-BiT-β-arrestin2 plasmid can be obtained directly 

from the manufacturer, Promega. 

To perform the NanoBiT assay, HEK 293T cells were distributed into white 96-

well plates and allowed 3 h to adhere. To transiently transfect HEK 293T cells, 50 ng of 

the CB2-BiT construct and 50 ng of the effector (β-arrestin2 or mini-Gαi) construct was 

diluted in OptiMEM media with 0.3 μL FuGENE HD (Promega) in a final volume of 8 

μL per well and the transfection mixture was added directly to the cells. Cells were 

incubated with the transfection mixture for 24 h prior to experimentation. Immediately 

prior to experimental treatment, media was aspirated from the cells and replaced with 100 

μL of Nano-Glo reagent from the Nano-Glo® Live Cell Assay System (Promega, 

#N2012). Luminescence was monitored to ensure that the nanoluciferase signal was 

stable (30 minutes), the mean luminescence over the final 9 minutes was used to establish 

the basal luminescence value for each well. To stimulate the cells, 10 μL of the 

experimental treatment (11X concentrated) was added directly to the cells. Luminescence 

was recorded from each well at 3-min intervals for 42 minutes using a FLUOstar Omega 
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plate reader (BMG Labtech). To calculate the corrected luminescence values, the raw 

luminescence values at each time-point were divided by the basal luminescence value 

which was established immediately prior to treatment. For experiments that used 

SR144528 (inverse agonist), the cells were incubated with the compound for 10 min after 

the basal luminescence was established and before the addition of the agonist. 
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Figure 7. 1. Plasmid map of the CB2-smBiT plasmid used for the nanoluciferase 

assays. The complete sequence of the plasmid is: 

>GGTTACAAGACAGGTTTAAGGAGACCAATAGAAACTGGGCTTGTCGAGACA

GAGAAGACTCTTGCGTTTCTGATAGGCACCTATTGGTCTTACTGACATCCACT

TTGCCTTTCTCTCCACAGGTGTCCACTCCCAGTTCAATTACAGCTCTTAAGGCT

AGAGTATTAATACGACTCACTATAGGGGCGATCGCAACAAGCTTACCATGGA

GGAATGCTGGGTGACAGAGATAGCCAATGGCTCCAAGGATGGCTTGGATTCC

AACCCTATGAAGGATTACATGATCCTGAGTGGTCCCCAGAAGACAGCTGTTG

CTGTGTTGTGCACTCTTCTGGGCCTGCTAAGTGCCCTGGAGAACGTGGCTGTG

CTCTATCTGATCCTGTCCTCCCACCAACTCCGCCGGAAGCCCTCATACCTGTT

CATTGGCAGCTTGGCTGGGGCTGACTTCCTGGCCAGTGTGGTCTTTGCATGCA

GCTTTGTGAATTTCCATGTTTTCCATGGTGTGGATTCCAAGGCTGTCTTCCTGC

TGAAGATTGGCAGCGTGACTATGACCTTCACAGCCTCTGTGGGTAGCCTCCTG

CTGACCGCCATTGACCGATACCTCTGCCTGCGCTATCCACCTTCCTACAAAGC

TCTGCTCACCCGTGGAAGGGCACTGGTGACCCCGGGCATCATGTGGGTCCTC

TCAGCACTAGTCTCCTACCTGCCCCTCATGGGATGGACTTGCTGTCCCAGGCC
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CTGCTCTGAGCTTTTCCCACTGATCCCCAATGACTACCTGCTGAGCTGGCTCC

TGTTCATTGCCTTCCTCTTTTCCGGAATCATCTACACCTATGGGCATGTTCTCT

GGAAGGCCCATCAGCATGTGGCCAGCTTGTCTGGCCACCGGGACAGGCAGGT

GCCGGGAATGGCCCGAATGAGGCTGGATGTGAGGTTGGCCAAGACCCTAGG

GCTAGTGTTGGCTGTGCTCCTCATCTGTTGGTTCCCAGTGCTGGCCCTCATGG

CCCACAGCCCGGCCACTACGCTCAGTGACCAGGTCAAGAAGGCCTTTGCTTT

CTGCTCCATGCTGTGCCTCATCAACTCCATGGTCAATCCTGTCATCTATGCTCT

ACGGAGTGGAGAGATCCGCTCCTCTGCCCATCACTGCCTGGCTCACTGGAAG

AAGTGTGTGAGGGGCCTTGGGTCAGAGGCAAAAGAAGAAGCCCCGAGATCC

TCAGTCACCGAGACAGAGGCTGATGGGAAAATCACTCCGTGGCCAGATTCCA

GAGATCTAGACCTCTCTGATTGCGGCTCGAGCGGTGGTGGCGGGAGCGGAGG

TGGAGGGTCGTCAGGTGTGACCGGCTACCGGCTGTTCGAGGAGATTCTGTAA

GTTTAAACGGCCGCGACTCTAGACTGCAGGCATGCAAGCTGATTTGGCTGCT

GCCACCGCTGAGCAAGGCCGCTTCGAGCAGACATGATAAGATACATTGATGA

GTTTGGACAAACCACAACTAGAATGCAGTGAAAAAAATGCTTTATTTGTGAA

ATTTGTGATGCTATTGCTTTATTTGTAACCATTATAAGCTGCAATAAACAAGT

TAACAACAACAATTGCATTCATTTTATGTTTCAGGTTCAGGGGGAGATGTGGG

AGGTTTTTTTAAGCAAGTAAAACCTCTACAAATGTGGTAAAATCTTAATTAAG

ACTTCTAATATAACTTCGTATAGCATACATTATACGAAGTTATGGTTCCACTG

TTGACAATTAATCATCGGCATAGTATATCGGCATAGTATAATACGACAAGGT

GAGGAACTAAACCCAGGAGGCAGATCATGATTGAACAAGATGGATTGCACG

CAGGTTCTCCGGCCGCTTGGGTGGAGAGGCTATTCGGCTATGACTGGGCACA

ACAGACAATCGGCTGCTCTGATGCCGCCGTGTTCCGGCTGTCAGCGCAGGGG

CGCCCGGTTCTTTTTGTCAAGACCGACCTGTCCGGTGCCCTGAATGAACTGCA

GGACGAGGCAGCGCGGCTATCGTGGCTGGCCACGACGGGCGTTCCTTGCGCA

GCTGTGCTCGACGTTGTCACTGAAGCGGGAAGGGACTGGCTGCTATTGGGCG

AAGTGCCGGGGCAGGATCTCCTGTCATCTCACCTTGCTCCTGCCGAGAAAGT

ATCCATCATGGCTGATGCAATGCGGCGGCTGCATACGCTTGATCCGGCTACCT

GCCCATTCGACCACCAAGCGAAACATCGCATCGAGCGAGCACGTACTCGGAT

GGAAGCCGGTCTTGTCGATCAGGATGATCTGGACGAAGAGCATCAGGGGCTC

GCGCCAGCCGAACTGTTCGCCAGGCTCAAGGCGCGCATGCCCGACGGCGAGG

ATCTCGTCGTGACCCATGGCGATGCCTGCTTGCCGAATATCATGGTGGAAAAT

GGCCGCTTTTCTGGATTCATCGACTGTGGCCGGCTGGGTGTGGCGGACCGCTA

TCAGGACATAGCGTTGGCTACCCGTGATATTGCTGAAGAGCTTGGCGGCGAA

TGGGCTGACCGCTTCCTCGTGCTTTACGGTATCGCCGCTCCCGATTCGCAGCG

CATCGCCTTCTATCGCCTTCTTGACGAGTTCTTCTGATTCGAAATGACCGACC

AAGCGACGCCCAACCGGTATCAGCTCACTCAAAGGCGGTAATACGGTTATCC

ACAGAATCAGGGGATAACGCAGGAAAGAACATGTGAGCAAAAGGCCAGCAA

AAGGCCAGGAACCGTAAAAAGGCCGCGTTGCTGGCGTTTTTCCATAGGCTCC

GCCCCCCTGACGAGCATCACAAAAATCGACGCTCAAGTCAGAGGTGGCGAA

ACCCGACAGGACTATAAAGATACCAGGCGTTTCCCCCTGGAAGCTCCCTCGT

GCGCTCTCCTGTTCCGACCCTGCCGCTTACCGGATACCTGTCCGCCTTTCTCCC

TTCGGGAAGCGTGGCGCTTTCTCATAGCTCACGCTGTAGGTATCTCAGTTCGG

TGTAGGTCGTTCGCTCCAAGCTGGGCTGTGTGCACGAACCCCCCGTTCAGCCC

GACCGCTGCGCCTTATCCGGTAACTATCGTCTTGAGTCCAACCCGGTAAGAC
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ACGACTTATCGCCACTGGCAGCAGCCACTGGTAACAGGATTAGCAGAGCGAG

