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Abstract: 

Background: Inflammation is a major driver, and perhaps cause, of neurodegeneration, 

suggesting neuroimmunomodulation as a therapeutic strategy. Microglia, the primary 

mediators of neuroinflammation, switch between three activation states 

[surveillant/unactivated (M0), proinflammatory (M1), anti-inflammatory/pro-repair (M2)], 

with M1 being associated with worsening pathology, while M2 is associated with reduced 

severity. Microglia reportedly express Gpr109a, a receptor predicted, but not 

demonstrated, to reduce M1 and induce M2 phenotype switching. If Gpr109a ligands do 

reduce M1 and promote M2 microglial activation, this may be therapeutically beneficial. 

Astrocytes are secondary immunocompetent glial cells, which can express Gpr109a, 

although most astrocytes are reportedly Gpr109a-. It remains unclear whether Gpr109a 

ligands induce responses in Gpr109a+ astrocytes. 

Methods: Primary rat cortical microglia and astrocyte cultures were assessed for Gpr109a 

expression, and treated with Gpr109a ligands (niacin, monomethyl fumarate). Controls 

included nicotinamide (similar metabolic effects to niacin, but without Gpr109a activation) 

and lipopolysaccharide (LPS, positive inflammatory control). Microglial and astrocyte 

responses were assessed by marker expression (immunostaining: Arg1, Gpr109a, Iba1, 

Nox2) and morphometric analyses. 

Results: Expression of Gpr109a was demonstrated for rat microglia and astrocytes, with 

the majority of cells being Gpr109a+. Clear glial responses to Gpr109a ligands were not 

reproducibly demonstrated for either microglia or astrocytes. For Gpr109a ligands and for 

LPS, no consistent dose-response effects were seen in expression of Gpr109a, Nox2, Iba1 
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or Arg1. Morphological measurements showed no consistent responses to Gpr109a ligands 

or LPS treatment (Cell area, perimeter, Feret’s max/min diameter, aspect ratio, circularity 

index).  

Conclusion: Gpr109a represents a promising target for neuroimmunomodulatory 

therapies, as clinically approved ligands have good safety profiles, and neural immune cells 

express Gpr109a. Future studies should employ more sophisticated CNS models, including 

injury/disease to determine whether Gpr109a ligands may generate beneficial responses 

in neuroimmune cells already undergoing inflammatory/pathological activation.  
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1 

 General introduction 

1.1.  Neurodegenerative diseases lack effective therapies  

Neurodegenerative disease is characterised by the progressive impairment and/or 

destruction of cells in the central nervous system (CNS). Neurological disease or injury can 

be particularly debilitating and place a lot of emotional and physical stress on the patient, 

family and wider carers. Prominent neurological disorders include Alzheimer’s disease 

(AD), dementia, stroke, and Parkinson’s disease (PD) 1,2. Neurological disorders frequently 

lead to disability and premature death, and represent a major cause of disability globally, 

with substantial financial burden on a state’s economy 1. 

There are very few treatments for neurological disorders which can halt or reverse tissue 

damage, with most therapeutics merely limiting symptoms, and being part of palliative 

care. There is a great need to focus on understanding the pathology of individual conditions 

in greater detail to develop effective therapies, and hopefully cures.  

The immune system is increasingly recognised as having a role in neurodegenerative 

diseases, with a focus on the potential for modulation of neuroinflammatory processes to 

produce beneficial effects, a strategy referred to as immunomodulation.  

1.2.  Neuroinflammation is common to many neurological disorders 

Aetiologies of neurodegenerative diseases are commonly sporadic, however 

neuroinflammation is now considered a common denominator with chronic inflammation 

typically being detrimental to neurological function, and there is evidence that anti-

inflammatory therapies may alleviate neurological deficits 3. Whilst the causative 

mechanisms differ across conditions such as amyotrophic lateral sclerosis (ALS), PD, AD, 
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multiple sclerosis (MS), and stroke, they are all associated with chronic neuroinflammation, 

hence representing viable targets for developing immune-related therapies 3. 

Neuroinflammation can act in response to pathogens, trauma, toxic protein aggregates, 

toxic metabolites, apoptotic cell bodies, and dysfunctional cells. Mediators of 

neuroinflammation include resident glia (microglia, astrocytes) and infiltrating peripheral 

cells (macrophages, dendritic cells) 3. Acute inflammation typically has protective 

properties, but chronic inflammation, often associated with AD and PD, is ultimately 

damaging to neuronal integrity 3.  

Neuroinflammation can be considered to exhibit four stages, beginning with the initiation 

phase, where surveillant microglia detect infection, tissue damage and/or cellular debris 

(Fig 1.1). A localised inflammatory response follows, with microgliosis and astrocytosis, 

along with secretion of inflammatory factors and chemoattractants. This leads to a blood-

brain barrier (BBB) leakage where peripheral immune cells are recruited across the BBB. 

During the latest stages resolution of inflammation should occur where astrocytes and 

microglia secrete anti-inflammatory and neurotrophic factors to promote neurogenesis, 

remyelination, vascularisation, and build-up of the extracellular matrix. Microglia are 

thought to be the main mediators of the neuroinflammatory response acting as the 

macrophages of the CNS hence the main target for therapies 4. 
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Figure 1.1: The four phases of neuroinflammation along with key events. The initiation 

phase. A localised inflammatory response phase characterised by microgliosis and astrocytosis, and 

secretion of other pro-inflammatory mediators. This leads to a blood-brain barrier (BBB) leakage where 

peripheral immune cells infiltrate. The latest stage is resolution of inflammation where astrocytes and 

microglia secrete anti-inflammatory and neurotrophic factors to promote growth and repair. Adapted 

from 4. 
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1.3. Microglia are major regulators of neuroinflammation: Physiological roles 

Microglia are the main mediators of neuroinflammation and are known as the 

macrophages of the CNS. Microglia typically react earliest to pathological stimuli, can 

induce microgliosis and astrogliosis, and can recruit peripheral immune cells 5. Peripheral 

macrophage phenotypes (activation states) have been characterised as M0 (surveillant), 

M1 (pro-inflammatory), and M2 (anti-inflammatory, with subtypes M2a, M2b, and M2c). 

Due to their shared lineage and functions with macrophages, this naming convention is also 

frequently used with microglia 6. Whether these labels accurately define different 

microglial phenotypes, microglial activation status has been shown to dramatically alter 

microglial functions. 

Based on the emergence of single-cell RNA sequencing and cytometry time-of-flight 

(CyTOF) mass spectrometry, the M1/classical activation and M2/alternative activation 

phenotype classification has been called into question 7. A comparison of M1 and M2 gene 

expression profiles (five public microarray datasets) show M1 and M2 sharing common 

signalling pathways, blurring the distinction between M1 and M2 8. Additionally microglia 

have been demonstrated, using single-cell analysis, to be capable of simultaneously 

expressing both M1 and M2 markers 9,10. 

M2 is associated with a wide variety of functions, pathways, and markers. As such, there 

have been attempts to define subcategories within M2 as M2a, M2b, and M2c 11–13. All 

these subtypes are based on in vitro research and there is considerable controversy over 

whether they exist in these forms in vivo. There is a lack in consistency in which 

genes/proteins are described as being M2 markers. Individual M2 markers have been 

shown to lack correlation with other M2 markers. In order for any M2 marker to be 
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considered reliable, it will need to accurately and reliably predict the presence/absence (or 

expression levels) of other markers.  

Current research understanding is based around categorising microglia based upon distinct 

phenotypes (M0, M1, and M2) which are primarily acquired in response to external cues in 

the microenvironment. However, microglial subtypes are reported to exist, with subtype 

being a separate concept from microglial reactive state (phenotype). Microglial subtypes 

have defining properties independent of phenotypic activation state. As the subtype-

defining property could be morphological, genetic, protein expression, or behavioural, it 

would be of value to study all of these features 14. Putative subtypes include satellite 

microglia, keratan sulphate proteoglycan (KSPG) microglial, and dark microglia 14. 

Satellite microglia interact with the “axonal initial segment” (axon hillock) of neurons within 

the healthy brain with a single overlapping segment. This subtype may be preferentially 

associated with excitatory neurons. Satellite microglia are IBA1+/CD11b+/CXCR1+, which is 

common for microglia, and no markers are known to be specific to satellite microglia. 

Therefore, they are defined as satellite microglia by the location of their physical 

interaction with neurons 14.  

KSPG microglia are defined by their expression of KSPG, which is found in the ECM and on 

the cell surface of KSPG microglia. KSPG microglia are thought to have a role in cellular 

adhesion and growth of axons. Previous studies have found them to have ramified 

morphologies and express IBA1, CR3, and CD11b. KSPG microglia have been found in the 

olfactory bulb, hippocampus, brainstem, spinal cord, retina, cerebellum and cerebral 

cortex 14.  

High spatial resolution electron microscopy allowed for the identification of dark microglia, 

defined by their ultrastructural “dark” appearance, distinct from typical microglia. This dark 
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appearance may be due to oxidative stress, which is consistent with their condensed, 

electron dense cytoplasm and nucleoplasm. These microglia are IBA1low, CX3CR1low, 

CD11b+, TREM2+, 4d4+, and are found within the cortex, hippocampus, hypothalamus, and 

amygdala 14. Dark microglia are thought to indicate pathology as they are rarely present 

under healthy conditions, but abundant during chronic stress, normal aging, and AD 

pathology. They are highly ramified with thin processes contacting synaptic clefts, 

encircling axon terminals and dendritic spines. They are highly phagocytic, engulfing 

synaptic elements suggesting a role in pathological remodelling of neuronal circuits. 

Microglial subtypes are not often referred to in the literature. Given the differences 

between sub-types it is important to consider both the sub-type and phenotype of 

microglia when reporting experimental data 15. 

Recent advances have highlighted heterogeneity within microglial populations, with 

researchers suggesting any population of microglia is likely to be a heterogeneous mixture 

of cell profiles: the presence of one or few markers does not account for the full 

transcriptomic profiles within a population 10. When studying the activation status of 

microglia it is desirable to monitor multiple markers of both ‘M1’ and ‘M2’ in combination 

14,15. This is in order to accurately assess expression profiles, as it cannot be reliably inferred 

from the presence of an ‘M2 marker’, that there is an absence of ‘M1 markers’.  

Given the complications surrounding M1/M2 nomenclature, it is likely to be replaced in the 

future. This is largely because describing a microglial cell/population as ‘M2’ does not 

reliably indicate the profiles of gene expression, protein expression, or cell behaviours of 

all cells in that population. The terms are, however, still in widespread use and no other 

standardised alternative exists. Therefore, M1/M2 terminology has been used here in the 

discussion of the literature, with specific reference to relevant stimuli/markers.  



 

7 

 

1.4. Microglial activation involves switching between phenotypes  

Much of the literature refers to three broad states of microglial activation which will be 

discussed in this section. These activation states are M0, surveillance microglia, M1, 

classically activated inflammatory microglia, and M2, alternatively activated microglia. M2 

microglia have been proposed to exist as at least three subtypes: M2a, M2b, and M2c (Fig 

1.2). There has even been discussion of the potential for M3 and Disease Associated 

Microglial (DAM) phenotypes. Microglial activation has frequently been described as 

existing on a spectrum of activation, from M1 through M0 to M2. However, some evidence 

suggest that no individual microglial cell belongs exclusively to M1 or M2 as a discrete 

activation state, and the spectrum description is falling out of favour with some researchers 

14,15. Describing the states of microglial activation, much like macrophage activation, is still 

an area of contention.  
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 Figure 1.2: Microglial activation statuses cover a range of behaviours. M0 microglia predominate 

in healthy tissue, and are surveillant, maintaining homeostasis. Pro-inflammatory M1 microglia 

release reactive oxygen species (ROS) and reactive nitrogen species (NOS), actively phagocytose, 

and can present antigen. M2 microglia promote neuroprotection and tissue repair. Typically, these 

phenotypes are identified by behaviour, morphology, protein/transcriptomic profiles, and 

behaviours 16–18. M1 microglia can be induced from M0 by exposure to IFNγ, LPS, TLR4 or from M2 

microglia exposed to chronic inflammatory conditions. Increased numbers of M2 microglia could 

be a result of M1 resolution to the M2 phenotype, or M1 apoptosis followed by new M2 cells 

generated from the M0 pool; a consensus has not yet been met, indicated by “?”. The ability of M2 

microglia to change back to ramified forms has been demonstrated but the mechanism is not yet 

known 19. Adapted from 20. 
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1.4.1. M0: Surveillance microglial phenotype  

Under physiological conditions microglia exist in a surveillant form, exhibiting a ramified 

morphology with a small soma and tendril-like processes that constantly probe the 

microenvironment for stimuli. Hence M0 microglia can be thought of as a ‘surveillance’ 

phenotype. Original thought was that M0 microglia’s main purpose was to survey the brain 

parenchyma for infection/trauma and mediate an appropriate response 21-22.  

Recent studies show that M0 microglia may have functions including roles in tissue 

development, homeostasis, and brain remodelling. They support neurogenesis by forming, 

and maintaining survival of, neural circuits by inducing programmed cell death of immature 

or defective neurons and phagocytosing the remaining debris. They continue to play 

significant roles in neuronal development and maintaining neuronal function into 

adulthood. This is achieved via the release of trophic factors examples include IGF-1, nerve 

growth factor, and BDNF 23.  

Microglia have roles in synaptic plasticity, by pruning redundant and excessive synaptic 

connections in order to promote mature and effective neuronal circuits, one of the 

mechanisms underpinning learning 24.  

It is difficult to identify the M0 phenotype of microglia, as their morphology tends to be 

fluid and plastic. Typically M0 tend to display a ramified morphology whereby the cell 

shows a small soma (cell body) with many fine cellular processes 25–30. There are no well-

validated markers available to identify M0 microglia. M0-inducing factors include CD200, 

which is expressed by all CNS neurons and acts on the microglial CD200 receptor (CD200R). 