GTATGTAGGCGGTGCTACAGAGTTCTTGAAGTGGTGGCCTAACTACGGCTAC

ACTAGAAGGACAGTATTTGGTATCTGCGCTCTGCTGAAGCCAGTTACCTTCGG

AAAAAGAGTTGGTAGCTCTTGATCCGGCAAACAAACCACCGCTGGTAGCGGT

GGTTTTTTTGTTTGCAAGCAGCAGATTACGCGCAGAAAAAAAGGATTTCAAG

AAGATCCTTTGATCTTTTCTACGGGGTCTGACGCTCAGTGGAACGAAAACTCA

CGTTAAGGGATTTTGGTCATGAGATTATCAAAAAGGATCTTCACCTAGATCCT

TTTATAGTCCGGAATCGTCACACAAAAAACCAACACACAGATGTAATGAAAA

TAAAGATATTTTATTGCGGCCATCGTGATGGCTAGAGTTTAGCCCTCCCACAC

ATAACCAGAGGGCAGCAATTCACGAATCCCAACTGCCGTCGGCTGTCCATCA

CTGTCCTTCACTATGGCTTTGATCCCAGGATGCAGATCGAGAAGCACCTGTCG

GCACCGTCCGCAGGGGCTCAAGATGCCCCTGTTCTCATTTCCGATCGCGACG

ATACAAGTCAGGTTGCCAGCTGCCGCAGCAGCAGCAGTGCCCAGCACCACGA

GTTCTGCACAAGGTCCCCCAGTAAAATGATATACATTGACACCAGTGAAGAT

GCGGCCGTCGCTAGAGAGAGCTGCGCTGGCGACGCTGTAGTCTTCAGAGATG

GGGATGCTGTTGATTGTAGCCGTTGCTCTTTCAATGAGGGTGGATTCTTCTTG

AGACAAAGGCTTGGCCATGGTGGCGCTAGTGTCAGAAGAATCGAGCTTTTTG

CAAAAGCCTAGGCCTCCAAAAAAGCCTCCTCACTACTTCTGGAATAGCTCAG

AGGCCGAGGCGGCCTCGGCCTCTGCATAAATAAAAAAAATTAGTCAGCCATG

GGGCGGAGAATGGGCGGAACTGGGCGGAGTTAGGGGCGGGATGGGCGGAGT

TAGGGGCGGGACTATGGTTGCTGACTAATTGAGATGCATGCTTTGCATACTTC

TGCCTGCTGGGGAGCCTGGGGACTTTCCACACCTGGTTGCTGACTAATTGAGA

TGCATGCTTTGCATACTTCTGCCTGCTGGGGAGCCTGGGGACTTTCCACACCC

TAACTGACACACATTCCACAGCTGGTTCTTTCCGCCTCAGAAGGTACCTAACC

AAGTTCCTCTTTCAGAGGTTATTTCAGGCCATGGTGCTGCGCAAGACGCGTTA

ATTAAGACGTCGGCAGTGAAAAAAATGCTTTATTTGTGAAATTTGTGATGCTA

TTGCTTTATTTGTAACCATTATAAGCTGCAATAAACAAGTTAACAACAACAAT

TGCATTCATTTTATGTTTCAGGTTCAGGGGGAGGTGTGGGAGGTTTTTTAAAG

CAAGTAAAACCTCTACAAATGTGGTATGGCTGATTATGATCCGCGGCCGCAA

TACGTCGACGTTATCAGCTGACTTCGTACGAGAGCCTAGGATTATGGCGCGC

CACTAGTTATTAATAGTAATCAATTACGGGGTCATTAGTTCATAGCCCATATA

TGGAGTTCCGCGTTACATAACTTACGGTAAATGGCCCGCCTGGCTGACCGCC

CAACGACCCCCGCCCATTGACGTCAATAATGACGTATGTTCCCATAGTAACG

CCAATAGGGACTTTCCATTGACGTCAATGGGTGGAGTATTTACGGTAAACTG

CCCACTTGGCAGTACATCAAGTGTATCATATGCCAAGTCCGCCCCCTATTGAC

GTCAATGACGGTAAATGGCCCGCCTGGCATTATGCCCAGTACATGACCTTAC

GGGACTTTCCTACTTGGCAGTACATCTACGTATTAGTCATCGCTATTACCATG

GTGATGCGGTTTTGGCAGTACACCAATGGGCGTGGATAGCGGTTTGACTCAC

GGGGATTTCCAAGTCTCCACCCCATTGACGTCAATGGGAGTTTGTTTTGGCAC

CAAAATCAACGGGACTTTCCAAAATGTCGTAATAACCCCGCCCCGTTGACGC

AAATGGGCGGTAGGCGTGTACGGTGGGAGGTCTATATAAGCAGAGCTGGTTT

AGTGAACCGTCAGATCACTAGAATCTTTATTGCGGTAGTTTATCACAGTTAAA

TTGCTAACGCAGTCAGTGCTTCTGACACAACAGTCTCGAACTTAAGCTGCAG

AAGTTGGTCGTGAGGCACTGGGCAGGTAAGTATCAA. 
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Figure 7. 2. Plasmid map of the LgBiT-mini-Gαi plasmid used for the nanoluciferase 

assays. The complete sequence of the plasmid is:  

>AGTGAACCGTCAGATCGCCCATTTAGGTGACACTATAGAATACAAGCTACT

TGTTCTTTTTGCAGCTAGCGCTCACCATGGTCTTCACACTCGAAGATTTCGTTG

GGGACTGGGAACAGACAGCCGCCTACAACCTGGACCAAGTCCTTGAACAGG

GAGGTGTGTCCAGTTTGCTGCAGAATCTCGCCGTGTCCGTAACTCCGATCCAA

AGGATTGTCCGGAGCGGTGAAAATGCCCTGAAGATCGACATCCATGTCATCA

TCCCGTATGAAGGTCTGAGCGCCGACCAAATGGCCCAGATCGAAGAGGTGTT
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TAAGGTGGTGTACCCTGTGGATGATCATCACTTTAAGGTGATCCTGCCCTATG