CD200R is generally expressed to a lesser extent than its ligand and in the CNS is mainly 

expressed by microglia. Neurons are thought to express CD200 as a self-protective 

mechanism as it binds to CD200R on the surface of microglia preventing secondary 
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neuronal injury caused by microglia. This may play a key role in keeping the microglia in the 

resting state. Neuronal loss leads to reduction in CD200-CD200R signalling and potentially 

may lead to M1 microglial activation 31–33 

1.4.2. M1: Pro-inflammatory microglial phenotype  

If the local microenvironment is disturbed by either exogenous factors, such as bacteria or 

viruses, or endogenous factors, such as dead, degenerating, or apoptotic cells, microglia 

become activated by detection of pathogen associated molecular patterns (PAMPs) and/or 

damage-associated molecular patterns (DAMPs). M1 (“classically activated”) microglia 

typically retract their processes, enlarge their soma and undergo proliferation at the site of 

injury or infection, these processes together being called microgliosis. Although these 

behaviours are usually beneficial and protective, M1 microglia have been implicated in 

exacerbating neurodegenerative diseases such as PD and AD where they are thought to 

damage and even kill otherwise viable glia and neurons 34. 

The M1 phenotype can be characterised by marker expression (e.g. upregulated TLR4, 

MHCII), secretion of pro-inflammatory cytokines (e.g. TNF-α, IL-1β, IL-6), morphological 

changes (e.g. becoming more amoeboid), and release of reactive oxygen species (ROS) and 

reactive nitrogen species (RNS; Figure 1.2). TLR4 recognises both damage-associated 

molecular patterns (DAMPS) and pathogen associated molecular patterns (PAMPs) 

modulating neuroinflammatory signalling via activation of the NF-β signaling pathway. 

Upregulation of the NF-β signaling pathway results in microglial secretion of pro-

inflammatory cytokines including TNF-α, IL-1β, IL-635.  

Major histocompatibility complex II (MHCII) is a transmembrane receptor expressed on the 

surface of the M1 phenotype. MHCII is responsible for antigen recognition and activation 



 

11 

of the peripheral immune system by activating T-cells of the peripheral immune system 

recruiting them for defence against pathogenic insult 36.  

Identifying microglial activation states via morphological analysis can be a difficult task. 

Phagocytic behaviours are often associated with amoeboid morphology, but ramified microglia 

have also been shown to be phagocytic, including phagocytosis of amyloid beta plaques 37. 

Microglia have highly active membranes and cytoskeletons and, under time-lapse (dynamic/video) 

microscopy, show constant remodelling with rapid changes between amoeboid and ramified forms, 

with such changes being observed in micrograph frames less than a minute apart 38. Therefore, 

microglial morphology at any specific moment in time may not be reliably indicative of activation 

status. There are several commonly used phenotypic markers for M1 microglia (Figure 1.2), 

although as they are not exclusively expressed by the M1 phenotype, therefore they may be 

unreliable markers.  

1.4.3. M2: Anti-inflammatory / pro-repair microglial phenotype  

Referred to as ‘alternative’ activation, and having multiple anti-inflammatory behaviours, 

the M2 phenotype is potentially neuroprotective and neurorestorative. The M2 phenotype 

has been proposed to include a subset of activation states: M2a, 2b, and 2c. The subsets 

are considered to be separate however there is considerable overlap in their activities and 

protein expression profiles. This overlap leads to the idea that the M2 phenotype may be 

more of a collection of activities rather than discrete subtypes.  

1.4.3.1 M2a 

M2a microglia carry out anti-inflammatory functions. The M2a phenotype is characterised 

by upregulation of tissue repair and remodelling, upregulation of scavenger receptors for 

phagocytosis of debris, and suppression of inflammation. Upregulation of tissue repair and 

remodelling had been induced in vitro by both microglia and macrophages via the 
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activation of IL-4Rα with interleukins IL-4 and IL-13. M2a tissue repair has been associated 

with rescue of damaged and apoptotic neurons, and recruitment of stem/precursor cells.  

Molecules associated with, and therefore used as markers for, tissue repair and 

remodelling are Arg1, YM1, FIZZ1, and IGF-1 39,40,41,42. Arg1 is an enzyme that catalyses the 

conversion of L-arginine to ornithine, which ultimately promotes cell proliferation, wound 

healing, ion channel function, and neuroprotection. Arg1 competes with inducible nitric 

oxide synthase (iNOS) for L-arginine, inhibiting the production of NO-, a molecule known to 

damage healthy tissue 43.  

YM1 chitinase-like protein-3 is a chitin-degrading enzyme protecting against chitin 

containing pathogens. Ym1 is secreted by M2 macrophages, neutrophils, and microglia. In 

the CNS its expression is upregulated in neurotrauma and neurodegeneration. Proposed 

functions are to facilitate ECM remodelling, and in demyelination events it may bind to 

epidermal growth factor receptor of neural stem cells and promote oligodendrogenesis.  

Given the lack of consensus for M2 marker expression, there are suggestions that (putative) 

phenotypes may be best indicated by stating the stimulus used for induction. E.g. ‘Il-4-

induced activation of microglia’, rather than ‘M2a’. This may then be more clearly 

associated with events downstream of Il-4R activation, for example 44,45. In vitro treatment 

of the BV2 microglial cell line with Il-4 reduced the expression of inflammatory markers 

(CD16/32) and cytokines; whilst increasing the expression of CD206 (a proposed ‘M2’ 

marker) and anti-inflammatory cytokines 45. Additionally, Il-4 administration in vivo (mouse 

model of intracerebral haemorrhage) lowered levels of pro-inflammatory cytokines (Il-6, 

TNF-α), and increased levels of anti-inflammatory cytokines (Il-10, Tgf-β), with this being 

associated with decreased neurological deficits, brain oedema, and infarct lesion.  
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Tingting Yu (2019) 46 showed that M2a microglia have a neuroprotective role in kainic acid 

induced neurotoxicity. In an in vitro model, neurons were cultured with kainic acid, an 

analogue of glutamate. Glutamate is an excitotoxic neurotransmitter involved in the 

pathogenesis of numerous neurodegenerative conditions and is proven to cause 

pathological changes in rodent brains. M2a microglia were characterised by stimulation 

with Il-4, Il-10, and Tgf-β, and by expression of Arg1 and CD206. M2a microglia promoted 

neuronal survival, decreased production of pro-inflammatory cytokines (TNF-α, IFN-γ, and 

IL-6), NO, NF-β and caspase 3 signalling pathways whilst promoting neuronal survival and 

release of anti-inflammatory cytokines (Il-4 and Il-10).  

M2a microglia function may be impaired with age and this could be a causative factor in 

neurodegenerative disease. After disease/injury is resolved it has been postulated that the 

M2 phenotype returns to the ramified M0, of which the mechanisms of action are not yet 

known. Fig 1.2 shows markers commonly used for identifying M2a microglia. Arg1 has the 

most evidence to support its claim for identifying M2a 41.  
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1.4.3.2 M2b 

M2b is proposed to mediate cell maturation, tissue stabilisation, angiogenesis, extracellular 

matrix (ECM) synthesis and immunoregulation, all of which could be beneficial 

therapeutically 47. Stimuli such as IgG, TLR agonists, IL-1R, and immunoglobulin Fc gamma 

receptor ligands are reported to generate the M2b microglial response 20. This results in a 

decrease in IL-12 alongside increases in IL-10 and HLA-DR expression, which may be the 

most reliable marker profile of M2b 40. 

They can produce high levels of both anti-inflammatory cytokines (e.g. IL-10, although this 

is also M2c-associated) and pro-inflammatory cytokines (which are M1-associated). This 

suggests both pro-inflammatory and anti-inflammatory behaviours, and complicates 

phenotype identification. In addition, gene expression studies show that some of the same 

genes expressed by M1 and M2c may be seen in M2b, showing the difficulties in reliably 

distinguishing between microglial phenotypes 48.  

Glioma-conditioned media and LPS-IFNγ conditioned media induced the M2b activation 

phenotype. M2b microglia upregulate the gene expression of IL-10 and Tgf- 40. Acting as 

a negative feedback loop, M2b secretion of IL-10 can cause an increase in the levels of 

microglial- and astrocyte-produced Tgf- 49. Tgf- reportedly induces the macrophage M2c 

phenotype and due to their shared lineage with microglia this is thought to also occur in 

microglia 50. In the BV2 mouse microglial cell line, Il-10 induces M2c activation 51. It could 

be postulated that the M2b phenotypic production of IL-10 and TGF- facilitates the 

phenotypic conversion from M2b to M2c. 

 

1.4.3.3 M2c  
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M2c microglia reportedly exhibit rounded morphologies with multiple processes, difficult 

to distinguish from M0. M2c has been associated with tissue remodelling and matrix 

deposition in response to inflammation 41, anti-inflammatory effects on the innate immune 

system 52, scavenging of debris 20,41,50, and increasing NSC proliferation 53. In an in vivo rat 

spinal cord compression injury model, a positive correlation was found between the 

increased expression of Tgf-β, SOCS3, and ILR4α (M2c markers) and CD206 (M2a) with 

improved functional recovery (walking test) 54. 

There are several proposed M2c markers (Fig 1.2), but the most reliable seems to be Tgf-

β. The BV2 microglial cell line, treated with 10 ng/mL of Il-10, showed increased M2c 

activation 51. The mechanisms of this process in microglia are unknown but its anti-

inflammatory action is thought to centre around the down-regulation of SLP-76 an actin-

rich phagosome. An in vitro macrophage model, treated with IL-10, Tgf-β or glucocorticoids, 

reportedly switched to an M2c phenotype, and this is thought to be mediated by 

downregulating STAT1 and NF-β 20,50,55. 

These M0, M1 and M2 activation states all have roles in normal tissue homeostasis, and in 

resolution of damage/infection. However, evidence suggests that microglia can become 

inappropriately activated under some circumstances, adopting ineffective, or even 

harmful, phenotypes. For example, failure to resolve M1 activation, leading to increased 

oxidative stress and damage to otherwise healthy neural tissue. Understanding how to 

identify different activation states, and what stimuli cause transition between them, will 

be of great advantage in understanding and treating neurological disorders. Identifying 

changes in marker expression is the routine technique applied, but there is emerging 

considerable evidence to suggest morphological features may be characteristic of 

activation status.  
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1.5.  Microglial morphology is suggested to be related to activation status 

Microglia are highly plastic cells, with a wide range of morphologies. Different 

morphologies have been described as indicating activation status, especially the transition 

between M0 (ramified) and M1 (amoeboid). Table 1.1 summarises morphological 

descriptors used for microglia, and illustrates that the high degree of variability in microglial 

morphology is attracting research attention. Some of these terms are widely used and 

understood, while others exist in only a single published article. Further, these descriptive 

terms are highly subjective, and not yet clearly associated with function/behaviour. It is 

difficult to reconcile across studies, and be confident that the same microglial 

phenotype/morphology is being discussed in different reports. 
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Table 1.1: Descriptors of microglial morphologies and/or functions, as reported in the literature 

Descriptor: morphology Functional description 
Source of 
microglia 

Culture details (ref) Treatment Morphological/functional response to treatment 

Amoeboid: 
Enlarged cell body with few 
(thick) primary processes (lacking 
secondary branches), or no 
identifiable processes at all 

M1 inflammatory  

Primary human 
resected tissue 
(intractable 
epilepsy) 

In vitro cell culture 
(>90% microglia) 56 
 

E.coli bio-particle 
exposure (1 h; no 
controls) 

• 16.9% amoeboid 

• Increase in phagocytic activity, similar to pseudopodic 

 Mouse Coronal sections 57  
TBI, tMCAO, and 
pMCAO 

 

 Male rat 
Coronal sections of the 
hippocampus 58 

Pilocarpine-induced SE 

• Control: 0-64% amoeboid 

• SE: 38-64% amoeboid 

• Increase in amoeboid at 3 and 14 d post-SE 

Bushy   Male rat 
Coronal sections of the 
hippocampus 58 

Pilocarpine-induced SE 
• Control: 0-19% 

• SE: 19-64% 

Dark 

Phagocytic and 
oxidative  

APP-PS1 mice 
6-, 14-, and 21-
months old; wild 
type littermates 

In vivo rat microglia. 
Transverse sections of 
CA1, prefrontal cortex, 
amygdala, or 
hypothalamus 59  

Chronic unpredictable 
stress experiments 
 

• Microglia near Aβ plaques show signs of oxidative 
stress; condensation, darkening of 
cytoplasm/nucleoplasm, autophagic vacuoles. 

• In CA1 of stressed CX3CR1 knockout mice, microglia 
were ‘highly ramified with thin processes’. 

• Microglia form ‘acute angles’ interacting with neuropil 

Active -“Engulfing”  
NPC1 mouse 
model. Age 
related illness.  

In vivo. Sagittal 
cerebellar slice of 
mouse brain 60  

Age related illness.  

• No morphological analysis of microglia termed dark.  

• Dark microglia were found wrapped around the 
synaptic terminals, synaptic terminals were engulfed 
by microglia. 

Dystrophic 
Spheroidal, beaded, de-ramified, 
or fragmented. 

Degenerating/senescent 
associated with 
production of chronic 
inflammatory mediators.  
Iron accumulating 

Human ages 10-
99 years. 

Human tissue sections 
of hippocampal area 
CA1 and frontal cortex 
56 

Age and neuropathology 

• Age related increase in microglia in areas CA1 and 
frontal cortex. Proportion of dystrophic microglia 
remains the same. 

• The number of dystrophic microglia was significantly 
greater in age-matched cases with either AD, Lewy 
body dementia or LATE neuropathological change  

• Iron accumulating. Increased expression of Ferritin 
light chain (FLC) 
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Honeycomb  
“retract their ramified processes 
and form a highly connected 
honeycomb network” visually 
similar to hypertrophic 

• Form network 
around surviving 
astrocytes 

• Transform into 
jellyfish microglia 

Mouse  
Meningeal 
compression, mouse 61 

TBI 

• No morphological measurements taken 

• Honeycomb network formed 1 h post meningeal 
compression surrounding surviving astrocytes in the 
glial limitans.  

• Honeycomb microglia could transform to jellyfish 
microglia within 5 mins, naïve require 30 mins.  