GCACACTGGTAATCGACGGGGTTACGCCGAACATGCTGAACTATTTCGGACG

GCCGTATGAAGGCATCGCCGTGTTCGACGGCAAAAAGATCACTGTAACAGGG

ACCCTGTGGAACGGCAACAAAATTATCGACGAGCGCCTGATCACCCCCGACG

GCTCCATGCTGTTCCGAGTAACCATCAACAGTGGGAGCTCCGGTGGTGGCGG

GAGCGGAGGTGGAGGCTCGAGCGGTATTGAAAAGCAACTGCAGAAAGACAA

ACAAGTCTACCGGGCCACGCATCGACTGTTGCTCCTCGGTGCAGACAACTCC

GGGAAGTCCACCATAGTCAAACAGATGCGCATCCTTCACGGGGGGTCCGGTG

GTAGTGGAGGTACAAGCGGCATCTTTGAGACCAAATTCCAGGTGGATAAAGT

AAATTTCCATATGTTCGATGTGGGGGGCCAAAGAGATGAGCGGAGAAAGTGG

ATTCAATGCTTCAATGACGTGACCGCCATTATATTTGTTGTAGATTCCTCAGA

TTACAATAGATTGCAAGAAGCACTTAATGACTTTAAGTCTATTTGGAACAATA

GGTGGTTGCGAACCATATCAGTAATACTCTTTTTGAATAAGCAGGACTTGCTG

GCCGAGAAAGTACTCGCAGGTAAAAGTAAGATCGAGGACTACTTCCCTGAAT

TTGCCCGATATACCACTCCAGAAGATGCGACACCGGAACCTGGGGAAGATCC

TAGAGTAACAAGGGCGAAATACTTTATCCGAGATGAGTTCTTGAGGATTTCA

ACCGCGAGCGGCGATGGCAGACATTATTGTTATCCGCACTTCACATGTGCCGT

GGATACAGAGAACGCGCGGAGAATCTTTAACGATGTTACGGACATTATAATT

AAGATGAACCTGCGCGACTGTGGCCTCTTTTAGGGATCCTCTAGAAACACCT

AGGCTCTCGTACGAAGTCAGCTGATAACGTCGACGTATTGCGGCCGCGGATC

ATAATCAGCCATACCACATTTGTAGAGGTTTTACTTGCTTTAAAAAACCTCCC

ACACCTCCCCCTGAACCTGAAACATAAAATGAATGCAATTGTTGTTGTTAACT

TGTTTATTGCAGCTTATAATGGTTACAAATAAAGCAATAGCATCACAAATTTC

ACAAATAAAGCATTTTTTTCACTGCCGACGTCACGCGTCTTGCGCAGCACCAT

GGCCTGAAATAACCTCTGAAAGAGGAACTTGGTTAGGTACCTTCTGAGGCGG

AAAGAACCAGCTGTGGAATGTGTGTCAGTTAGGGTGTGGAAAGTCCCCAGGC

TCCCCAGCAGGCAGAAGTATGCAAAGCATGCATCTCAATTAGTCAGCAACCA

GGTGTGGAAAGTCCCCAGGCTCCCCAGCAGGCAGAAGTATGCAAAGCATGC

ATCTCAATTAGTCAGCAACCATAGTCCCGCCCCTAACTCCGCCCATCCCGCCC

CTAACTCCGCCCAGTTCCGCCCATTCTCCGCCCCATGGCTGACTAATTTTTTTT

ATTTATGCAGAGGCCGAGGCCGCCTCGGCCTCTGAGCTATTCCAGAAGTAGT

GAGGAGGCTTTTTTGGAGGCCTAGGCTTTTGCAAAAAGCTCGATTCTTCTGAC

ACTAGCGCCACCATGAAGAAGCCCGAACTCACCGCTACCAGCGTTGAAAAAT

TTCTCATCGAGAAGTTCGACAGTGTGAGCGACCTGATGCAGTTGTCGGAGGG

CGAAGAGAGCCGAGCCTTCAGCTTCGATGTCGGCGGACGCGGCTATGTACTG

CGGGTGAATAGCTGCGCTGATGGCTTCTACAAAGACCGCTACGTGTACCGCC

ACTTCGCCAGCGCTGCACTACCCATCCCCGAAGTGTTGGACATCGGCGAGTT

CAGCGAGAGCCTGACATACTGCATCAGTAGACGCGCCCAAGGCGTTACTCTC

CAAGACCTCCCCGAAACAGAGCTGCCTGCTGTGTTACAGCCTGTCGCCGAAG

CTATGGATGCTATTGCCGCCGCCGACCTCAGTCAAACCAGCGGCTTCGGCCC

ATTCGGGCCCCAAGGCATCGGCCAGTACACAACCTGGCGGGATTTCATTTGC

GCCATTGCTGATCCCCATGTCTACCACTGGCAGACCGTGATGGACGACACCG

TGTCCGCCAGCGTAGCTCAAGCCCTGGACGAACTGATGCTGTGGGCCGAAGA

CTGTCCCGAGGTGCGCCACCTCGTCCATGCCGACTTCGGCAGCAACAACGTC

CTGACCGACAACGGCCGCATCACCGCCGTAATCGACTGGTCCGAAGCTATGT
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TCGGGGACAGTCAGTACGAGGTGGCCAACATCTTCTTCTGGCGGCCCTGGCT

GGCTTGCATGGAGCAGCAGACTCGCTACTTCGAGCGCCGGCATCCCGAGCTG

GCCGGCAGCCCTCGTCTGCGAGCCTACATGCTGCGCATCGGCCTGGATCAGC

TCTACCAGAGCCTCGTGGACGGCAACTTCGACGATGCTGCCTGGGCTCAAAG

CCGCTGCGATGCCATCGTCCGCAGCGGGGCCGGCACCGTCGGTCGCACACAA

ATCGCTCGCCGGAGCGCAGCCGTATGGACCGACGGCTGCGTCGAGGTGCTGG

CCGACAGCGGCAACCGCCGGCCCAGTACACGACCGCGCGCTAAGGAGGTAG

GTCGAGTTTAGACTCTAGCCATCACGATGGCCGCAATAAAATATCTTTATTTT

CATTACATCTGTGTGTTGGTTTTTTGTGTGACGATTCCGGACTATAAAAGGAT

CTAGGTGAAGATCCTTTTTGATAATCTCATGACCAAAATCCCTTAACGTGAGT

TTTCGTTCCACTGAGCGTCAGACCCCGTAGAAAAGATCAAAGGATCTTCTTGA

AATCCTTTTTTTCTGCGCGTAATCTGCTGCTTGCAAACAAAAAAACCACCGCT

ACCAGCGGTGGTTTGTTTGCCGGATCAAGAGCTACCAACTCTTTTTCCGAAGG

TAACTGGCTTCAGCAGAGCGCAGATACCAAATACTGTCCTTCTAGTGTAGCC

GTAGTTAGGCCACCACTTCAAGAACTCTGTAGCACCGCCTACATACCTCGCTC

TGCTAATCCTGTTACCAGTGGCTGCTGCCAGTGGCGATAAGTCGTGTCTTACC

GGGTTGGACTCAAGACGATAGTTACCGGATAAGGCGCAGCGGTCGGGCTGAA

CGGGGGGTTCGTGCACACAGCCCAGCTTGGAGCGAACGACCTACACCGAACT

GAGATACCTACAGCGTGAGCTATGAGAAAGCGCCACGCTTCCCGAAGGGAG

AAAGGCGGACAGGTATCCGGTAAGCGGCAGGGTCGGAACAGGAGAGCGCAC

GAGGGAGCTTCCAGGGGGAAACGCCTGGTATCTTTATAGTCCTGTCGGGTTTC

GCCACCTCTGACTTGAGCGTCGATTTTTGTGATGCTCGTCAGGGGGGCGGAGC

CTATGGAAAAACGCCAGCAACGCGGCCTTTTTACGGTTCCTGGCCTTTTGCTG

GCCTTTTGCTCACATGTTCTTTCCTGCGTTATCCCCTGATTCTGTGGATAACCG

TATTACCGCCTTTGAGTGAGCTGATACCGGTTGGGCGTCGCTTGGTCGGTCAT

TTCGAATCAGAAGAACTCGTCAAGAAGGCGATAGAAGGCGATGCGCTGCGA

ATCGGGAGCGGCGATACCGTAAAGCACGAGGAAGCGGTCAGCCCATTCGCC

GCCAAGCTCTTCAGCAATATCACGGGTAGCCAACGCTATGTCCTGATAGCGG

TCCGCCACACCCAGCCGGCCACAGTCGATGAATCCAGAAAAGCGGCCATTTT

CCACCATGATATTCGGCAAGCAGGCATCGCCATGGGTCACGACGAGATCCTC

GCCGTCGGGCATGCGCGCCTTGAGCCTGGCGAACAGTTCGGCTGGCGCGAGC

CCCTGATGCTCTTCGTCCAGATCATCCTGATCGACAAGACCGGCTTCCATCCG

AGTACGTGCTCGCTCGATGCGATGTTTCGCTTGGTGGTCGAATGGGCAGGTA

GCCGGATCAAGCGTATGCAGCCGCCGCATTGCATCAGCCATGATGGATACTT

TCTCGGCAGGAGCAAGGTGAGATGACAGGAGATCCTGCCCCGGCACTTCGCC

CAATAGCAGCCAGTCCCTTCCCGCTTCAGTGACAACGTCGAGCACAGCTGCG

CAAGGAACGCCCGTCGTGGCCAGCCACGATAGCCGCGCTGCCTCGTCCTGCA

GTTCATTCAGGGCACCGGACAGGTCGGTCTTGACAAAAAGAACCGGGCGCCC

CTGCGCTGACAGCCGGAACACGGCGGCATCAGAGCAGCCGATTGTCTGTTGT

GCCCAGTCATAGCCGAATAGCCTCTCCACCCAAGCGGCCGGAGAACCTGCGT

GCAATCCATCTTGTTCAATCATGATCTGCCTCCTGGGTTTAGTTCCTCACCTTG

TCGTATTATACTATGCCGATATACTATGCCGATGATTAATTGTCAACAGTATT

AGAATTCGATTTGACCTCCCACCGTACACGCCTACCGCCCATTTGCGTCAACG

GGGCGGGGTTATTACGACATTTTGGAAAGTCCCGTTGATTTTGGTGCCAAAAC

AAACTCCCATTGACGTCAATGGGGTGGAGACTTGGAAATCCCCGTGAGTCAA
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ACCGCTATCCACGCCCATTGGTGTACTGCCAAAACCGCATCACCATGGTAAT

AGCGATGACTAATACGTAGATGTACTGCCAAGTAGGAAAGTCCCGTAAGGTC

ATGTACTGGGCATAATGCCAGGCGGGCCATTTACCGTCATTGACGTCAATAG

GGGGCGGACTTGGCATATGATACACTTGATGTACTGCCAAGTGGGCAGTTTA

CCGTAAATACTCCACCCATTGACGTCAATGGAAAGTCCCTATTGGCGTTACTA

TGGGAACATACGTCATTATTGACGTCAATGGGCGGGGGTCGTTGGGCGGTCA

GCCAGGCGGGCCATTTACCGTAAGTTATGTAACGCGGAACTCCATATATGGG

CTATGAACTAATGACCCCGTAATTGATTACTATTAATAACTAGTGGCGCGCCA

GGGAGGCCTATATAAGCAGAGCTGGTTT.  
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7.11 Calcium uptake assays 

STHdhQ7/Q7 neuronal cells were seeded at 20,000 cells per well in black clear-

bottom 96-well plates in the differentiation cocktail. Neurons were incubated at 37°C for 

4 h to allow adherence to the plate and promote differentiation to a mature neuron-like 

phenotype. Conditioned media from microglia was applied to the STHdhQ7/Q7 cells for a 

total exposure of 24 h. To measure calcium uptake, the fluo-4 no wash calcium assay kit 

(Invitrogen, #F36206) was used as per the manufacturer’s protocol. Briefly, STHdhQ7/Q7 

cells were rinsed with PBS which was then replaced with 100 µL dye loading solution 

with 2.5 mM probenecid. STHdhQ7/Q7 cells were incubated at 37 °C for 1 h and a further 

30 min at room temperature. Glutamate was delivered in a 10 µL volume to a final 

concentration of 500 µM using a CLARIOstar Plus microplate reader (BMG Labtech). 

The bottom of each well was scanned in a spiral pattern every 2 s for 30 s using the fluo-

4 filter set (excitation: 488 nm, emission: 530 nm), glutamate was delivered after 10 s. To 

assess calcium uptake, the mean fluorescence for each replicate was normalized to the 

basal fluorescence (prior to glutamate injection) within the replicate. Data were presented 

as the fold-change in fluorescence compared to the baseline prior to glutamate delivery. 

 

7.12 Antibody arrays 

To assess proteins released by SIM-A9 microglia, the Proteome Profiler Mouse 

Cytokine Array Kit, Panel A was used (R&D Systems, #ARY006) was used as per the 

manufacturer’s recommendation. Briefly, microglia were seeded into clear 96-well plates 

at a density of 30,000 cells per well. Microglia were treated with vehicle (PBS), LPS 

(1000 ng/mL), IFNγ (20 ng/mL), or LPS and IFNγ in 24 technical replicates. Media from 

all replicates was pooled, centrifuged to remove particulate matter, and 500 µL of the 

conditioned media samples from each treatment group were incubated with the antibody-

spotted membranes overnight at 4°C. The membranes were analyzed using Empiria 

studio (v2.3; LI-COR) such that the positive control was used as the reference signal and 

the negative control was used as the background. The signal for each protein was 

calculated based on the pixel density relative to the reference after global subtraction of 

the background signal.   
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7.13 Statistical analysis 

Statistical significance among groups was assessed using several different 

statistical tests or by overlap between 95% confidence intervals, as indicated in specific 

figure captions. Briefly, the non-parametric Mann-Whitney test was used for single 

comparisons and the Kruskal-Wallis test with Dunn’s post-hoc test were used for 

multiple comparisons with unequal variance among groups. Brown-Forsythe and Welch 

ANOVA tests with Dunnett correction, or two-way ANOVA with Sidak correction for 

multiple comparisons as deemed appropriate based on the number of comparisons and 

normality of the data. Only p-values of less than 0.05 based on post-hoc tests or non-

overlapping confidence intervals were considered statistically significant. Sample sizes 

(n) for cell culture experiments were selected based on the expected variability from 

previous work using similar methods or using pilot experiments for cases where similar 

experiments had not been published. Sample sizes are indicated within individual figure 

legends and represent the number of independent cell culture preparations included in the 

statistical calculations. Concentration-response curves were fit using non-linear 

regression with 4-parameters to account for variable Hill coefficients using GraphPad 

Prism (v. 9.3.1). These curves were used to calculate the half maximal effective 

concentrations (EC50) and maximal effective concentrations (ECmax) for agonists, or the 

half maximal inhibitory concentration (IC50) for the different signaling inhibitors, as well 

as the minimal effect (Emin), maximum effect (Emax), and area under the curve (AUC). 
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7.14 Materials 

Table 7. 1. Details of small molecules and recombinant proteins within the thesis. Items are presented in the order 

in which they appear. 

Ligand/protein Mechanism of action Supplier Catalog # Chapter(s) 

LPS (E. coli) TLR4 agonist Sigma-Aldrich LPS25 2-6 

Mouse IFNγ IFNGR agonist Cell Signaling Technology 39127 2-6 

ACEA CB1 agonist Tocris Bioscience 1319 2,3,6 

HU-308 CB2 agonist Tocris Bioscience 3088 2,3 

CP 55,940 CB1/CB2 agonist Cayman Chemical Company 90084 2,3 

AM251 CB1 inverse agonist Tocris Bioscience 1117 2 

AM630 CB2 inverse agonist Tocris Bioscience 1120 2 

SR144528 CB2 inverse agonist Tocris Bioscience 5039 2,4,6 

HU-308 CB2 agonist Dalton Pharma Services N/A 4 

HU-433 CB2 agonist Dalton Pharma Services N/A 4 

LPS (K. pneumoniae) TLR4 agonist Sigma-Aldrich L4268 5 

LPS (A. muciniphila) TLR4 agonist Sigma-Aldrich SBR00027 5 

TAK-242 TLR4 inhibitor Sigma-Aldrich 614316 5,6 

Ruxolitinib JAK1/2 inhibitor Cell Signaling Technology 83405S 5,6 

Glutamic acid Pan-glutamate receptor agonist Tocris Bioscience 0218 5 

SP 600125 JNK1/2/3 inhibitor Tocris Bioscience 1496 5,6 

LY294002 PI3Kα/β/δ inhibitor Tocris Bioscience 1130 5,6 

U0126 MEK1/2 inhibitor Cell Signaling Technology 9903S 5,6 

PP-242 mTORC1/2 inhibitor Tocris Bioscience 4257 5,6 

6

1
7
7
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Ligand/protein Mechanism of action Supplier Catalog # Chapter(s) 

IKK-16 IKKα/β inhibitor Tocris Bioscience 2539 5,6 

SB 203580 p38 inhibitor Tocris Bioscience 1202 5,6 

1400W iNOS inhibitor Sigma-Aldrich 100050 5 

Mouse TNF TNFR1/2 agonist Cell Signaling Technology 24095 6 

Staurosporine Nonselective kinase inhibitor Tocris Bioscience 1285 6 

Necrostatin-1 Inhibitor of RIP1 kinase Cayman Chemical Company 11658 6 

Dopamine Pan-dopamine receptor agonist Tocris Bioscience 3548 6 

CGS 21680 A2A agonist Tocris Bioscience 1063 6 

NMDA NMDAR agonist Cayman Chemical Company 14581 6 

 

6

1
7
8
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Table 7. 2. Details of the primers used for reverse transcription quantitative PCR (RT-

qPCR) within the thesis. Primers are presented in the order in which they first appear as 

many primers are used in multiple chapters. 

Gene of interest 

(protein) 

Sequence Amplicon 

size (bp) 

Cnr1 (CB1) For: 5’-AAGTCGATCTTAGACGGCCTT-3’ 

Rev: 5’-TCCTAATTTGGATGCCATGTCTC-3’ 

123 

Cnr2 (CB2) For: 5’-ACGGTGGCTTGGAGTTCAAC-3’ 

Rev: 5’-GCCGGGAGGACAGGATAAT-3’ 

147 

Napepld (NAPE-PLD) For: 5’-AGCGCCAAGCTATCAGTATCC-3’ 

Rev: 5’-ACGTCCTCCTCTAGTCTGTAATC-3’ 

132 

Faah (FAAH) For: 5’-GTATCGCCAGTCCGTCATTG-3’ 

Rev: 5’-GCCTATACCCTTTTTCATGCCC-3’ 

274 

Dagla (DAGLα) For: 5’-GTCCTGCCAGCTATCTTCCTC-3’ 

Rev: 5’-CGTGTGGGTTATAGACCAAGC-3’ 

91 

Daglb (DAGLβ) For: 5’- AGCGACGACTTGGTGTTCC-3’ 

Rev: 5’- GCTGAGCAAGACTCCACCG-3’ 

126 

Mgll (MAGL) For: 5’-CGGACTTCCAAGTTTTTGTCAGA-3’ 

Rev: 5’-GCAGCCACTAGGATGGAGATG-3’ 

127 

Nos2 (iNOS) For: 5’-CCGAAGCAAACATCACATTCA-3’ 

Rev: 5’-GGTCTAAAGGCTCCGGGCT-3’ 

101 

Tnf (TNF) For: 5’-GGTGCCTATGTCTCAGCCTCTT-3’ 

Rev: 5’-GCCATAGAACTGATGAGAGGGAG-3’ 

139 

Il1b (IL-1β) For: 5’-TGGACCTTCCAGGATGAGGACA-3’ 

Rev: 5’-GTTCATCTCGGAGCCTGTAGTG-3’ 

145 

Il6 (IL-6) For: 5’-GGCCTTCCCTACTTCACAAG-3’ 

Rev: 5’-ATTTCCACGATTTCCCAGAG-3’ 

126 

Eef1a1 (EF1α) For: 5’-TAGACGAGGCAATGTTGCTG-3’ 

Rev: 5’-AGCGTAGCCAGCACTGATTT-3’ 

115 

B2m (B2M) For: 5’-TGGTGCTTGTCTCACTGACC-3’ 

Rev: 5’-TATGTTCGGCTTCCCATTCT-3’ 

98 

Tlr4 (TLR4) 

 

For: 5’-ATGGCATGGCTTACACCACC-3’ 