• Fortify glial limitans with jellyfish microglia 

Hypertrophy 
Enlarged cells, hyper-ramified 
and thickened trunks and 
processes 

No activity investigated  Male rat 
Coronal sections of the 
hippocampus 58 

Pilocarpine-induced SE 

• Control: 19-30% 

• 4 h,3 d post-SE: ‘very low %’ 

• 2 weeks post-SE: 8-17% 

Probably inflammatory  Mouse Coronal section 57  
• TBI 

• tMCAO 

• pMCAO 

• Increased area, perimeter, Feret’s diameter, and 
number of grid crossings (tMCAO vs control) indicates 
increased presence of hyper-ramified microglia 

• CD11b+, suggests inflammatory status 

Jellyfish  
“retract ramified processes and 
generate a single, flat, motile, 
phagocytotic process at the base 
of the glial limitans, resembling a 
jellyfish” 

Phagocytic  Mouse  
Meningeal 
compression, mouse 61 

Traumatic brain injury  

• No morphological measurements taken 

• Formed a phagocytic layer with glial limitans via thin 
processes 

• “fortify” the glial limitans with honeycomb microglia 

Pseudopodic Phagocytic 

Primary human 
resected tissue 
(intractable 
epilepsy) 

In vitro cell culture 
(>90% microglia) 62 
 

E.coli bio-particle 
exposure (1 h; no 
controls) 

• 9% of microglia were pseudopodic 

• Increased in phagocytic activity, similar to amoeboid. 

Ramified  
Small soma with many long 
reaching processes 

Surveillant unactivated 
microglia 

Primary human 
resected tissue 
(intractable 
epilepsy) 

In vitro cell culture 
(>90% microglia) 62 
 

E.coli bio-particle 
exposure (1 h; no 
controls) 

• 71% of microglia ramified 

• Lowest phagocytic activity 

Male rat 
Coronal sections of the 
hippocampus 58 

Pilocarpine-induced SE 

• Control: 50-74% ramified 

• SE: Very low number at 4 h and 3 d  

• 2 weeks post-SE: 2-10% 
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Rod 
Narrow body with few planar 
processes  

Neuro-protective. 
Provide scaffolding for 
diseased neurons.  

Rat diffuse brain 
injury model  

Individual cryosections 
mounted on glass 
slides. Present in the 
cortex and thalamus 63  

Midline fluid percussion 
injury (mFPI), mice 
euthanized 1, 2, 7, 28 
days post treatment. 

• Narrow post injury 

• No changes to soma length, soma width increased 

• Planar primary branches retracted post injury. 
Reduction in primary branch number and length 

• No changes in polar branches 

• Decrease in both planar and polar secondary 
branches post injury. Increase with increasing days 
post-treatment.  

Male rat 
Coronal sections of the 
hippocampus 58 

Pilocarpine-induced SE 
• Control: 0% 

• Increased number 14 d post-SE 

Aβ: amyloid beta; AD: Alzheimer’s disease; NPC1: Niemann Pick Type-C disease; SE: status epilepticus; TBI: traumatic brain injury; tMCAO: transient middle cerebral artery occlusion; pMCAO: 
permanent cerebral artery occlusion. 
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Table 1.1 indicates that various pathological conditions (actual and simulated) cause 

changes to microglial morphology. Some of these changes/morphologies were associated 

with molecular markers for pro-inflammatory microglial responses. However, for many of 

the described morphologies, no assays were performed to assess whether any particular 

microglial functions (inflammatory or anti-inflammatory) were associated with that 

morphology 62. Potential associations between microglial morphology and activation 

status/function are being investigated. For example, amoeboid forms of microglia appear 

more phagocytically active than the also-present pseudopodic and ramified morphotypes 

62.  

In a study where Sprague-Dawley rats were treated with pilocarpine to induce status 

epilepticus, researchers noted that alterations in morphology happened as early as 4 h 

post-intervention. The 5 morphotypes identified were; ramified, hypertrophic, bushy, 

amoeboid, and rod. Morphotypes had varying distribution across the CA1, CA3, and 

dentate gyrus areas of the hippocampal formation, with ramified being most abundant in 

control hippocampi. Pilocarpine induced time-dependent morphological changes, with a 

significantly increased abundance of bushy microglia at 4 h, then increased amoeboid 

microglia at 3 days and 2 weeks post-treatment. Increased numbers of rod microglia were 

only evident at 2 weeks post-treatment (Table 1.1, Table 1.2, Appendix) 58.However, these 

were subjective categorisations, with no objective morphometrics 58 i.e. no numerically 

derived values such as area, perimeter, circularity etc. (Table 1.3) 58.  

Researchers use mostly qualitative methods such as descriptive terms to identify 

morphologies. The lack of objective measures when describing microglial morphology has 

led to confusion as it is unclear whether researchers are referring to the same 

morphologies. For example, rod-like microglia are described as being bipolar and narrow 
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bodied, 64 however this also resembles the pseudopodic morphology 65. In a separate 

report, microglia are described as having honeycomb and jellyfish morphologies, but no 

morphometric analysis was used 61. Visually, honeycomb microglia look like hypertrophic 

microglia that have formed a honeycomb-like network, and jellyfish microglia resemble 

large amoeboid microglia.  

This demonstrates the difficulty in reconciling microglia morphology across studies and 

calls for a standardized objective method of measuring morphology which researchers can 

use to accurately compare/contrast findings. Objective numerical measures of 

morphological features, include area/volume, length, number of processes/extent of 

ramification etc. have been performed in some studies.  

Table 1.2 (Appendix) indicates the wide variety of morphological features and calculations 

that are being applied to microglial studies, and the range of techniques, including 

automated software analysis, and 3D reconstructions of cells, sometimes even to the level 

of individual processes. Table 1.3 summarises definitions some of the morphometric values 

that have been derived from microglial cells, while Tables 1.4, 1.5, and 1.6 compare some 

of the reported values for microglial measurements.  
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Table 1.3: Definitions for morphological descriptors and how they pertain to cell shape 
Measurement Units Definition Relevance to cell shape 

Area µm2 Number of pixels in selected cell area, transformed to µm2  Likely differs in 2D (flattened) vs 3D 

Branch points  Number of nodes per concentric ring area.  More branch points indicates more complex branching/ramifications 

Cell volume µm3 Volume of whole cell including soma and processes.   

Circularity index 
(cell circularity, form 
factor) 

 (4π × cell area)/ (cell perimeter) 2.  Value of 1 is perfectly circular. Decreasing value indicates decreasing circularity 

Convex Hull Span 
Ratio (CHSR) 

 Ratio of major to minor axes of the convex hull.  

Convex Hull 
Circularity (CHC) 

 
How circular the convex hull is (4π × convex hull area)/(convex hull 
perimeter)2 

Value of 1 is perfectly circular, decreasing with decreased circularity. 

Convex Hull Area 
(CHA) 

 Convex hull is the smallest convex polygon containing the whole cell shape.  

Feret’s aspect ratio   Feret’s maximum divided by Feret’s minimum 1 indicates circular, increases as cell is more elongated.  

Feret’s maximum  µm The distance between the two furthest points of an object Indicates greatest distance across cell 

Feret’s minimum  µm 
Perpendicular distance between the closest-possible two parallel lines, that 
touch the object edge while the entire object is between them 

Indicates narrowest distance across cell 

Grid crossings   
A grid is superimposed over image of cells, the number of crossings between 
the cells and the grid is calculated.  

Ramified (highly processed) cells are expected to have higher instance of grid 
crossing than amoeboid (spherical) cells. 

Lacunarity Λ Measures heterogeneity, or translational and rotational invariance in a shape.  
Low Λ value indicates homogeneity, high Λ value indicates heterogeneity (size 
may have differently sized gaps or lacunas) 

MSACH µm Maximum span across convex hull, similar to Feret’s maximum.   

Number of 
processes 

 Membrane extensions leaving soma 
Number of primary processes tends to remain consistent across activation states 
40, branching (secondary and tertiary nodes) is an indication of ramification.  

Perimeter µm Distance of cell outline (µm)  

Process length µm Length of process  Typically shorter for amoeboid cells.  

Process volume µm3 Volume of process  Typically higher in larger and ramified cells.  

Sholl interactions 
(intersections) 

 
From centre of soma, concentric rings are placed at 10 µm intervals. 
Intersections are points where cell process crosses the concentric ring.  

Gives an indication of the complexity of processes. 

Solidity   Also termed density, calculated by (area of the cell)/(CHA) More ramified the cell, the lower solidity value. 

Territory µm3 
Index of 3D territory determined via convex hull analysis, as indicated by 
convex hull area.  
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Table 1.4: Summary of length and perimeter morphometrics applied to microglia 

Model/cell culture 
Treatment 
conditions 

Summary effect vs control Perimeter (µm) 

MSACH (µm; 
Maximum span 

across the 
convex hull) 

Average length 
of process (µm) 

Feret’s 
max (µm) 

Mouse coronal brain 
slice 57 

Naïve   61.46   17.10 

tMCAO ↑elongation, ↑perimeter, may indicate hypertrophic 
microglia 

75.27*   20.10* 

pMCAO  47.69   14.92 

TBI  58.26   17.73 

Mice, postnatal 1-2 
days. In vitro primary 
microglia 66 

2 DIV Control Amoeboid 140   46.4 

2 DIV Aβ Amoeboid 148   45.6 

16 DIV Control Ramified, bipolar, rod 216+   74.4+ 

16 DIV 
Aβ 

Enlarged soma with 2-1 large processes 160* 
vs 16 DIV control 

  52.8* 

NPC1 mouse model. 
Sagittal slice 67 

WT WK4    300  

Npc1 WK4    280  

Npc1 WK12 Retracted processes   160**  

Primary rat brain 
sections 30 

Cluster 
1.1 Sal, Hyp 

Large soma, small process length but thick in volume, 
mostly primary processes with few secondary. Surveillant. 

 52   

NA, Hpc 
Small round soma, few short thick primary processes, with 

few short secondary processes. Activated. 

Cluster 
1.2 

Sal,  
Sept 

Large soma, similar ramification but thicker branches. 
Surveillant. 

 63   

Cluster 
3.1 

NA, 
Hpc 

Smaller soma, similar ramification, thinner branches, longer 
secondary processes. 

 
60* (compared to 

cluster1) 
  

Cluster 
3.2 

Sal,  
Hyp 

Smaller soma, more ramified, more secondary branches, 
thicker branches than 3.1 

 
82* (compared to 

cluster1) 
  

N9 microglia cell line 
68 

Control   Oval /round 80.0   26.4 

LPS  Amoeboid  34.4*   34.4* 
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*significant difference versus respective control; + significant difference compared to 2DIV Control; Aβ: amyloid beta; DIV: days in vitro; Hpc: hippocampus; Hyp: Hypothalamus LPS: 
lipopolysaccharide; pMCAO: permanent middle cerebral artery occlusion; tMCAO: transient middle cerebral artery occlusion NA: neuroaminidase; Npc1: Niemann-Pick disease, type C1; Sal: 
saline, control; TBI: traumatic brain injury; WK: weeks; WT: wild type 
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Table 1.5: Summary of area and volume morphometrics applied to microglia 
Model/cell culture 

Treatment 
conditions 

Summary effect vs control 
Area (µm2) 

Cell 
volume 
(µm3) 

Average 
soma volume 

(µm3) 

Average 
volume of 

process (µm3) 

Microglial 
territory 

(µm3) 

Primary human, 
resected tissue 
(intractable 
epilepsy) 65 

E. coli bio-
particle 

exposure 
 

 Pseudopodic ~90* ± 10 
Amoeboid ~190* ± 10 
Ramified ~305* ± 30 
*all diff vs each other 

    

Mouse coronal brain 
slice 57 

Naïve   54.57     

tMCAO  Larger cell. Hypertrophic microglia 85.78***     

pMCAO   57.13     

TBI   71.90     

Mice, postnatal 1-2 
days. In vitro 
primary microglia 66 

2 DIV 
C Amoeboid  600     

Aβ Enlarged cell, remaining ovoid 1231*     

16 DIV 
C 

Enlarged cell, accounted for by 1-2 
large processes or large lamellipodia.  

1297+     

Aβ Increase soma volume 1467+     

NPC1nmf164 mouse 
model. Sagittal 
section 67 

WT Wk4   700  6  

NPC1 
Wk4 Increased size, increasing process vol  1500**  9**  

Wk12 No sig dif size, increasing process vol  1000  14***  

Rat coronal section 
69 

PL 

C   1700 400  60,000 

CIE Smallest cell, lowest # branch points  1000* 480  64,000 

LPS 
Largest cell, largest soma, highest # 
branch points, most radially arranged 

 2100** 700***  58,000 

NA 
 

C   1510 350  44,000 

CIE   1480 390  50,000 

LPS Largest cell, largest soma.   1570 600**  58,000 

N9 microglia cell 
line 68 

Control Oval/round 230     

LPS Amoeboid  466*     

Ex vivo spinal slice 
segment 70 

Control  Smaller cells, more spherical ~850 ~1300***    

Niacin  Larger cells, less spherical  ~1350*** ~2200***    

*significant difference versus control; Aβ: amyloid beta; CIE: Chronic intermittent ethanol; DIV: days in vitro; LPS: lipopolysaccharide; pMCAO: permanent middle cerebral artery 
occlusion; tMCAO: transient middle cerebral artery occlusion NA: nucleus accumbens, NPC1: Niemann-Pick disease type C1; PL: prelimbic cortex, TBI: traumatic brain injury; WK: 

weeks; WT: wild type 
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Table 1.6: Summary of cell circularity measurements applied to microglia 

Model/cell 
culture  

Treatment 
conditions 

Summary effect vs control; other observations 

Convex hull span ratio 
(CHSR; ratio of major 

axes; increasing above 1 
indicates reducing 

circularity) 

Circularity index 
(CI; decreases 

from 1 with 
reducing 

circularity) 

Convex hull 
circularity (CHC; 

decreasing from 1 
indicates reducing 

circularity) 

Sphericity 

Mouse 
coronal slice 
57 
 

Naïve Ramified   0.26   

tMCAO Ramified   0.25   

pMCAO More circular  0.38**   

TBI More circular  0.37**   

In vitro 
primary 
mouse 
microglia 66 

2 DIV 
C   0.448   

Aβ   0.416   

16 DIV 
C More ramified (vs 2 DIV)  0.380+   

Aβ More circular  0.456*   

 
Primary 
microglia 71 
  

Control    ~0.48   

BHB 1 mM   ~0.40   

BHB 3 mM Less circular  ~0.33**   

BHB 5 mM Less circular  ~0.23**   

BHB 0 h, 5 mM   ~0.42   

BHB 1 h, 5 mM    ~0.36   

BHB 4 h, 5 mM Less circular  ~0.28**   

BHB 8 h, 5 mM Less circular  ~0.21**   

Control   ~0.41   

BHB+ Less circular  ~0.19**   

LPS+   ~0.43   

LPS+ BHB+ Less circular  ~0.21** (vs LPS)   

Niacin 0 h,1 mM  No impact on morphology   ~0.41   

Niacin 6 h,1 mM  No impact on morphology  ~0.38   

Niacin 12h,1mM No impact on morphology  ~0.37   

 Niacin 24h,1mM No impact on morphology  ~0.35   

In vivo 71 

Control   ~0.44   

BHB+ Less circular  ~0.21**   

LPS+   ~0.41   

BHB+LPS+ Less circular  ~0.23** (vs LPS)   

Ex vivo spinal 
segment 70 

Control      ~0.66 

Niacin  Less spherical     ~0.62* 
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(Table 1.6 continued…) 

  

Rat post 
mortem fixed 
slice culture 
 
hippocampus,  
 
hypothalamus,  
 
septofimbrial  
nucleus 30 

Cluster 
1.1 

Sal, 
Hyp 

Large soma, small process length but thick in vol, 
mostly primary processes with few secondary. 

Surveillant.  
<1.35 >0.0145 

 

 

NA, 
Hpc 

Small round soma, few short thick primary processes, 
with few short secondary processes. Activated.  

1.35 - 1.93  
 

Cluster 
1.2 

Sal, 
Sept 

Large soma, similar ramification but thicker branches. 
Surveillant. 

<1.35 >0.0145 
 

 

1.35 - 1.93   

Cluster 
2.1 

Sal, 
Sept 

Small round soma, highly ramified, thin processes, 
secondary and tertiary branches. Surveillant.  

<1.35 0.0035-0.0145 0.80 
 

Cluster 
2.2 

Sal, 
Hpc 

Small round soma, highly ramified arranged radially, 
thin processes, secondary and tertiary branches. 

Surveillant. 
<1.35 0.0035-0.0145 0.88 

 

Cluster 
3.1 

NA, 
Hpc 

Small round soma, similar ramification, thinner 
branches, longer secondary processes. Activated. 

<1.35 <0.0035 
 

 

1.35 - 1.93   

Cluster 
3.2 

Sal, 
Hyp 

Small round soma, more ramified, more secondary 
branches, thicker branches than 3.1. Surveillant. 

<1.35 <0.0035 
 

 

1.35 - 1.93   

Cluster 
4.1 

NA, 
Hyp 

Large soma, thick short retracted processes, 
multidirectional. Activated.  

> 1.93  0.73 

 

NA, 
Sept 

Small round soma, Unipolar long thin primary 
processes. Activated. 

Cluster 
4.2 

NA, 
Hyp 

Large soma, thick retracted processes, overall 
flattened in shape. Activated. 

> 1.93  0.85 

 

NA, 
Sept 

Large soma, thick retracted processes, overall circular 
in shape. Activated.  
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)Table 1.6 continued...) 

 

  

Rat post-
mortem fixed 
slice, IHC 72 

Cluster 1 (treated as ‘control’) 1.52 0.011   

Cluster 2 
Most circular according to CHSR but least according 
to CI, most heterogeneous, indicative of ramification 

1.43 0.007  
 

Cluster 3 Least circular (CHSR); greater CI than Clusters 1+2  2.55* 0.016*   

Cluster 4 Most circular according to CI 1.57 0.031*   

*significant difference versus control; Aβ: amyloid beta; BHB: β-hydroxybutyrate; Cluster: experimenter-identified grouping of cells, based on morphological features; CHSR: convex hull span 
ratio; CI: Circularity Index; DIV: days in vitro; Hpc: hippocampus; Hyp: Hypothalamus ;IHC: immunohistochemistry; LPS: lipopolysaccharide; NA: neuroaminidase; pMCAO: permanent 

middle cerebral artery occlusion; tMCAO: transient middle cerebral artery occlusion; TBI: traumatic brain injury; WK: weeks; WT: wild type 
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Table 1.7: Summary of cell process complexity measurements applied to microglia 
Model/cell 
culture 

Treatment/ conditions 
Summary effect vs 

control 
Branch 
points 

Grid crossings 
Number of 

intersections 
Lacunarity Solidity 

Sholl interactions, 
intersections, or analysis 

Mouse coronal 
slice 57 
 

Naïve    3.80   0.55  

tMCAO    4.39   0.55  

pMCAO  More amoeboid   2.66   0.68**  

TBI  More amoeboid  3.22   0.65**  

NPC1 mouse 
model. Sagittal 
slice 67 

WT Week 4    190    

NPC1 

Week 4    190    

Week 12 
Fewer processes 

less ramified 
 

 
80****    

Primary rat 
sections 72 

Cluster 1      0.40   

Cluster 2  
Heterogeneity in 

structure, indicative 
of ramification.  

 
 

 0.60*   

Cluster 3      0.38   

Cluster 4      0.37   

Rat coronal 
section 69 

PL 

CIE 
Smallest volume, 
Fewest branch 

points 
0.0012** 

 
   0.009 

LPS 

Largest cell/soma, 
Most branch points, 

most radially 
arranged 

0.0024** 

 

   0.014 

C  0.0018     0.011 

NA 

CIE  0.0170     0.014 

LPS 

Largest soma 
volume, highest 

number of branch 
points 

0.0190 

 

   0.013 

C  0.0210     0.015 

*statistically significant compared to control, CIE: Chronic intermittent ethanol; Cluster: microglial categorisation based on morphology; NPC1: Niemann-Pick disease, type C1; pMCAO: 
permanent medial cerebral artery occlusion; tMCAO: transient middle cerebral artery occlusion; WT: wild type 
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Tables 1.4, 1.5, and 1.6 collate numerical morphometric data across studies for 

comparison. Blank sections in the tables illustrate the high frequency with which data were 

not collected/reported. Table 1.2 highlights the lack of standardisation in the approach to 

assess microglial morphology, with researchers using different morphological measures. 

This makes comparison between studies difficult as there is no direct comparison of 

microglial morphology. Even when some studies assess the same measure, there is usually 

not the same combination of measures. 

One study measured area, perimeter, Feret’s (maximum) diameter, circularity, aspect ratio, 

and the number of grid crossings (superimposed gridlines, crossed by cells) 57. However, 

another in vitro cell culture study assessed area as the sole morphological feature 62. 

Morphologies were often based on subjective descriptions (confocal microscopy, x65 

objective lens), such as ‘amoeboid’ (described as having an area of about 190 ± 10 µm2), 

‘ramified’ (~305 ± 30 µm2) and ‘pseudopodic’ (~90 ± 10 µm2), rather than providing 

repeated and accurate measurements.  

The largest area values reported were 600 – 1,467 µm2 66. These measurements might be 

an underestimate, as their methods do not take account of ‘membrane sheets’, which they 

describe as membrane overlapping and/or obscured by neighbouring cells 66. Their 

methods however do not define what a membrane sheet is, nor the boundary between 

what is considered the cell and the membrane sheet. Additionally, they refer to an image 

showing how ImageJ software was used to delineate the cell boundary, indicating that this 

measurement included membrane which appeared to be overlapping with neighbouring 

cells, contradicting the described method. Elsewhere, the authors state that ramified 

microglia were static and their processes did not move. However, despite these inactivated 
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microglia often being described as “resting”, this surveillant microglia phenotype is 

increasingly recognised as having highly active processes. 

Overall, cell area values showed a wide range of variation from 54.57 to 1,467 µm2. Smaller 

values were typically associated with 3D culture methods, e.g. organotypic brain slices. The 

same trend (smaller values) was apparent for perimeter and Feret’s maximum diameter. A 

possible explanation for this is that when microglia are in a 3D environment, some of the 

cell will project towards and away from the imaging lens (z directions), and so not 

contributing to measurements of area etc. (xy plane); whereas microglia cultured on 

coverslips restrict growth in this z axis, with more of the cell being visible to 2D imaging 

(more of the cell is visible within the xy plane). This means that the cellular environment 

may impact (restrict) morphology, although it is unclear whether or to what extent this 

enforced morphological change may influence activity of microglia. For example, does 

promoting a more amoeboid morphology drive more inflammatory cell behaviours? Or, 

can promoting greater ramification of microglial processes, result in reduced inflammatory 

responses? 

 

1.6. Microglial activation and its role in neurodegenerative disease 

Mounting evidence indicates the importance of microglial activation status in the onset, 

progression, and resolution of neural injury/disease. In patients with AD (n = 10), PD (n = 

11), or mild cognitive impairment (MCI; n = 10), researchers used MRI to investigate 

whether there were correlations between microglial activation and the extent of 

neurodegeneration seen in these diseases 73. In AD and MCI there was a significant negative 

correlation between increased microglial activation and mini mental state examination 
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(MMSE), an assessment of cognitive function based on orientation, concentration, 

attention, verbal memory, naming, and visuospatial skills. However, there are limitations 

to its use. MMSE was not originally established to “identify early stages of dementia, 

distinguish between different types of dementia, or to predict the development of 

dementia in the long term” and studies have shown that “sociocultural variables, age and 

education, among other factors, could affect individual scores”, calling its use into question 

74.  

The correlation between neuroinflammation and declining score on MMSE indicates 

potential for increasing microglial activation leading to neural degeneration, though a 

direct causal effect could not be demonstrated from these data.  

This was built upon more recently, in 2017 and 2020, by Parbo et al. 75,76. Using 11C-

PK11195 PET imaging of patients, brain inflammation was shown to accompany amyloid 

beta deposition in cases of AD and MCI, with 22 of 26 amyloid-positive MCI cases showing 

increased cortical microglial activation. This activation was found in the frontal, parietal, 

and temporal lobes. Parbo et al. do not conclude if this effect was associated with lesser or 

greater pathology, only that neuroinflammation accompanies amyloid deposition, 

concluding it must be a part of the neurodegenerative process.  

Parbo et al. 2020 77, demonstrated that microglia could act to protect neurons during 

prodromal AD. Using 11C-PK11195 PET imaging Parbo et al. identified raised cortical beta 

amyloid levels in patient cases of MCI and AD. To measure neuroprotective effects, Parbo 

et al. measured the plasma concentrations of neurofilament light protein which has been 

reported to be a marker of axonal degeneration (although non-specific for this). Lower 

levels of plasma neurofilament light were associated with greater levels of microglial 

activation in the precuneus, occipital, and sensorimotor cortices. If this inverse correlation 
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indicates that reduced microglial activation results in greater levels of axonal degeneration, 

then perhaps robust microglial activation is desirable, at least in the early stages of disease. 

Parbo et al. are restricted in their definition of microglial activation as they confirm 

microglial activation by using 11C-PK11195 PET imaging monitoring expression of the 

Translocator protein (TSPO) marker (18kDa). A marker that is unable to distinguish between 

M1 pro-inflammatory and M2 anti-inflammatory states.  

It has been demonstrated that TSPO is expressed on activated microglia, astrocytes, and 

other infiltrating immune cells such as macrophages, however it is microglia with the 

highest expression 78–80. Using immunohistochemistry of post mortem samples of brain and 

spinal cord from MS patients, Nutma et al. 81 conclude that TSPO expression is increased 

within active and chronic MS lesions, associated with microglial cell numbers, but should 

not be over-interpreted as indicative of microglial activation status. Whilst TSPO can give 

an indication of neuroinflammation (increased numbers of glial cells due to microgliosis 

and astrocytosis) it cannot reliably indicate whether microglia or astrocytes are pro-

inflammatory or anti-inflammatory. Therefore, investigating therapeutic interventions 

modulating microglia activity from pro-inflammatory to anti-inflammatory TSPO may not 

be helpful and a behavioural assay such as cognitive performance may be more beneficial. 

Immunohistochemical analysis of post-mortem tissue obtained from PD patients (Braak 

stage 4-6) and patients with incidental Lewy body disease (Braak stage 1-3), shows an 

increased number of CD68 positive amoeboid microglia in the hippocampus and substantia 

nigra (SN) compared to age matched healthy controls 82. They also show that increase in 

amoeboid CD68+ microglia correlates with an increased a-synuclein deposition in the 

hippocampus and SN, and dopaminergic neuronal cell loss SN. Studies have demonstrated 

a presence of inflammatory microglia in AD and PD patients 73,82. They do not, however, 
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show that microglia are responsible for neuronal loss, beyond showing a positive 

correlation between the presence of microglia and -synuclein and dopaminergic neuronal 

cell loss in the SN of Parkinson’s patients 82. 

Table 1.8 (Appendix) summarises evidence for microglial involvement in human 

neurological conditions. This covers a range of pathologies, both early and late onset, 

sudden onset, and progressive degenerative conditions. Imaging studies of live patients, 

and post-mortem histological analyses, indicate neuroinflammation, and inflammatory 

microglia specifically. 

 

1.7. Microglial activation in models of neurodegenerative disease 

Although many human neurological conditions do not occur naturally in other species, 

various animal models have been developed, particularly utilising rodents. These models 

frequently exhibit similar neuroinflammatory events to those seen in humans, including 

microglial responses and behaviours. 

In a macaque model of PD, immunohistochemical analysis of brain tissue shows direct 

interaction between microglia and dopaminergic neurons at 1, 2, and 5 years post-

administration of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP; specifically toxic to 

dopaminergic neurons) 83. In the substantia nigra pars compacta (SNpc), loss of 

dopaminergic neurons happens alongside persistent microglial activation. Whilst the total 

number of microglia did not change, the proportion of activated microglia increased, 

alongside an increase in microglia phagocytic activity. Microglia activation was indicated by 

morphometric analysis where microglia show an increase in cell body size and number of 
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terminal tips. This study showed direct interaction between microglia and DA neurons, but 

not direct microglial neurotoxic effects. 