Rev: 5’-GAGGCCAATTTTGTCTCCACA-3’ 

129 

Ifngr1 (IFNGR1) 

 

For: 5’-GTGGAGCTTTGACGAGCACT-3’ 

Rev: 5’-ATTCCCAGCATACGACAGGGT-3’ 

105 

Ccl2 (CCL2) 

 

For: 5’-TTAAAAACCTGGATCGGAACCAA-3’ 

Rev: 5’-GCATTAGCTTCAGATTTACGGGT-3’ 

121 

Faslg (FASLG) 

 

For: 5’-CACTGACATACCCAAACTTGTGC-3’ 

Rev: 5’-GTCCCATGTTATTCTTTGCCCAT-3’ 

145 
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Gene of interest 

(protein) 

Sequence Amplicon 

size (bp) 

Csf3 (G-CSF) 

 

For: 5’-ATGGCTCAACTTTCTGCCCAG-3’ 

Rev: 5’-CTGACAGTGACCAGGGGAAC-3’ 

249 

Tgfb1 (TGFB1) 

 

For: 5’-GTGCCCGAACCCCCATTGCT-3’ 

Rev: 5’-CGTTTGGGGCTGATCCCGTTGAT-3’ 

299 

Cd11b (CD11b) 

 

For: 5’-ATGGACGCTGATGGCAATACC-3’ 

Rev: 5’-TCCCCATTCACGTCTCCCA-3’ 

203 

Sirpa (SIRPα) 

 

For: 5’-CTCTCCGCGTCCTGTTTCTG-3’ 

Rev: 5’-TCTGTACCACCTAATGGGTCC-3’ 

153 

Cx3cr1 (CX3CR1) For: 5’-GAGTATGACGATTCTGCTGAGG-3’ 

Rev: 5’-CAGACCGAACGTGAAGACGAG-3’ 

102 

P2ry12 (P2RY12) For: 5’-CCCTGTGCGTCAGAGACTAC-3’ 

Rev: 5’-CAAGCTGTTCGTGATGAGCC-3’ 

92 

Drd2 (D2) For: 5’-ACCTGTCCTGGTACGATGATG-3’ 

Rev: 5’-GCATGGCATAGTAGTTGTAGTGG-3’ 

105 

Adora2a (A2A) 

 

For: 5’-GCCATCCCATTCGCCATCA-3’ 

Rev: 5’-GCAATAGCCAAGAGGCTGAAGA-3’ 

122 

Tnfrsf1a (TNFR1) For: 5’-CCGGGAGAAGAGGGATAGCTT-3’ 

Rev: 5’-TCGGACAGTCACTCACCAAGT-3’ 

113 

Tnfrsf1b (TNFR2) For: 5’-ACACCCTACAAACCGGAACC-3’ 

Rev: 5’-AGCCTTCCTGTCATAGTATTCCT-3’ 

66 

Tnfrsf6 (FAS) For: 5’-GCGGGTTCGTGAAACTGATAA-3’ 

Rev: 5’-GCAAAATGGGCCTCCTTGATA-3’ 

61 

Il1r1 (IL1R1) For: 5’-GTGCTACTGGGGCTCATTTGT-3’ 

Rev: 5’-GGAGTAAGAGGACACTTGCGAAT-3’ 

134 

Il5ra (IL5RA) For: 5’-AGGAAGTCCTTGGTAGAATGGC-3’ 

Rev: 5’-CCTGGTCCATAGATGACACACTC-3’ 

105 

Il6ra (IL6R) For: 5’-CCTGAGACTCAAGCAGAAATGG-3’ 

Rev: 5’-AGAAGGAAGGTCGGCTTCAGT-3’ 

108 

Il11ra1 (IL11RA) For: 5’-GATCAATGTGACCGAGGTGAACC-3’ 

Rev: 5’-GTATGTCCAGCTGGCATGCAG-3’ 

151 
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Table 7. 3. Details of the primary antibodies used within the thesis. Antibodies are presented in the order in 

which they first appear. 

Antigen Host Supplier Clonality Application RRID 

CB1 receptor Mouse Santa Cruz Biotechnology Monoclonal IF AB_2889069 

CB1 receptor Rabbit Cell Signaling Technology Monoclonal ICW AB_2756361 

CB2 receptor Rabbit Cayman Chemical Company Polyclonal IF/ICW AB_10079370 

p-ERK1/2 Rabbit Cell Signaling Technology Monoclonal ICW AB_331775 

p-JNK Rabbit Cell Signaling Technology Polyclonal ICW AB_331659 

p-p38 Mouse Cell Signaling Technology Monoclonal ICW AB_331296 

p-Akt Mouse Cell Signaling Technology Monoclonal ICW AB_331158 

p-p65 Rabbit Cell Signaling Technology Monoclonal ICW AB_331284 

p-STAT1 Rabbit Cell Signaling Technology Monoclonal ICW AB_561284 

iNOS Rabbit Cell Signaling Technology Monoclonal IF AB_2687529 

COX2 Rabbit Cell Signaling Technology Monoclonal IF AB_2571729 

Cleaved 

Caspase-3 

Rabbit Cell Signaling Technology Monoclonal IF AB_2070042 

p-RIP3 Rabbit Cell Signaling Technology Monoclonal IF AB_2937060 

6

1
8
1
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Chapter 8: Discussion 

I have investigated the mechanisms by which microglia take on a pro-

inflammatory phenotype in response to LPS and IFNγ, and the mechanisms by which 

microglia may induce neuronal dysfunction or death. This thesis represents a contribution 

to a rapidly growing field at the interface of neuroscience and immunology. Traditional 

approaches to the treatment of neurodegeneration have involved drugs that directly target 

neuronal processes such as mitochondrial function and autophagy. Although this 

approach may still yield a benefit in the future, there is accumulating evidence to suggest 

that drugs traditionally used to treat immunological disorders may also be useful for 

neurological disorders. Currently emerging targets in the field of neuroimmune 

pharmacology, not explored within this thesis, include the complement cascade as well as 

mechanisms of neuron-glia communication. Herein, the major questions and future 

directions that stem directly from this work will be addressed as well as some anticipated 

future directions in the field of neuroimmunology as whole. 

 

8.1 Future directions of this research 

This thesis provides some new findings with respect to the pro-inflammatory 

activity of microglia and the secondary effects on neurons. Cultured immortalized 

microglia were differentially activated by LPS and IFNγ and these molecules acted 

synergistically via a JAK1/2-dependent mechanism. Among all cytokines released by the 

activated microglia, TNF was determined to be specifically responsible for the neurotoxic 

effects of microglial media on cultured neuronal cells. Early phosphorylation of neuronal 

ERK1/2, Akt, and CREB ultimately culminated in neuronal death by a combination of 

apoptosis and necroptosis. These pro-death effects were enhanced in STHdhQ111/Q111 cells 

which indicated that mHTT sensitized the cells to inflammatory factors.  

Based on the results within this thesis, there are several open questions that are 

worthy of further exploration to improve our understanding of microglia and the potential 

contributions of these cells to neurodegeneration. Three of the most compelling among 

these questions include: 1) How does JAK1/2 regulate the pro-inflammatory activity of 

microglia? 2) What are the soluble factors required to potentiate the neurotoxic effects of 
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microglial-secreted TNF? 3) What are the major determinants of whether these findings 

will be relevant in vivo? 

 

8.1.1. Regulation of microglia by JAK1/2 

We observed the blockade of JAK1/2 by the nonselective JAK inhibitor, 

ruxolitinib, suppressed the pro-inflammatory activity of microglia in response to LPS and 

IFNγ (Chapter 5). This was an unexpected finding as LPS acts on TLR4 and the 

canonical pro-inflammatory effects of TLR4 are not dependent on JAK-mediated 

signaling. Subsequently, we determined that of all canonical signaling pathways 

downstream of TLR4 and IFNGR, JAK1/2 were the only proteins that could be safely 

inhibited in microglia as well as neurons and not enhance neuronal death (Chapter 6). 

This indicated that blockade of JAK1/2 suppressed the pro-inflammatory activity of 

microglia, and that neuronal JAK1/2 was not required to promote cell survival. These 

findings highlight JAK1/2 as a potential target for neuroinflammation. 

It has been previously demonstrated that LPS could stimulate the release of 

cytokines from macrophages which then act in an autocrine or paracrine manner to 

subsequently activate JAK-STAT signaling (Carl et al. 2004; Pattison et al. 2012). These 

secondary JAK-dependent effects of LPS could then be blocked by ruxolitinib (Pattison 

et al. 2012). Ruxolitinib also inhibited the response of ex vivo human lung macrophages 

to LPS and prevented the release of TNF, IL-6 and several other cytokines and 

chemokines (Mantov et al. 2022). In the experiments within this thesis, microglia were 

co-incubated over the course of 16 h so the effects of ruxolitinib on the direct early LPS-

mediated effects cannot be ascertained. Thus, it cannot be ruled out that inhibition of 

JAK1/2 in microglia prevented the secondary response to secreted factors rather than the 

LPS treatment itself. We observed that LPS induced the biphasic activation of several 

signaling pathways including ERK, JNK, p38, and Akt (Chapter 4). Time-course 

experiments to assess the effects of JAK1/2 inhibition on the time-course of LPS-

dependent signaling would shed light on the mechanism by which JAK1/2 regulates pro-

inflammatory activity of microglia downstream of TLR4 activation. 
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The ideal strategy to target JAK-mediated signaling will depend on the 

cytokines that are responsible for microglial activation or neuronal death. IFNγ and IL-6 

both rely on JAK1 and JAK2 to facilitate pro-inflammatory signaling (Schwartz et al. 

2017). Next-generation selective JAK inhibitors are in development to regulate 

inflammation with reduced adverse effects. Selective JAK2 inhibition prevented the 

IFNγ-mediated release of NO and TNF from primary microglia derived from wild-type as 

well as AD mice (Jones et al. 2015). A brain-penetrant JAK2 inhibitor also suppressed 

microglial activation in a mouse model of metastatic brain cancer (Jin et al. 2022). These 

data suggest that selective inhibition of JAK2 could treat neuroinflammation without the 

need to inhibit JAK1. This may reduce adverse effects of nonselective JAK inhibition. 

 

8.1.2. Potentiation of neurotoxicity by TNF 

We observed that recombinant TNF, when presented alone, had no effect on 

neuronal viability. However, TNF was the primary determinant of neuronal death when 

presented with other factors secreted by microglia in response to LPS and IFNγ (Chapter 

6). This suggests that other proteins are required to unmask the harmful effects of TNF on 

neurons. Based on current knowledge of cytokine-induced cell death, some potential 

candidates include IFNγ, IL-1β, and IL-6. TNF and IFNγ induced cell death in bone 

marrow-derived macrophages by a mixture of pyroptosis, apoptosis, and necroptosis 

(known as PANoptosis) whereas no other combinations had the same effect among TNF, 

IL-1α, IL-1β, IL-2, IL-6, IL-15, IL-18, and IFNγ (Karki et al. 2021). In this work, TNF 

produced by macrophages and IFNγ produced by natural killers induced cytokine shock 

with subsequent damage to the lungs and gut in mice. These effects were dependent on 

STAT1 which is downstream of JAK1/2 (Karki et al. 2021). In neuronal cultures, IFNγ 

was shown to have no direct effect on neuronal viability but induced neuronal death when 

neurons were co-cultured with glia (Mount et al. 2007). Although the involvement of 

TNF was not tested, IFNγ induces TNF release from microglia which could have been 

subsequently potentiated by IFNγ (Chhor et al. 2013). An earlier study using whole-brain 

primary co-cultures demonstrated that TNF and IL-1β induced neuronal damage whereas 

neither cytokine alone had an effect (Chao et al. 1995). However, this appeared to be 
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dependent on NO release from activated astrocytes rather than a direct effect on neurons. 

We found that IL-6 was the most upregulated cytokine by microglia in terms of fold-

change upon LPS and IFNγ treatment (Chapter 6). IL-6 has enhanced the TNF-induced 

apoptosis of multiple cancer cell lines (Sano et al. 2021). These reports suggest that there 

is complex interplay among TNF, IFNγ, IL-1β, and IL-6 and that two or more of these 

proteins may be required to mediate neuronal death. 

 

8.1.3. Considerations for the translation of these findings 

There are a plethora of factors that must be considered with respect to the 

translatability of in vitro results to an in vivo model. In particular for this work, the role of 

astrocytes in microglia-mediated neuron death are unclear based on the conditioned 

media model. Secondly, appropriate pharmacological strategies must also be employed to 

target cytokines for neuroinflammation. It is generally not detrimental to completely 

remove a cytokine for in vitro experiments, however, cytokines are pleiotropic molecules 

and must be targeted carefully in vivo. 

We observed that secreted factors from microglia induced secondary neuronal 

damage in vitro, however, astrocytes have also demonstrated neuroprotective and 

neurotoxic properties. It is unclear whether the presence of astrocytes would be likely to 

enhance or reduce secondary neuronal death in response to LPS and IFNγ. The pro-

inflammatory astrocyte (A1) phenotype requires the presence of TNF, IL-1α, and C1q 

released by microglia (Liddelow et al. 2017). These A1 astrocytes can induce neuronal 

damage via secretion of specific saturated lipids (Nagai et al. 2007; Guttenplan et al. 

2020a, 2021). Global knockdown of TNF, IL-1α, and complement component 1q (C1q) 

prevented the formation of A1 astrocytes and slowed disease progression in a mouse 

model of ALS (Guttenplan et al. 2020b). This suggests that microglial activation of 

astrocytes enhances neuronal damage. Astrocytes have been shown to exhibit 

neuroprotective activity in vivo and in vitro through mechanisms that primarily relate to 

attenuation of excitotoxicity (Ye and Sontheimer 1998; Lamigeon et al. 2001; Zhang et 

al. 2016). As neuronal death in this work was mediated by cytokines rather than 
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excitotoxicity, it would be likely that the introduction of astrocytes would enhance 

secondary neuronal damage by microglia rather than reduce damage. 

Cytokines are pleiotropic molecules that can contribute to tissue damage but are 

also useful for homeostatic physiological processes. TNF deficiency has been associated 

with increased tumour growth as well as a compensatory increase in other pro-

inflammatory cytokines (Li et al. 2009; Tuazon Kels et al. 2020). The blockade of TNF 

signaling via TNFR1 has demonstrated benefits in a humanized mouse model of MS 

(Williams et al. 2018). However, a clinical trial of etanercept in human MS patients 

revealed a worsening of symptoms by the treatment (Group 1999; Sicotte and Voskuhl 

2001). It has since become clear that TNF signaling via TNFR2 is neuroprotective in 

animal models of MS which has highlighted a mechanism whereby too little TNF 

exacerbates the disease (Fischer et al. 2019; Ortí-Casañ et al. 2022; Pegoretti et al. 2023). 

Ultimately, it will be important to understand the pleiotropic properties of cytokines and 

target them appropriately to treat neurodegeneration. For cytokines with multiple 

receptors such as TNF, this may involve the use of selective receptor antagonists rather 

than removal of the cytokine. 

 

8.2 Targeting neuronal cells for neurodegeneration 

There are ongoing efforts to develop drugs that directly target neuronal 

processes to prevent neurodegeneration. Two of these processes include mitochondrial 

metabolism and autophagy. These processes are dysregulated during neurodegeneration 

and pharmacological strategies to correct them have shown promise.  

Neurons require large amounts of energy to regulate synaptic plasticity, 

synthesize neurotransmitters, and maintain electrical conductivity. The primary energy 

source of neurons is ATP which is produced through oxidative phosphorylation in the 

mitochondria. Mitochondrial function is impaired during neurodegeneration and has been 

linked to the dysfunction of several GTPases in AD (Koshiba et al. 2004; Wang et al. 

2009). Neuronal mitochondria in these contexts exhibit proton leakage, lowered oxidative 

capacity, and increased production of reactive oxygen species (Kim et al. 2018). This 

may also sensitize neurons to the reactive oxygen and nitrogen species released by 
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microglia as inhibition of mitochondrial respiration by such molecules can induce 

neuronal death (Brown and Vilalta 2015). Suppression of mitochondrial calcium uptake 

via blockade of the mitochondrial calcium uniporter has shown to be neuroprotective 

against oxygen-glucose deprivation in vitro as well as in vivo (Baughman et al. 2011; 

Novorolsky et al. 2020; Woods et al. 2023). Resveratrol and number of other antioxidants 

such as coenzyme Q10 have been used to suppress the production of reactive oxygen 

species and have shown therapeutic benefit in mouse models of AD and PD and a human 

iPSC-derived model of ALS (Ghosh et al. 2010; Dumont et al. 2011; McManus et al. 

2011; Zhelev et al. 2013; Stefanova et al. 2016; Kolosova et al. 2017; Pavshintsev et al. 

2017; Yu et al. 2020; Yadav et al. 2022). 

Neuronal autophagy is a catabolic mechanism to clear protein aggregates and 

functionally compromised organelles, and defective autophagy has been linked to the 

degeneration of axons and dendrites (Yang et al. 2013). Autophagy is stimulated by 

AMP-activated protein kinase (AMPK) and inhibited by mTOR which has established 

these pathways as therapeutic targets to manipulate this process (Liang et al. 2007; Chang 

et al. 2009; Kim et al. 2011). Rapamycin is an mTOR inhibitor and a potent inducer of 

autophagy in cultured neurons as well as in animal models of neurodegeneration (Sarkar 

et al. 2009; Rubinsztein and Nixon 2010). Rapamycin treatment improved lifespan in 

both wild-type and AD mice and improved cognitive performance and reduced the Aβ-

plaque load in AD mice (Harrison et al. 2009; Spilman et al. 2010; Caccamo et al. 2010). 