In a rat model of PD 84, neuron: astrocyte co-cultures (without microglia) were treated with 

50 µM MPP+ which induced ~50% loss of SN dopamine neurons. In SN astrocyte: SN neuron: 

microglia (N:A:M) co-cultures, MMP+ neurotoxicity was amplified, with cultures 

experiencing ~75% neuron loss. The exacerbation of neuron loss in co-cultures with 

microglia, compared to without microglia, highlights the potential of microglia to amplify 

toxicity. This exacerbation of neuronal toxicity occurred whether microglia were derived 

from the cortex, SN, or the ventral tegmental area (VTA). Microglia were only pro-

inflammatory in the presence of MPP+, with control cultures showing no neuronal cell 

death, and pro-inflammatory effects dealt by activated microglia could be reversed by 

treatment with a TLR4 antagonist.  

VTA astrocytes were able to partially reverse the neurotoxic effects in either SN neuron or 

VTA neuron N:A:M co-cultures, with both cultures experiencing only ~20% neuron loss. VTA 

astrocyte protection was abolished by doubling the number of microglia, with SN and VTA 

neurons experiencing ~40% and 50% loss respectively. Doubling the amount of astrocytes 

with respect to neurons had no impact. This shows that microglia are not only influenced 

by each other, but also by astrocytes, with potentially important consequences for disease 

progression and therapeutic interventions. 

Only microglia derived from the cortex were used in these N:A:M co-cultures due to 

experimental limitations (cell yield). Difficulties in interpreting this study arise as there are 

clear regional differences in the activities of astrocytes. Microglia derived from different 

regional areas display different cytokine transcriptomic profiles under both treated and 
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control conditions. The use of cortical microglia was justified by the authors as, despite 

transcriptomic differences, microglia from all areas displayed similar neurotoxic properties. 

Table 1.9 (Appendix) summarises evidence for microglial roles in animal models of neural 

injury/disease. 

 

1.8. Immunomodulatory targets for therapy 

Microglial behaviours are critical to the onset, progression and resolution of neural disease 

and injury, whether their contributions are beneficial or detrimental. Potential therapies 

could seek to attenuate microglial inflammation, or perhaps promote 

neuroprotective/neurorestorative processes. However, individuals are often only 

diagnosed with neurodegenerative illness once a large amount of damage has occurred, 

and interventions may need to occur early in the pathology. Diagnostic tools such as PET 

scans offer the ability to detect early stage neuroinflammation, and may aid future 

preventative neuroimmunomodulatory treatments 77,85,86.  

An ideal therapy would also avoid invasive delivery to the CNS, perhaps using peripheral 

injection or even oral delivery. For example, immune effects of vitamin B3 are attracting 

interest in PD (which may involve Gpr109a activation) and the Gpr109a ligands DMF/MMF 

in MS; further details will be discussed in greater detail in the next section, 1.9 
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1.9. Evidence for microglial expression of GPR109a 

Microglia have been reported to express GPR109a, but to varying extent, and with 

inconsistent evidence (Table 1.10) 87,88,89. Wakade et al. 2014 87 studied the effects of niacin 

supplementation on PD patient GPR109a expression. Patterns of Gpr109a expression were 

reported in post mortem SN (n = 4 patients), comparing with age matched controls (n = 4). 

Western blot analysis showed greater expression of Gpr109a in PD SN, compared to age 

matched controls. Using CD11b as a microglial marker, confocal microscopy showed the 

majority of CD11b+ cells in PD samples were co-localised with Grp109a staining. This 

contrasted with control samples, where the majority of CD11b+ cells were Gpr109a-. No 

comment was offered on potential reasons for these differences in Gpr109a expression. 

Increased numbers of microglia and increased microglial expression of GPR109a were 

reportedly evident in PD patients 87. The reliability of these data is unclear, as no 

numerical/statistical data were reported to support these claims and the cohort was very 

small (n = 4), with one patient showing an absence of Grp109a expression within the SN 

which Wakade et al. were unable to account for. Wakade et al. assumed that the increased 

expression of Gpr109a in the SN was due to increased numbers of microglia and also 

increased microglial expression of Gpr109a (each cell), however evidence supporting this 

claim is not presented.  
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During this study Wakade et al. was also interested in the potential role of the peripheral 

inflammatory response in PD. They demonstrated elevated GPR109a expression in white 

blood cells (WBCs; type not specified) of Parkinson’s patients compared to their age 

matched controls (no PD diagnosis). A densitometry scan (relative densities of the Western 

blot bands) showed 20 of 22 patients had upregulation of GPR109a, with a significant 

difference between Parkinson’s patients and controls, p = 0.033. This demonstrated 

GPR109a’s potential importance in the CNS and peripheral immune response, supporting 

the idea that these two systems are closely interlinked. This lead to them emphasising the 

importance of investigating GPR109a expression in neuroglia. In particular they 

emphasised the interest of the possible role of GPR109a in recruiting microglia to the SN.  

Table 1.10: Evidence for microglial expression of Gpr109a 

Species  Source Methods Findings  

Human 

Post-mortem 
  
PD patient  
Age-matched healthy 
controls 87  

Gpr109a immunostaining 
Confocal microscopy  

PD: CD11b co-localised with GPR109a (no 
numbers reported) 
Control: Fewer CD11b cells 
Not all GPR109a+ cells are co-localised with 
CD11b  

Mouse  BV-2 cell line 90  
PCR  
Western blot 

BV-2 cells express Gpr109a.  
No investigations in up/down regulation of 
Gpr109a. 

Mouse 
BAC-transgenic mouse 
strain Hca2mRFP 88 
 

Immunohistochemistry 
Coronal slice 
 

CD11b+ microglia in control sample express 
Gpr109a.  

Rat 
Whole brain. Primary 
microglia cultures. 
>98% purity 89 

PCR 
Western blot 

Gpr109a is expressed by microglia  

qRT-PCR 
LPS treatment:  
0.5, 1, 10 ng/ml 
4 hr, 12 hr, 24 hr 

Gpr109a mRNA expression significantly 
increased upon LPS treatment in a 
concentration and time dependent manner.  
Dose-response curve, but no statistical 
analysis.  
Greatest expression of Gpr109a: LPS 10 
ng/ml at 24 hr. 

Rat 
Post-fixed RVLM 
section (n = 4-6) 91 

Confocal dual-labelled 
fluorescence microscopy 

~20% of CD11b/c+ cells are Gpr109a + 

Abbreviations; LPS: Lipopolysaccharide; PCR: Polymerase Chain Reaction, qRT-PCR: Real-Time quantitative reverse 
transcription PCR; RVLM: Rostral Ventrolateral Medulla ; SN: Substantia Nigra. 
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In 2015, Wakade et al. conducted a clinical trial of GPR109a ligand supplementation 92 in a 

65 year old Parkinson’s patient (45 d, oral niacin, 250 mg). The aim was to study the effect 

of niacin on GPR109a expression and patient symptoms. The patient underwent. Wakade 

et al monitored GPR109a expression levels in the patient’s WBCs and measured Beta 

Hydroxybutyric acid (BHBA) expression levels in plasma. Symptomology was assessed at 2 

weeks, 6 weeks, and 3 months. To determine GPR109a levels a western blot of WBCs was 

assessed. WBCs were used as obtaining microglia would be highly invasive, although the 

researchers comment that GPR109a expression in WBCs cannot be correlated with levels 

within the SN. However the purpose was to assess GPR109a ligand use on inflammation 

bearing in mind that systemic inflammation has also been implicated in Parkinson’s 

pathology. Symptomatology was assessed using the Unified Parkinson’s Disease Rating 

Scale (UPDRS) handwriting test, and quality of sleep. UPDRS is used by clinicians and 

researchers to measure the impairment and disability associated with PD. There are four 

sections: the first considering mental activity, behaviour, and mood, the second the ability 

for the patient to carry out activities of daily living independently, the third the ability to 

carry out motor skills, and the fourth more general complications as a result of the PD 93.  

The patient saw improvements in aforementioned parameters without side effects and this 

was abolished in the absence of niacin supplementation. Wakade comments that there was 

a reduction of Gpr109a in patients’ WBCs with niacin treatment. BHB levels and NAD/NADP 

ratio was normalised with niacin treatment and reverted back to previous levels after the 

treatment had stopped. Normalised BHB levels and NAD/NADP ratio correlated with 

improvement in symptoms.  

This is an important finding in that it is the first clinical case of treating a PD patient with 

Niacin and the study shows promising results. However, it is restricted in that their sample 
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size was only one patient. In addition, niacin is also known to act via non-GPR109a 

mechanisms (e.g. Nrf2, discussed later) and they do not explore the potential mechanism 

beyond assessing GPR109a expression and NAD/NADP ratio.  

 

1.10. How do microglia respond to GPR109a ligands? 

1.10.1. Microglial response to BHBA 

Fu et al. (2015) 89 showed in a rat model that subcutaneous treatment with the GPR109a 

ligand BHBA improved functional recovery from intranigral LPS-induced lesions, indicated 

by better scores in the amphetamine induced rotation test. Fu et al. investigated the effect 

of LPS intranigral injection on microglial activation and injury to dopaminergic neurons by 

using RT-PCR and western blots of post-mortem rat tissue. Increased GPR109a mRNA 

expression was detected 4 h post-LPS stimulation. Further, mRNA expression increased 

significantly in both a dose- and time-dependent manner, highlighting a potential 

connection between GPR109a expression and the inflammatory response.  

In studies conducted by Rahman et al. 2014 88 in a mouse middle cerebral artery occlusion 

(MCAO) model of ischemic stroke, both niacin and BHBA elicited a neuroprotective 

response, with reduced infarct size compared to control. Mice received subcutaneous 

injections of BHBA pre-MCAO, with beneficial effects abolished in a Gpr109a-/- knockout 

mouse. Niacin is a known agonist of the Gpr109a receptor and mice received a 100 mg/kg 

dose pre-MCAO (10 mins) and post-MCAO (4 h, 8 h, 24 h, 28 h, 32 h). As with BHBA, 

protective effects were abolished in Gpr109a-/- knockouts. This confirmed the hypothesis 

that BHBA was activating the Gpr109a receptor to deliver its effects. 
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Rahman et al. investigated which cells in the brain were Gpr109a positive using 

fluorescence microscopy to analyse a BAC-transgenic mouse line Gpr109a mRFP where the 

Gpr109a locus directs the expression of the monomeric red fluorescent protein. When 

Gpr109a mRFP+/+ mice were not undergoing any treatment staining revealed the exclusive 

staining for Gpr109a+ to CD11b+ microglia, no Gpr109a expression was detected in neurons 

or astrocytes. Rahman et al. assumed the CD11b+ cells to be microglia as in MCAO control 

the blood brain barrier is thought to remain unperturbed, hence no infiltration of bone 

marrow derived cells. In Gpr109a mRFP+ mice post MCAO Rahman et al. found an increased 

presence in CD11b+ and Iba1+ cells surrounding the infarct, of which 87.5 ± 14.6% and 98.7 

± 18.0% were also Gpr109a+, respectively, showing that Gpr109a is expressed by microglia 

and/or infiltrating monocytes/macrophages. 

Using bone marrow transplantations in a chimeric mouse model, three populations were 

established:  

Gpr109a+/+>Gpr109a+/+ Gpr109a+/+ receiving bone marrow from Gpr109a+/+ mice 

Gpr109a+/+> Gpr109a-/- Gpr109a-/- receiving bone marrow from Gpr109a+/+ mice 

Gpr109a-/->Gpr109a+/+ Gpr109a+/+ receiving bone marrow from Gpr109a-/- mice 

Each population received either niacin or saline vehicle (sham) pre- and post-MCAO. 

Gpr109a+/+>Gpr109a+/+ mice saw a protective effect by niacin treatment: reduced infarct 

diameter compared with control (~15 mm3 vs ~29 mm3). For Gpr109a-/->Gpr109a+/+, 

decreased infarct volume was seen in niacin-treated mice. This protective effect was 

abolished in Gpr109a+/+> Gpr109a-/-, suggesting that it is Gpr109a+ bone marrow-derived 

cells that are mediating the protective effects. They report that macrophages are delivering 

the beneficial effects as they assume microglia cannot develop from hematopoietic cells 

(at least in adult organisms).  
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Some studies suggest hematopoietic cells can differentiate into microglia-like cells. Getts 

et al. (2008) 94 suggest that infiltrating inflammatory monocytes can differentiate into a 

new microglial population, with the phenotype CD45intCD11b+GFP+Ly-6c+ (intermediate 

levels of CD45 expression). In addition, Lund et al. (2018) 95 showed that infiltrating 

macrophages alter their gene expression profile, such that they more closely resemble 

microglia and adopt microglia-typical DNA methylation signatures whilst retaining a distinct 

expression signature (although not identical to microglial expression). Their results suggest 

that infiltrating macrophage/monocytes are imprinted by the CNS microenvironment to 

become a functionally distinct niche of microglia-like cells.  

The cells reported by Rahman et al. were of two populations of monocytes/macrophages 

CD11b+/CD45+/Ly-6G-/Ly-6C- and CD11b+/CD45+/Ly-6G-/Ly-6C+. Ly-6c is not an effective 

marker to distinguish between peripherally derived monocytes/macrophages and 

microglia; as, microglia can be Ly-6c+ or Ly-6c-, likewise expression is seen in 

monocytes/macrophages94. Monitoring CD45 expression might be a more effective way of 

distinguishing between macrophages and microglia96. Whilst Rahman et al. used flow 

cytometry for identification of CD45 they did not monitor its levels of expression, not 

allowing them to distinguish between microglia and macrophages.  