Rapamycin has also reduced the loss of dopaminergic neurons in a mouse model of PD 

and improved motor coordination in animal models of PD and HD (Ravikumar et al. 

2004; Malagelada et al. 2010; Bai et al. 2015). We determined that inhibition of mTOR 

using an experimental inhibitor, PP-242, was effective to suppress the microglial 

production of reactive nitrogen species (Chapters 5 and 6) and improve cell viability in 

the STHdhQ111/Q111 cellular model of HD (Chapter 6). Although it is unclear whether 

these effects were related to autophagy, these findings were consistent with the notion 

that inhibition of mTOR may be neuroprotective. 
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8.3 Emerging targets in neuroimmune pharmacology  

There have been significant advances in recent years toward understanding the 

contributions of the immune system to neuroinflammation and neurodegeneration. 

However, the field of neuroimmunology is still relatively nascent. There are several 

emerging targets including the complement system and mechanisms of neuron-glia 

communication. There are also major open questions such as how early 

neuroinflammation must be targeted to influence the course of neurodegeneration. 

 

8.3.1. The complement cascade 

The classical complement cascade has long been recognized to facilitate host 

defense by the peripheral immune system, however, the complement system is also a 

primary mechanism by which microglia eliminate synapses in the CNS (Dunkelberger 

and Song 2010; Stevens and Johnson 2021). It was originally reported that C1q was 

produced by postnatal neurons and would become localized to synapses during 

refinement of the retinogeniculate pathway (Stevens et al. 2007). It was later 

demonstrated that microglia facilitated the removal of complement-tagged and that less 

active synapses were preferentially removed whereas active synapses were preserved and 

strengthened (Schafer et al. 2012). Excessive synaptic engulfment by microglia has been 

implicated in AD, HD, and schizophrenia (Sekar et al. 2016; Hong et al. 2016; Sellgren et 

al. 2019; Wilton et al. 2021). Anti-complement drugs have been developed to reduce 

excessive synapse elimination as well as microglial pro-inflammatory activity (Zelek and 

Morgan 2022). The direct blockade of synaptic C1q using monoclonal antibodies (mAbs) 

preserved corticostriatal synapses in HD mice and reduced complement-dependent 

cytotoxicity in a mouse model of neuromyelitis optica (Phuan et al. 2013; Wilton et al. 

2021), ANX005, a C1q-neutralizing mAb produced by Annexon, Inc., recently 

completed a phase 2a trial in patients with or at risk for HD (ClinicalTrials.gov identifier: 

NCT04514367) and is currently recruiting for a phase 2a trial in ALS patients 

(ClinicalTrials.gov identifier: NCT04569435). ANX005 was well-tolerated in HD 

patients and patients exhibited stable clinical scores over the nine-month trial as opposed 

to the expected decline observed in untreated patients (Kumar et al. 2023).  
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8.3.2. Mechanisms of neuron-glia communication 

Neurons communicate with microglia as a part of the normal surveillance 

functions of microglia (Szepesi et al. 2018). Neurons present glycoproteins such as 

cluster of differentiation 200 ligand (CD200L) and C-X3-C motif ligand 1 (CX3CL1) at 

the cell surface which interact with receptors on microglia and macrophages to oppose 

pro-inflammatory activation (Hoek et al. 2000; Biber et al. 2007; Eyo and Wu 2013). 

Enhanced expression of CD200L and its receptor, CD200R, is associated with reduced 

susceptibility to experimental autoimmune encephalomyelitis in mice and reduced TNF 

production in response to LPS (Chitnis et al. 2007; Boudakov et al. 2007). 

Downregulation of CD200L and CX3CL1 and the respective receptors has been 

associated with neuroinflammation in several animal models of neurodegenerative 

disease as well as in human post-mortem AD and HD brains (Zujovic et al. 2001; Walker 

et al. 2009; Wynne et al. 2010; Pabon et al. 2011; Castro-Sánchez et al. 2018; Zhang et 

al. 2018; Kim et al. 2020; Pawelec et al. 2020). We observed a loss of mRNA for Cd200 

and Cx3cl1 in STHdhQ111/Q111 neuronal cells (Chapter 6) as well as a reduction in mRNA 

for Cx3cr1 in microglia that had been stimulated with LPS or IFNγ (Chapter 5). These 

findings suggested that mHTT may reduce the surface expression of these ligands by 

neurons, and that pro-inflammatory conditions also reduce the sensitivity of microglia to 

these signals. We have post-mortem striatal and motor cortex tissue from HD patients and 

efforts to determine the protein abundance and localization of CD200L-CD200R and 

CX3CL1-CX3CR1 are ongoing. Drugs to target these mechanisms of neuron-glia 

communication have not yet entered clinical trials, however, direct stimulation of 

CD200R and CX3CR1 has shown promise to reduce microglial activation and 

neuroinflammation in animal models of MS, PD, and natural ageing (Cardona et al. 2006; 

Cox et al. 2012; Rabaneda-Lombarte et al. 2021; Almeida et al. 2023).  

 

8.3.3. Timing of anti-inflammatory treatments 

  Arguably, one of the greatest challenges in the development of treatments for 

neurodegenerative diseases is related to the time course of potential treatments relative to 
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the onset of symptoms. As an example, with respect to AD, efforts have been largely 

concentrated on the removal of Aβ plaques using mAbs. However, the removal of 

plaques has not consistently improved cognitive function or other outcomes of the disease 

(Doody et al. 2014; Honig et al. 2018; Panza et al. 2019; Knopman et al. 2021; Decourt et 

al. 2021; Haeberlein et al. 2022). This has raised the question of whether plaques must be 

removed from the brain prior to the onset of disease to achieve clinical benefits. 

Similarly, with neuroinflammation, it is unclear how early treatments must begin relative 

to the onset of symptoms. The risk of AD is reduced by the use of NSAIDs, particularly 

ibuprofen, with the greatest benefits observed in long-term users (in t’ Veld et al. 2001; 

Vlad et al. 2008). However, trials of NSAIDs in symptomatic AD patients failed to 

produce a clinical benefit (Scharf et al. 1999; Aisen et al. 2002, 2003; Reines et al. 2004). 

This suggests that suppression of inflammation does not alter the course of AD at the 

symptomatic stage. However, it may be possible to gain a benefit from the modulation of 

inflammation at the pre-clinical stage. 

Although much of the clinical trials with respect to anti-inflammatory drugs and 

neurodegeneration have focused on AD, premanifest and symptomatic HD patients may 

be a more effective population to explore the potential of neuroinflammation as a 

therapeutic target. HD is a monogenic disease with complete penetrance in mHTT gene 

carriers with greater than 40 CAG repeats (Caron et al. 1993). The rate of disease 

progression and age of death with HD are also predicted by the number of HTT CAG 

repeats (Brinkman et al. 1997; Keum et al. 2016). These features of HD allow 

premanifest carriers to be easily identified, and benefits of treatment to be measured 

against the predicted trajectory within each subject. Furthermore, there is a shift toward a 

pro-inflammatory state that occurs long before the onset of the motor symptoms 

characteristic of HD. Activated microglia have been observed using positron emission 

tomography in the brains of living premanifest mHTT gene carriers (Pavese et al. 2006; 

Tai et al. 2007; Politis et al. 2011, 2015). Elevated IL-6 concentrations were also found in 

the blood of mHTT gene carriers up to 16 years prior to disease onset (Björkqvist et al. 

2008). Although it poses an incredible challenge to test anti-inflammatory treatments in 

premanifest HD patients to assess the effects on long-term disease progression, such a 
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trial could finally shed light on whether the success of treatments for neuroinflammation 

depends on the timing.   

 

8.4 General limitations 

8.4.1. Immortalized microglial and neuronal cell lines cultured separately 

The results of each chapter within this thesis relied on the use of immortalized 

microglial (SIM-A9) and neuronal (STHdh) cells. It has been well established that 

immortalized cell lines do not necessarily behave the same way in response to various 

stimuli compared to primary cells or cells in vivo. In this work, spontaneously 

immortalized microglia were used. Spontaneously immortalized cells do not require 

genetic modification with oncogenes as with genetically immortalized microglial cell 

lines such as N9 or BV-2 cells (Righi et al. 1989; Blasi et al. 1990). However, as the 

mechanism of immortalization is unknown with SIM-A9 cells, it is difficult to directly 

compare these cells to primary microglia. It has been previously shown that BV-2 cells 

behave in a similar manner to primary mouse microglia but the primary cells released 

greater quantities of TNF, IL-6, IL-1β, and reactive nitrogen species in response to the 

same concentrations of LPS (Horvath et al. 2008). This suggests that although primary 

microglia may exhibit enhanced sensitivity to stimuli, general mechanisms of microglial 

cellular physiology are conserved upon immortalization.  