Rahman’s findings might not be translatable to other neurodegenerative disease such as 

AD where there is not such drastic alteration to blood brain barrier integrity. By using an in 

vivo stroke model, responses cannot be monitored independent of infiltrating 

macrophages. The microglial response may be present but insufficient in the case of stroke, 

and may require peripheral immune system input. Where the microglial response may be 

lacking in the case of stroke, there may perhaps be a greater response in disease states 
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such as AD, PD, or TBI (with perhaps limited peripheral immune cell involvement). This is 

beyond the scope of this discussion but an important factor to consider.  

1.10.2. Microglial response to Niacin  

Rawji et al. 70 screened a library of 1,040 generic medications, and identified niacin’s 

capability to enhance microglia/macrophage cytokine secretion and phagocytosis in vitro. 

Rawji et al. investigated the potential of niacin treatment to alter lesional 

microglia/macrophages to promote remyelination. Delayed recruitment of microglia into 

lesions, and reduced phagocytic clearance of debris, inhibits this remyelination. Myelin 

debris activates microglia (pro-inflammatory phenotype), which upregulate IL-1a and 

TNFα. Myelin phagocytosis requires the scavenger receptor CD36 and overexpression of 

the receptor lead to a significant increase in microglia phagocytic activity. Lower level 

expression of the CD36 receptor was seen in aged microglia, which are reportedly less 

effective at clearing debris.  

 Treatment with niacin lead to an enhanced capability of microglia to uptake myelin debris 

in both young and age mouse microglia. This effect was seen in primary young and aged rat 

microglia as well as adult human microglia obtained via biopsy. This was attributed to 

elevated CD36 levels. 

In primary microglia obtained from Gpr109a-/- knockout mice Rawji sought to identify 

Gpr109a’s involvement. Wild type microglia saw an enhancement in phagocytosis with 

niacin treatment whereas this was abolished in Gpr109a-/- microglia. Rawji suggests that 

niacin upregulates CD36 via activation of the Gpr109a receptor. 
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1.10.3. Dimethyl fumarate (DMF) and its metabolites: Dimethyl Fumarate-

glutathione conjugate (DMF-GSH) and Monomethyl fumarate (MMF) 

Delayed-release DMF is an approved treatment for MS. Microglial involvement is central 

to MS pathology, however the effects of DMF, and DMF’s primary metabolite MMF, on 

microglia still remains unclear.  

DMF has a short half-life and is rapidly converted to its primary metabolite MMF. MMF has 

been shown to cross the BBB, penetrating into the brain parenchyma 97–99. It was previously 

believed that DMF could not enter portal circulation as it does not survive absorption 

through the gut. However, some studies show DMF-GSH, a glutathione conjugate of DMF, 

present in portal circulation of rodents after receiving oral DMF, with Peng et al. 100 

suggesting the presence of MMF and DMF-GSH in portal circulation. Peng et al. 100 

demonstrated that both are detected in plasma and brain parenchyma, with MMF present 

in greater quantities.  

It is still unclear which substance DMF or MMF is biologically active after oral DMF dosing. 

DMF likely exerts broader ranging biological activity. These affected signalling pathways are 

largely correlated with nuclear factor erythroid-2related factor 2 (Nrf2) and NF-қB 

pathways. DMF activates a larger number of NRF2 target genes in comparison to MMF. 

Nrf2 is independent of Gpr109a. DMF also suppressed transcriptional responses associated 

with NF-β.  

In a study of HIV-induced neuroinflammation and neurotoxicity 101 MMF treatment (100 

µM) of microglia-HIV vector infected monoculture shows a 4.6 fold reduction in CXCL10 

(~2000 pg/ml to ~400 pg/ml). This was seen in both HMC3 cell line and human primary 

microglia. Supernatant (conditioned media) from microglia monocultures and microglia-
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monocyte co-cultures (+/- MMF treatment) was applied to human foetal neurons. MMF 

treatment of microglia-monocyte co-cultures at concentrations 10 µM and 30 µM led to 

significantly enhanced neuronal viability.  

In a 6 week old albino BALB/c mouse model of LIR (light induced retinopathy), Jiang et al. 

102 demonstrated the ability of MMF to protect the retinal structure and function. Assessing 

the thickness of the photoreceptor layer in the retina, a single dose of MMF before light 

exposure preserves layer thickness in a dose-dependent manner, while this layer is thinned 

in the retinopathy group. 100 mg/kg MMF showed greatest protective effect with the 

photoreceptor layer being indistinguishable from naive mice. The functional protective 

effect of MMF was assessed by electroretinography (ERG). Again, MMF improved ERG 

responses in a dose-dependent manner, with greatest effect being seen in mice treated 

with 100 mg/kg, shown by amplitudes indistinguishable from naïve mice.  

LIR increased expression of Gpr109a and the pro-inflammatory marker CD14 3-24 h post 

treatment, with highest level at 12 h. LIR initially decreased the expression of the anti-

inflammatory marker Mrc1 expression but increased its expression at 12 h. MMF treatment 

pre-LIR limited this increase in expression of Gpr109a and CD14, but had no impact on Mrc1 

expression. Depletion of microglial numbers using PLX5622 demonstrated that these 

changes in expression were primarily occurring in retinal microglia.  

Jiang et al. (2019) 103 did not explore the mechanisms behind MMF’s effects. They did 

however note LIR upregulation of genes associated with NF-β and Nrf-2, and that this 

upregulation was mitigated by MMF. They cannot say definitively from this data whether 

MMF is acting through Gpr109a or Nrf-2 or both. Further experiments involving Gpr109a 

and Nrf-2 knockouts would be required. Table 1.11 summarises reported in vitro effects of 

Gpr109a ligands on cultured microglia. 
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Table 1.11: Effects of Gpr109a ligands on primary microglia 
Source  Experimental 

details  
Gpr109/ 
Nrf2 
mediated? 

Outcome  

Mice (6-8 
wks)  

demyelinating toxin 
lysolecithin 
 
phagocytosis assay 
 
fluorescence 
microscopy 70 

Gpr109a 

Myelin debris activates microglia and myelin phagocytosis 
requires the scavenger receptor CD36. 

Human 
 
Young, 
and aged. 

phagocytosis assay 
 
fluorescence 
microscopy 70 

Niacin significantly enhances the microglial phagocytosis of myelin 
debris in both young and aged mice as well as human cells.  

HCA2-/- 
knockout 
mice 

phagocytosis assay 
 
fluorescence 
microscopy 70 

Niacin’s enhancement in phagocytosis is abolished in Gpr109a-/- 
microglia.  

Rat  

Pre-treatment: 
MMF, DMF 10 µM 
24 h. 
 
Treated with LPS or 
IL-4 for 3, 6, 24 h.  
 
qPCR to measure 
gene expression 104 

Not 
determined 

Neither DMF nor MMF affected phagocytic activity of untreated, 
LPS treated, or IL-4 treated microglia. 

MMF had no impact on microglia treated with either LPS or IL-4.  
 
DMF upregulated M1 inflammatory markers: TNFα, iNOS, and 
anti-inflammatory markers; IGF-1, Tgf-1β, Mrc-1, in microglia 
treated with LPS (6 h).  
Effects not seen for other time points. 
 
DMF pre-treatment of M0 or LPS (M1) microglia increased 
expression in MCR1 at 6 h only and IGF-1 at 3 h and 6 hr.  

Rat 

Transcriptional 
microarray  
 
LPS 100 ng/ml for 
24 h 100 

Not 
determined 

• DMF: DMF exerts a wide range of biological activity 

• Alteration in 1,822 genes (naïve microglia), 2,672 genes 
(classically activated microglia induced by LPS + IFN-γ) 

• Suppressed transcriptional activity of NF-β-associated genes 

• Reduced expression: IL-1β, TNFα, Il-22b, Stat-1, CD40 

• DMF acted both via and independently of Nrf2, whereas MMF 
thought to act through Nrf2 only. 

• DMF and MMF: upregulated Gclm, Srxn1, Gsta3, Txnrd1, Cat, 
and Osgin1 (all associated with Nrf2)  

• MMF: no suppression of NF-β-associated genes 

• Naïve microglia: transcriptional modification in 198 genes,  

• Classically activated microglia: only 19 genes modified 

• DMF not MMF: decreased inflammatory responses in 
classically activated (LPS or IFN-y treated) microglia 

• DMF is present in the brain as its metabolites DMF-GSH or 
MMF, with MMF being present in greatest amount.  

• The effect of DMF-GSH was not studied  

Abbreviations: DMF: Dimethyl Fumarate, DMF-GSH: DMF-glutathione conjugate 

 

  



 

47 

1.10.4. How do DMF and MMF affect gene expression and inflammatory response in 

primary microglia? 

The fumarate drugs DMF and MMF have both been shown to alter microglial gene 

expression, with DMF affecting the greater number of individual genes (Table 1.12) 100. 

Modified gene expression was investigated in untreated in vitro cultures (naïve microglia) 

and LPS treated in vitro cultures (microglia pre-treated with LPS). Interestingly, DMF 

treatment of LPS-activated microglia altered expression in the greatest number of genes, 

while MMF treatment of LPS-activated microglia had the most limited effects.  

Table 1.12. Microglial gene expression is substantially altered by the fumarate drugs, DMF 
and MMF 

Drug 
Treatment 

Microglial activation 
Upregulated 

genes 
Downregulated 

genes 
Total genes with altered 

expression 

DMF Naïve 783 1039 1822 

DMF  LPS activated 1458 1214 2672 

MMF Naïve 94 104 94 

MMF LPS activated 5 14 19 

DMF: dimethyl fumarate; MMF: monomethyl fumarate. Ref 100 

 

The mechanism of DMF and its metabolite MMF is still largely unclear. Using a NRF2 

knockout mouse model, DMF’s anti-inflammatory activity was maintained, demonstrating 

DMF activity to be independent of Nrf2. However, using transcriptional profiling DMF was 

able to activate Nrf2 target genes Gclm, Srxn1, Csta3, Txnrd1, Cat, and Osgin1, which 

together offer various protective functions 100.  

Gclm codes for the glutamate-cysteine ligand (GCL) modifier subunit. Gclm and GGLC are 

catalytically-active heavy subunits of GCL. GCL functions in the production of glutathione, 

which is an important antioxidant 105.  

Sulfiredoxin 1 (Srxn1) is one of the endogenous antioxidant proteins that maintain cellular 

redox homeostasis. Upregulation of Srnx1 decreased high glucose (HG)-evoked apoptosis, 
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ROS generation, and pro-inflammatory cytokine release in retinal ganglion cells (RGCs). 

Srxn1 enhances Nrf2 signalling in HG-exposed RGCs by up-regulating phosphorylation of 

Akt and glycogen synthase kinase-3 (GSK-3) 106. 

In human astrocytes, MMF-mediated cyto-protection is OSGIN1 dependent (specifically the 

OSGIN1-61 kDa isoform). MMF treatment promoted Nrf2-dependentOSGIN1 expression 

which induced p53 nuclear translocation resulting in cell-cycle inhibition and cell protection 

against oxidative damage. 

DMF is reported by tang et al. (2008) 107 to be inactive with regards to Gpr109a activity, 

with an IC50 of ~10 µM (MMF IC50 ~70 nM; niacin IC50 ~16 nM). MMF effects were suspected 

to be Nrf2-dependent, with Peng et al. 2016 100 stating that no inhibitory effects were seen 

in Nrf2-/- primary microglia cultures treated with MMF. It seems likely that MMF effects are 

mediated by Gpr109a and Nrf2, as Tang et al. 107 report MMF to have high affinity for 

Gpr109a (10 fold higher than niacin) and Peng et al.100 demonstrates MMF’s  effects to be 

abolished in Nrf2-/- knockout primary microglia. However, it is still unclear whether MMF 

requires activation of both Gpr109a and Nrf2. Additionally, there was no investigation into 

whether MMF’s effects were dependent on the route taken. MMF’s impact on microglial 

behaviour could differ depending on whether it activates Gpr109a or Nfr2. 

1.10.5. Evidence for astrocyte expression of GPR109a 

Astrocytes treated with DMF or MMF have shown a reduction in inflammatory behaviours 

108,109. It has been suggested that this action is independent of Gpr109a, and may be 

mediated by Nrf2, which was shown to undergo nuclear translocation. However, as DMF 

and MMF are Gpr109a ligands, there could still be concurrent Gpr109a activation, along 

with Nrf2 mediated effects.  
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Investigations into the expression of GPR109a in astrocytes is limited (Table 1.13). Rezq et 

al. 91 studied rat RVLM histological sections, reporting that TH+ neurons, microglia, and 

astrocytes express GPR109a. NeuN+ and TH+ neurons showed a greater percentage of cells 

expressing GPR109a, than did other cell types, reporting approx. 90% of TH+ cells 

expressing Gpr109a, and approx. 70% of NeuN+ cells being Gpr109a+. Microglia and 

astrocytes showed a low percentage of cells expressing GPR109a: approx. 27% of CD11b/c+ 

microglia, and approx. 7.5% of GFAP+ astrocytes.  

Table 1.13: Evidence for astrocyte expression of Gpr109a 

Species  Source Methods Findings  

Mouse 88 

BAC-transgenic mouse line Hca2mRFP 
 
Middle cerebral artery occlusion (MCAO) 
 

Immuno-histochemistry 
 
Coronal slice, with MCA 
 

GFAP+ cells were negative 
for Gpr109a, before and 
after MCAO 

Rat 91 Post-fixed RVLM section (n = 4-6) 
Confocal dual-labelled 
immunofluorescence 
microscopy 

~7.5% of GFAP+ cells were 
Gpr109a+  
 

 

There are few direct studies of Gpr109a expression in microglia or astrocytes. Evidence 

suggests some human microglia express Gpr109a, and that this percentage can be altered 

by pathology. However, there is still limited understanding of the extent of Gpr109a 

expression in glia, and what the direct effects of Gpr109a activation may be. A thorough 

understanding of these aspects could be beneficial in understanding neuroinflammatory 

responses and exploring therapeutic exploitation of Gpr109a. 

Current ideas for immunomodulatory therapeutic targets are summarised in Table 1.14; 

with research targeting inflammatory and anti-inflammatory transcription factors, and the 

pathways and receptors/ion channels upstream of these transcription factors. 110 
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Table 1.14: Summary of experimental data for potential therapeutic targets NF-β, Nrf2, and 
the JAK-STAT3 pathway 
Name 
of 
target  
 

Treatment Model/ 
Culture 
conditions 

Treatment 
details  

Results  

NF-β Baicalein 111 Rat cerebral 
I/R injury 
model of 
ischemia: 
MCAO.  
 

Daily baicalein 
(200 mg/kg) for 7 
days.  
 
Does not 
distinguish 
microglia from 
(peripheral) 
macrophages.  

• Reduced neurobehavioral deficits. 

• Reduced brain infarct volume from 18.99% to 
7.41%.  

• Suppressed NF-β signaling by reducing IκBα 
phosphorylation and nuclear translocation of NF-

β-p65 which reduced release of pro-
inflammatory cytokines: IL-6, IL-18, and TNF –α. 

Immunofluorescence of ischemic penumbra: 

• Reduction in microglia/macrophage expression 
of M1 markers CD16 and CD86 

• Increased expression of M2 markers CD163 and 
CD206 

Nrf2 ALGERNON2 
112 

Male mice, 
8/9 wks.  
 
MPTP 
injection or 
LPS 
injection 

Intraperitoneal 
injection.  
MPTP four times  
20 mg/kg (10 
ml/kg) 2 h 
intervals  
 
LPS once daily 4 
days 1 mg/kg 

• ALGERNON2 rescues neurodegeneration 
following MPTP and LPS administration.  

• ALGERNON2 suppresses cytokine production 
upon LPS stimulation via Nrf2. Proven by 
knockdown studies with siRNA.  

• ALGERNON2 increases the Nrf2 pool for nuclear 
translocation proposed to be sufficient to rescue 
neurodegeneration in vivo. 

JAK2-
STAT3 

SC99 113 Cerebral  
ischemia  
 
MCAO in 
vivo  
 
Oxygen-
glucose 
deprivation 
in vitro 
(OGD) 

Intracerebro-
ventricular 
injection  
10 mmol/L, 15 uL 

• Phosphorylated JAK2-STAT3 (p-JAK2-P-STAT3) 
upregulated in acute phase of cerebral ischemia.  

• During acute phase SC99 reduced levels of p-
JAK2-p-STAT3 in the penumbra cortex as shown 
by western blotting.  

• Downregulated p-JAK2-p-STAT3 

• Prevented nuclear translocation in primary 
microglia OGD cultures. 

• Inhibiting JAK2-STAT3: reduced infarct volume, 
ameliorated neurological deficit, decreased brain 
edema, reduction in neural apoptosis and neural 
degeneration.  

• SC99 promoted M1->M2. 

• MCAO induced M1 (CD16+), but also M2 
(CD206+) to a lesser proportion.  

• SC99, in vitro microglia: reversal of M1 markers.  

• SC99: M2 proteins (iNOS, TNF-α, IL-1β) 
increased, M1 (arginase1, IL-4, and IL-10) 
cytokines decreased.  

• Same effect for in vitro OGD microglia 

ALGERNON2: Altered generation of neurons 2; IκBα:nuclear factor of Kappa light polypeptide gene enhancer in B 
cells inhibitor, alpha; JAK2-STAT3: Janus Kinase signal transducer and activator of transcription pathway; MCAO: 
middle cerebral artery occlusion; MPTP: 1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine, Nrf2:Nuclear Factor Kappa 
Beta; OGD: oxygen-glucose deprivation, simulating ischaemia; SC99: a novel specific inhibitor targeting JAK2-STAT3 
pathway. 
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NF-β is a transcription factor shown to activate microglia to M1 phenotype 114,115. NF-kβ 

translocates to the nucleus where it triggers an inflammatory response, releasing 

inflammatory cytokines: IL-18, IL-6, TNFα 111. Inhibitors of the NF-β pathway include 

baicalein and glycine. In a rat model of ischemic stroke, baicalein was shown to significantly 

reduce neurobehavioral deficits and brain infarct volume 111. Baicalein suppresses NF-kβ 

signalling through reducing IκBα phosphorylation and the nuclear translocation of NF-kβ-

p65. Suppressing the NF-β signalling pathways reduced the release of pro-inflammatory 

cytokines IL-6, IL-18, and TNFα. Immunofluorescence treatment of the ischemic penumbra 

after baicalein treatment shows a significant reduction in microglia/macrophage 

expression of the M1 markers CD16 and CD86, whilst increasing M2 markers CD163 and 

CD206. A limitation to this investigation was that they did not distinguish between 

microglia and peripheral macrophages. 

The Janus Kinase signal transducer and activator of transcription (JAK-STAT) is part of an 

inflammatory pathway, amongst many that lead to the NF-β pathway, and as such is a 

target for therapies. Signal transducer and activator of transcription (STAT) proteins are a 

family of proteins of which the pro-inflammatory transcription factor STAT3 belongs.  

STAT3 can be targeted by therapeutics. STAT3 inhibitors, such as SC99, have been 

suggested to promote microglial transition from M1 to M2 116. During the acute phase of 

cerebral ischemia the levels of phosphorylated JAK2-STAT3 (p-JAK2-p-STAT3) were 

upregulated. During this acute phase, SC99 treatment reduced levels of p-JAK2-p-STAT3 in 

the penumbra cortex as shown by decreased protein expression by western blotting. SC99 

downregulated levels of p-JAK2-p-STAT3 and prevented translocation from cytoplasm to 

the nucleus in primary microglia OGD cultures. Inhibiting the JAK2-STAT3 pathway reduced 
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infarct volume, ameliorated neurological deficit, decreased brain oedema, and reduced 

neuronal apoptosis and neural degeneration (Table 1.14).  

In addition, SC99 reduced overall levels of inflammation by promoting the transformation 

of microglia from M1 to M2. Whilst MCAO reliably induced M1 (CD16+) microglia, it also 

induced M2 (CD206+) cells, although to a lesser extent. When in vitro microglia were 

treated with SC99 there was a reversal in this expression of M1 markers. In addition, upon 

SC99 treatment the levels of M1-associated proteins (iNOS, TNF-α, IL-1β) increased and 

M2-associated proteins (Arg1, Il-4, and Il-10) decreased. The same effect was mimicked in 

vitro for OGD-treated microglia.  

The Nrf2 is also a target for immunomodulatory agents. Nrf2 is considered to be a “master 

regulator of endogenous cytoprotective antioxidant and anti-inflammatory signalling 

pathways 117”. In a mouse model of chronic cerebral hypoperfusion, induced by bilateral 

carotid artery stenosis (BCAS), more extensive white matter pathology was evident in Nrf2 

knockout mice (Nrf2-/-) compared to wild-type. Alongside the more extensive white matter 

pathology, increased levels of microgliosis and astrogliosis were also seen in Nrf2-/- 117. 

Altered generation of neurons 2 (ALGERNON2) is a proposed therapeutic targeting the 

Kelch-like ECH-associated protein 1 (Keap1)-Nrf2 pathway (Table 1.14, Figure 1.3). 

ALGERNON2 rescued degenerating neurons (neuroinflammation-induced) by increasing 

the pool of cytoplasmic Nrf2. This increased Nrf2 cytoplasmic pool was thought to suppress 

cytokine production by inflammatory (LPS activated) microglia. A Nrf2 siRNA knockout 

mouse model was used to demonstrate these effects were Nrf2-mediated 118. 

Like ALGERNON1 Gpr109a agonists act upstream of theKeap1-Nrf2 pathway except with 

the addition of the NF--I complex (Fig 1.3) Gpr109a ligands have been shown to 

reduce NF-β-mediated inflammation. These ligands include beta hydroxyl butyric acid 
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(BHBA), niacin, monomethyl fumarate (MMF) and dimethyl fumarate (DMF). All ligands 

have been shown to induce anti-inflammatory effects in peripheral immune cells in vitro.  

Vitamin B3 includes both niacin and its amide form nicotinamide and both are candidates 

for the treatment of neurodegenerative disease. Niacin acts independently of the Nrf2 

pathway; whilst nicotinamide acts independently of the Gpr109a. Activation of Nrf2 has 

potential to affect the NF-β pathway indirectly by increasing anti-oxidant defence and 

decreasing the rate of degradation of the IĸB-α complex. These molecules may be acting 

synergistically when taken in the oral form of vitamin B3 119. 

1.11. Neuroimmunomodulatory agents in clinical trials  

There are relatively few drugs in the pipeline for neurodegenerative conditions. The World 

Health Organisation (WHO) states there are 170 drugs in the pipeline for AD worldwide 

compared with 433 for diabetes and 6,833 for malignant neoplasms. This disparity is 

attributed to the high risk of failure in AD drug development programmes. This is largely 

because drug targets are less well defined for neurodegenerative diseases. Using the U.S. 

Food and Drug Administration (FDA) ClinicalTrals.gov website, Cummings et al. 120 noted 

that of those 170 drugs in development, 121 are in clinical trials. Of those in phase 2 or 

phase 3, the proportion targeting inflammation/infection/immunity is: 11/55 (20%) and 

3/17 (18%), respectively.  

The naturally occurring Gpr109a ligand niacin has attracted interest as an 

immunomodulatory therapeutic. Niacin skewed macrophage polarisation from M1 to M2 

phenotype in both in vitro (RAW264.7 mouse peripheral macrophage cell line) and in vivo 

experiments (Patients with Parkinson’s disease). Microglia would be predicted to respond 

similarly to peripheral macrophages, although this is not fully established. Niacin is in 
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widespread use clinically, reducing the necessity and cost of drug development 

programmes. 

Two neuroimmunomodulatory compounds of particular interest are ALZT-OP1 a co-

formulation of cromolyn + ibuprofen and Azeliragon a RAGE antagonist 121,122,. Both target 

microglial activation to attenuate inflammation and modulate microglial activation to clear 

Aβ plaques. They have progressed to phase 3 clinical trial after success in phase 1 and 2 

trials (Table 1.15). Of particular interest is ALZT-OP1 as both formulations are NICE and FDA 

approved non-invasive medications repurposed for the treatment of AD. This reduces the 

cost of drug development, as safety data are already in place.  
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Table 1.15: Potentially neurotherapeutic agents in clinical trails, with suspected neuroimmunomodulatory action 
Agent  Phase, 

target 
Mechanism of action, rationale Previous findings  

ALZT-OP1 
(cromolyn + 
ibuprofen) 

Phase3 – 
active 
 
Alzheimer’s 
disease (AD) 

Cromolyn (mast cell stabiliser): a 
repurposed asthma drug  
 
Ibuprofen: anti-inflammatory drug 
 
Modulation of microglial activation to 
promote clearance of Aβ plaques and 
reduce inflammation. 

• Pre-clinical in vivo data, mouse: cromolyn alone (or +ibuprofen) reduced Aβ and 
induced neuroprotective microglial activation state favouring clearance of Aβ via 
phagocytosis 121 
 

• Phase 1 clinical trial showed cromolyn+ibuprofen is safe and well tolerated 
 

• CSF levels of cromolyn and ibuprofen are sufficient to clear the estimated daily 
amyloid production of 17.7 ng and the associated inflammatory response 122 

Azeliragon Phase3 – 
recruiting 
 
AD  

RAGE antagonist.  
 
RAGE is expressed on the surface of 
astrocytes and microglia 
 
Aim is to reduce amyloid transport in the 
brain and to reduce inflammation 

• Phase 2b, Burstein et al. 123: mild to moderate AD 
 

• Azeliragon slowed cognitive decline 
 

• Higher plasma levels of Azeliragon saw slower rate of cognitive decline, with even low 
doses being favoured over placebo 

Gpr109a 
ligands  

Phase2 
 
Parkinson’s 
disease (PD) 

Activation of Gpr109a, 
preventing activation of NF-β, 
thereby skewing phenotypic switching 
from M1 to M2 

• Post-mortem PD samples: GPR109a expression increased in substantia nigra  

• Microglia were co-localised with this GPR109a stain 87 
 

• RAW264.7 , LPS-treated: niacin reduced translocation of NF-κB 

• RAW264.7 pre-treated with niacin before LPS: reduced pro-inflammatory cytokine 
release (1L-16, IL-6, TNF-α) and rise in anti-inflammatory cytokine IL-10 124  
 

• Randomised controlled trial, Parkinson’s disease (n = 42): low dose niacin skewed 
macrophage polarisation from M1 to M2 through Gpr109a activation 125.  

Aβ: amyloid beta; ALZT-OP1: co-formulation of cromolyn+ibuprofen; CSF: cerebral spinal fluid; Gpr109a: G-coupled protein receptor 109a; NF-β: Nuclear Factor kappa-light-chain-
enhancer of activated B cells, RAW264.7: mouse peripheral macrophage cell line 
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1.12. Ligands of the Gpr109a receptor may have therapeutic potential  

Gpr109a ligands have been shown to have therapeutic potential for both non-neurological 

and neurological diseases. Two clinically used ligands for Gpr109a exist; niacin and DMF 

with its metabolites; DMF-GSH and monomethyl fumarate (MMF). Niacin is a clinically 

recognised therapy for the treatment of the autoimmune disorder psoriasis and the 

nutrient deficiency disorder pellagra. Pellagra is the result of severe niacin and/or 

Tryptophan deficiency which has three characteristic clinical symptoms; diarrhoea, 

dermatitis, and dementia. Pellagra is most commonly seen in malnourished patients, 

however other risk factors for niacin deficiency are nervous anorexia, AIDS, cancer, 

chemotherapy, Crohn’s disease, and alcoholism 126–128. Patients with Pellagra may show 

psychiatric symptoms such as depression, paranoia, suicidal and aggressive behaviours that 

are resolved with niacin supplementation 129. 