Immortalized neuronal cells are commonly used for high-throughput 

pharmacological testing, and immortalized lines have been prepared to model neurons of 

the retina, spinal cord, striatum, hypothalamus, and several other brain regions 

(Hammang et al. 1990; Raymon et al. 1999; Trettel et al. 2000; Dalvi et al. 2011; Cocks 

et al. 2013). However, when compared to microglia, much greater differences have been 

observed between immortalized neuronal cells and primary neurons. For example, PC12 

immortalized rat neuronal cells have been widely used to model catecholaminergic 

neurons for the study of NMDA receptor physiology, however, PC12 cells were shown to 

express an atypical complement of NMDA receptor subunits which influenced the 

behaviour of the cells in response to excitatory stimuli (Edwards et al. 2007). Neuro-2a 

neuroblastoma lines are also commonly used for neurotoxic compound screens, but 
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neuro-2a cells have been demonstrated to behave differently from primary neurons and 

have exhibited resistance to several neurotoxic compounds, likely due to differences in 

receptor and ion channel surface expression (Calderón et al. 1999; LePage et al. 2005). 

STHdh neuronal cells were used in this work to identify mechanisms of microglia-

mediated cell death. However, STHdh cells have not been compared directly to primary 

neurons with respect to the response to a pro-inflammatory environment. Thus, it would 

be highly informative to replicate aspects of this work using primary microglia and 

neurons. 

Perhaps the greatest limitation of individually cultured microglia and neurons is 

the lack of input from other cell types and the brain microenvironment more broadly. 

Microglia in vivo are continuously exposed to direct interactions with neural cells as well 

as infiltrating immune cells and blood borne soluble factors. These inputs could cause 

microglia to behave very differently even compared to primary cells ex vivo. In recent 

years, a surge of single-cell RNA sequencing (scRNA-seq) experiments have targeted 

microglia in a range of brain regions and stages of development and disease, and the data 

have indicated that microglia are highly heterogeneous within the mouse brain (Keren-

Shaul et al. 2017; Hammond et al. 2019; Masuda et al. 2019). Thus, microglia may 

perform a wide variety of tasks that differ during development or ageing, or in response 

to brain region-specific stimuli. In the future, further research into the specific culture 

conditions of microglia to better mimic the CNS environment may be fruitful to increase 

the fidelity of cultured microglia compared to microglia in situ. 

 

8.4.2. Cells derived only from female animals 

Microglia tend to differ substantially between the sexes which adds a layer of 

complexity to these cells as therapeutic targets. Microglia express both androgen 

receptors as well as estrogen receptors which have been shown to regulate motility, 

cytokine release, and phagocytosis during neuroinflammation (García-Ovejero et al. 

2002; Loiola et al. 2019). Glial expression of aromatase, the enzyme that converts 

testosterone to estrogen, was upregulated following injury in rats, songbirds, and human 

children (Duncan and Saldanha 2011; Zhong et al. 2017; Wright et al. 2019). The actions 
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of exogenous estrogen have also been shown to be neuroprotective in animal models of 

neurotoxicity and stroke (Gillies and McArthur 2010; Céspedes Rubio et al. 2018). This 

suggests that an environment that favors estrogen over androgens promotes microglia to 

shift toward a pro-resolution state rather than a pro-inflammatory state. The microglial 

cells and neuronal cells used in this work were derived from female mice but were 

cultured in the absence of hormones. Substantial transcriptional differences have been 

identified between male and female microglia in vitro, and male microglia have been 

shown to be more sensitive to pro-inflammatory stimuli even in the absence of sex 

steroids in the culture media (Villa et al. 2018; Guneykaya et al. 2018; Han et al. 2021). 

However, conflicting evidence has shown that microglia in female rats and mice were 

more sensitive to acute LPS challenge in vivo (Doyle et al. 2017; Murtaj et al. 2019). 

Ultimately, sex differences are important to consider as the differences affect the 

response to stimuli in situ and the responses of cultured microglia, possibly even when 

cultured in the absence of sex hormones. 

 

8.4.3. LPS and IFNγ as immune stimulants 

To stimulate microglia toward a pro-inflammatory phenotype, LPS and IFNγ 

were used to activate TLR4 and IFNG receptors, respectively. LPS is commonly used in 

both in vitro and in vivo models to simulate infection or induce a general inflammatory 

response (Lewis et al. 2016; Skrzypczak-Wiercioch and Sałat 2022). As with most 

immune cells, microglia express TLR4 receptors at the cell surface and are sensitive to 

the presence of LPS. LPS-based models of neurodegeneration have been criticized as 

bacterial penetration of the brain parenchyma is not a component of AD, PD, HD, or 

other neurodegenerative disease. However, it has been shown that LPS can be shed from 

bacteria in the gut, and this free LPS may enter general circulation and eventually affect 

the brain. Elevated concentrations of circulating LPS has been observed in AD and PD as 

well as ALS and has been correlated with increased gut permeability (Zhang et al. 2009b; 

Forsyth et al. 2011; Brown 2019). Although a healthy BBB is generally resistant to the 

entry of LPS, the BBB exhibits increased permeability under conditions of systemic 

inflammation which promotes the entry of peripheral pro-inflammatory factors into the 
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parenchyma (Banks et al. 2015; Galea 2021). In mice, a peripheral injection of LPS is 

sufficient to induce robust activation of microglia in the CNS (Chen et al. 2012). Thus, 

there is evidence to suggest that the actions of circulating LPS on microglia makes 

relevant contributions to the initiation and maintenance of neuroinflammation. 

IFNγ is primarily secreted by T cells and natural killer cells to stimulate the 

antibacterial and antiviral response of macrophages (Tau and Rothman 1999). IFNγ is 

systemically upregulated in patients with a variety of chronic inflammatory diseases 

including type 2 diabetes, obesity, or rheumatoid arthritis (Kasahara et al. 1983; Ye et al. 

1995; Tsiavou et al. 2005; Monteiro et al. 2017; Zhang et al. 2019a; Bradley et al. 2022). 

Although the mechanisms are unclear, the incidence of chronic inflammatory conditions 

such as diabetes and rheumatoid arthritis has been correlated with an increased risk of 

dementia (Sangha et al. 2020; Barbiellini Amidei et al. 2021). This suggests that there 

may be a link between mediators of peripheral immune responses and microglia-

mediated neuroinflammation. IFNγ has also been shown to induce a primed state of 

microglia which can enhance the subsequent response to an additional stimulus such as 

LPS (Hayes et al. 1995; Held et al. 1999; Schroder et al. 2006; Perry and Holmes 2014; 

Monteiro et al. 2017). For these reasons, we examined the effects of IFNγ on microglia 

when presented as an individual treatment or in combination with LPS. 

 

8.5 Concluding remarks 

The data presented within this thesis provide some new insights into the 

mechanisms by which microglia respond to common pro-inflammatory stimuli and how 

this may induce secondary neuronal damage. The work supports the hypothesis that 

microglia may directly inflict neuronal damage via secreted factors, and that this is 

dependent on activation of microglial JAK1/2 and subsequent release of TNF. The 

findings also suggest that direct suppression of microglia is sufficient to reduce secondary 

neurotoxicity. Promising pharmacological strategies to accomplish this included anti-

TNF biologics, JAK inhibitors, and CB2 receptor agonists. Future work in vivo will be 

critical to understand the roles of other neural cells such as astrocytes and determine the 

translatability of these findings. 
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Appendix A: Associated publications 

Table A1. 1. The status of all first-author publications associated with this doctoral research, regardless of inclusion within the 

thesis. 

Article type Title Publication 

status 

Journal/book Date of 

publication 

Included 

in thesis 

Research Synthetic cannabinoids reduce the 

inflammatory activity of microglia and 

subsequently improve neuronal survival in 

vitro 

Published Brain, Behavior, and 

Immunity 

Jun 2022 Chapter 2 

Research The microglial endocannabinoid system is 

similarly regulated by lipopolysaccharide and 

interferon gamma 

Published Journal of 

Neuroimmunology 

Sep 2022 Chapter 3 

Research Enantiomeric agonists of cannabinoid type 2 

receptors differentially regulate the pro-

inflammatory activity of microglia 

In preparation   Chapter 4 

Research JAK1/2 regulates synergy between interferon 

gamma and lipopolysaccharides in microglia 

In revision Journal of Neuroimmune 

Pharmacology 

 Chapter 5 

Research Microglia-mediated neuron death requires 

TNF and is exacerbated by mutant 

Huntingtin 

In preparation   Chapter 6 

Review The dynamic role of microglia and the 

endocannabinoid system in 

neuroinflammation 

Published Frontiers in 

Pharmacology 

Feb 2022 No 

Book 

chapter 

Protein-protein allosteric effects on 

cannabinoid receptor heteromer signaling 

Published Allosteric Modulation of 

G Protein-Coupled 

Receptors 

Jan 2022 No 

Research Endothelin B receptor dysfunction mediates 

elevated myogenic tone in cerebral arteries 

from aged male Fischer 344 rats 

Published GeroScience Jan 2021 No 

6

1
9
5
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