 These claims have limited supporting evidence, as they are taken from only a handful of 

cases that were successfully treated with niacin (Table 1.16). In 2006 a suspected case of 

alcoholic induced pellagra with reduced niacin serum concentration was resolved with 

nicotinamide therapy 130. Similar case was reported in 2008 when a malnourished 45 year 

old man who showed delusional parasitosis (mistaken strongly held belief that parasites 

have infested one’s own body), skin lesions, and recent history of persistent diarrhoea was 

diagnosed with pellagra. This man was treated with B-complex capsule at 50 mg of niacin 

per day. After 4 days the patient’s delusional parasitosis had improved, over 2 weeks the 

man’s skin lesions had also improved 131. More recently in 2012 a case report showed a 45 

year old patient displaying the classical symptoms of dermatitis, dementia, and diarrhoea 

making a full recovery 75 days post niacin treatment 132. In 2013 133 a 56 year old male 
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showed mild confusion, memory disturbances, apathy, spastic quadriparesis, myoclonic 

jerks, and myoclonus. He was found to have low serum levels of niacin. The cause of these 

symptoms was thought to be alcoholic induced pellagra encephalopathy. Doctors treated 

the patient with niacin at 300 mg/day though a nasogastric tube. Myoclonic jerks were 

diminished within 4 days and a month later weakness and ataxia had fully improved. The 

realisation that pellagra was a disorder of niacin deficiency and that psychiatric symptoms 

could be ameliorated with niacin treatment inspired researchers to consider niacin and 

other Gpr109a ligands in the treatment of neurological disease. DMF/MMF is an approved 

treatment for MS and was shown to reduce peripheral immune cell damage on the central 

nervous system, although whether there is any activity on microglial cells remains unclear 

134–138.  
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Table 1.16: Clinical use of Gpr109a ligands 

Date and 
ref  

Treatment  Disease  Clinical details Outcome  

2006 130 Niacin  Pellagra 
encephalopathy 

Alcoholism for 30 years,  
 
Decreased serum concentration 
of niacin.  

Full recovery 

2008 131 Niacin  Pellagra  Malnourishment,  
delusional parasitosis,  
skin lesions,  
diarrhoea,  
45 year old male,  
treatment with B-complex 
capsule 50 mg/day.  

Full recovery.  
 
Delusional parasitosis 
improved after 4 days,  
 
Over 2 weeks skin lesions 
improved,  
 
No diarrhoea post niacin 
treatment. 

2012 139 Niacin  Pellagra  45 year old,  
dermatitis,  
diarrhoea,  
dementia.  

Recovery 75 days after 
niacin therapy 

2013 140 
 

Niacin Alcoholic pellagra 
encephalopathy  

Alcoholism 30+ years,  
56 year old male,  
mild confusion,  
memory disturbances,  
apathy,  
spastic quadriparesis, 
myoclonic jerks,  
serum niacin levels low.  

Dramatic improvement 3-4 
days post niacin therapy, 
with myoclonic jerks 
disappearing.  
 
A month later weakness and 
ataxia improved.  

2018 137 DMF/MMF 
(dimethyl 
fumarate, 
monomethyl 
fumarate) 

Multiple sclerosis  Reduce peripheral immune 
cell damage 

Abbreviations; DMF: Dimethyl Fumarate, MMF: Monomethyl Fumarate  

 

 

Although there is a lack of evidence for Gpr109a ligands generating therapeutic benefits 

through microglial activation, there are some preclinical data from rodents indicating that 

these ligands can directly activate microglia, altering their behaviour and/or phenotype 

(Table 1.17). 
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Table 1.17 Experimental evidence for Gpr109a ligands directly affecting microglia 
Gpr109a 
ligands  

Target  Disease Source/ disease 
model/ culture/ 
clinical details 

Impact  

Niacin  Gpr109a  MS 70 Primary mouse (6-8 
wks). 
 
HCA2-/- knockout 
mice.  
 
Young and adult/ 
aged human 
microglia.  

Enhanced microglial phagocytosis of myelin debris. 
 
Effects seen in both aged and young human microglia 
as well as mouse microglia.  

MMF  not 
declared 
(nd) 104 

nd Primary rat microglia, 
in vitro 

• No effect on phagocytic activity of untreated, LPS 
treated, or IL-4 treated microglia.  

• MMF had no impact on the regulation of 
inflammatory or anti-inflammatory markers in either 
LPS or IL-4 treated microglia.  

nd 100 nd Primary rat microglia, 
in vitro 

• Greater levels of MMF in the brain after oral dosing.  

• MMF increased expression of Nrf2 associated 
response genes similar to DMF however fewer overall 
genes.  

• MMF did not suppress genes associated with NF-β 

signalling.  

• MMF did not alter cytokine profile or NO levels, 
suggesting it had no impact on microglial activation.  

DMF  nd 141 nd Primary rat microglia, 
in vitro  

No effect on phagocytic activity of untreated, LPS 
treated, or IL-4 treated microglia. 
 
6 h post-LPS treatment: 

• Upregulation of M1 inflammatory markers; TNFα 
and iNOS  

• Upregulation of anti-inflammatory markers; IGF-1, 
Tgf-1B, Mrc-1. 
 

DMF pre-treatment of surveillant (M0) and LPS 
activated (M1) microglia lead to increased expression in 
MCR1 (6 h only), and IGF-1 (3 h and 6 h)  

nd 100 nd Primary rat microglia, 
in vitro 

• The conjugate DMF-GSH not DMF itself is present in 
the brain.  

• DMS-GSH is present in lower amounts than MMF.  

• Expression of IL-1β, TNF-α, IL-22b, STAT-1, and 

CD40 was reduced.  

• DMF acted independently of Nrf2.  

• It is thought that DMF exerts a wider range of 
biological activity.  

Abbreviations; DMF: Dimethyl Fumarate, DMF-GSH: DMF-glutathione conjugate, IGF-1: MCR:1MMF: Monomethyl 
Fumarate, nd: not declared (no explicit declarations that intended effects are solely mediated by activation of 
Gpr109a, or otherwise), NO: 

  

 

Gpr109a (hydroxycarboxylic acid receptor 2, Hcar2) is a G protein-coupled receptor within 

the nicotinic acid receptor family. Gpr109a activation produces anti-inflammatory affects 
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through reducing NF-β activity which has strong association with pro-inflammatory 

activation. In addition, Gpr109a activation elevates levels of Pparg which is associated with 

M2-activation and neuroprotection in neurological diseases as demonstrated in a 

Parkinson’s model 142.  

Fig 1.3 is a schematic of Gpr109a and Nrf2 pathways and mediated effects. It has been 

shown in peripheral immune cells that Gpr109a ligands may induce (i) Gpr109a-dependent 

anti-inflammatory effects, and (ii) Gpr109a independent anti-oxidative and cytoprotective 

effects through Nrf2. Although both mechanisms are not fully understood they hold the 

potential to reduce damage to neurons and offer clinical benefit. It has been shown that 

microglia express Gpr109a 87 however it is not clear whether microglia respond to Grp109a 

ligands in similar manner to how peripheral immune cells respond.  
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Figure 1.3: Schematic showing Gpr109a and Nrf2 mediated effects. Gpr109a ligands bind 

Gpr109a (AKA HCA2, PUMA-G), producing multiple effects, including release of β-arrestin. 

β-arrestin stabilises the NF-β-IBα complex, reducing levels of free NF-β, and therefore 

reducing activity of the NF-β pathway. This reduces oxidative stress and inflammation. 

Nrf2 is inactivated by Keap1, and Keap1 can be degraded by monomethyl fumarate (MMF), 

dimethyl fumarate (DMF), niacin, or nicotinamide (amongst others), releasing active Nrf2 

143. Free Nrf2 promotes anti-oxidative defences. The Nrf2 pathway can indirectly reduce 

the activity the NF-β by its anti-oxidative defence coupled with its ability to reduce the 

degradation of the NF-β-IBα complex 119. Nicotinamide destabilises Keap1, with little to 

no Gpr109a activation. BHB activates Gpr109a, but can also be metabolised to generate 
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fumarate, which can then activate Nrf2. BHB, niacin and nicotinamide are all naturally 

occurring in mammals with normal diets; high concentrations may be used therapeutically. 

DMF and MMF are synthetic, and used as drugs. 

 

Treatment of neurodegenerative disease with Gpr109a ligands would be promising therapy 

as medications are already in clinical use, hence they are recognised as safe for use, easily 

obtained, and low cost. There are however outstanding questions on how Gpr109a ligands 

would be delivered to the brain. Ligands would need to cross the blood brain barrier if they 

are to target the neurodegenerative process, and this has been shown to be possible for 

Gpr109a ligands.136 If oral doses were prescribed, then once ingested they will have an 

impact on the peripheral tissues potentially causing unwanted side effects that may reduce 

a patients adherence to treatment, and requiring doses sufficient to raise CNS 

concentrations to therapeutic levels. 

As part of the continued investigation into Gpr109a ligands as neurotherapeutics, 

fundamental research will be required to establish which neural cells express the Gpr109a 

receptor, and how they respond to activation. There may be a requirement to develop 

novel ligands, which lack the broader activities induced by niacin, and MMF, for example. 

The hypotheses for this study are (i) that Grp109a is expressed by neural immune cells, and 

(ii) that neural immune cell activity can be modulated by Gpr109a ligands.  
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1.13. Aims and Objectives 

The aim of this thesis is to assess whether Gpr109a ligands affect neural immune cells in 

ways that could be of therapeutic benefit. 

The objectives are: 

● Determine whether neural immune cells express the niacin receptor (Gpr109a) 

● Assess whether neural immune cells respond to clinically-relevant Gpr109a ligands 
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 Materials and Methods 

The care and use animals was in accordance with the Animals Scientific Procedures Act of 

1986 (UK) with approval by the local ethics committee. 

2.1.  Rationale for experimental design 

In vitro investigations of microglial behaviour allow for greater experimental control 

including multiple experimental factors (doses, time-points) being investigated with cells 

derived from the same source, reducing noise due to biological variation, compared to in 

vivo studies 144. In vitro studies are more cost effective, with ethical benefits from reducing 

animal usage, as well as reducing suffering inherent to many in vivo procedures 145. 

Rodents were chosen, as their genetic and biological characteristics closely resemble those 

of humans 146, with the rat immune system sharing many characteristics with humans 147. 

Multiple rat models exist for metabolic and neurodegenerative diseases, so hypotheses 

developed from rat cell culture systems could be translated to in vivo models 

 

Several Gpr109a ligands are approved for clinical usage (Table 2.1) including niacin 

(nicotinic acid, NA) and MMF, and so could readily be translated to CNS therapeutic 

purposes.  
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Table 2.1: Gpr09a ligand options, with expectation of Gpr109a and Nrf2 activation 
Drug Details Gpr109a ligand activity Nrf2 activation Clinical use 

DMF, dimethyl 
fumarate 

Drug names: 
Tecfidera, BG-
12 

Reported as inactive.  
IC50:10 µM 107 
Ki is lower than NA and 
MMF 107  

Yes, via Keap1 
 
Toxicity 
concerns, 
including GSH 
depletion 148 

Relapsing remitting 
Multiple Sclerosis 
(2013) 149 
 
Acts on peripheral 
immune cells 

Fumaderm Combination: 
DMF, MEF and 
MMF 

Various, but high affinity Yes, via Keap1 
 
Toxicity 
concerns 150 

Psoriasis (1959) 151 
 
Acts on peripheral 
immune cells, without 
immunosuppression 

MEF, mono-ethyl 
fumarate 

 High affinity  
EC50:26 µM 107 
IC50:160 nM 107 
Ki:1.3 µM 107 
 

Yes, via Keap1 
 
Less activity 
than DMF 
 
Fewer toxic off-
target effects 
than DMF 
 
No GSH 
depletion 150 

 

MMF, mono-methyl 
fumarate 

 High affinity 
EC50:9.4 µM 107 
IC50:70 nM 107 
Ki: 980 nM 
Greater than DMF 107 

Yes, via Keap1; 
fewer toxic off-
target effects 
than DMF 150 

 

Niacin (NA) Nicotinic acid 
 
Vitamin B3 

Yes 
EC50: ~1 µM 152 
2 µM 107,  
~0.25 µM (HEK-293) 153  
~0.4 µM (rat HM74A) 153  
~0.53 µM 
 
IC50:16 nM 107 
 
Ki:160 nM 107 
 
Activates Pparg, which is 
associated with 
neuroprotection 154 

Yes 500-2000 mg/day 
activates Gpr109a 
 
Dietary requirements 
are 15-20 mg daily 

Nicotinamide (Nm) Niacinamide 
 
Vitamin B3 

Very low affinity 
EC50>1000 µM 153 

IC50 ~75.3 µM 153 

Does not activate Pparg 154 

Yes  

B-hydroxybutyrate B-D-
hydroxybutyric 
acid 
 
A ketone body 

High affinity Yes, although 
seemingly 
indirectly, after 
conversion to 
fumarate 155 

 

EC50: concentration of drug that produces half the maximal response; IC50: half-maximal inhibitory concentration; 
GSH: glutathione, an anti-oxidant (neutralises reactive oxygen species); Keap1: Kelch-like ECH associated protein 1 
Ki: inhibitory constant; Pparg: peroxisome proliferator-activated receptor gamma, associated with neuroprotection in 
Parkinson’s Disease; Psoriasis: immune-related skin condition; Relapsing-Remitting Multiple Sclerosis: disease in 
which peripheral immune cells invade from the blood into the central nervous system, damaging nerve cells. 
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NA has various other biological effects, besides being a Gpr109a ligand. Nicotinamide (Nm) 

shares these biological effects, but has very limited Gpr109a ligand activity, as shown by 

Wise et al. (2003); Nm half maximal effective concentration (EC50) values were >1,000 µM 

(~4,000-fold greater than NA) and half maximal inhibitory concentration (IC50) was 75.3 

(~1,000-fold greater than NA; tested using human adipocyte membranes) 156.  

• EC50 – Concentration of drug or agonist required to stimulate half-maximal response 

• IC50 – concentration of inhibitory substance (e.g. drug) that is required to inhibit a 

biological process or response in vitro by 50% 

Therefore, Nm was included as a control to possibly distinguish Gpr109a-mediated effects 

from other biological activity.  

 

Biological activity of Gpr109a ligands varies. Tang et al. 2008 157 conducted a head to head 

comparison of DMF, MEF, MMF, and NA in an A9 cell line transfected to express Grp109a. 

They used an aequorin assay (measures Ca2+ signal via luminescence) as a proxy for 

Gpr109a activation to determine EC50. To determine IC 50 a cAMP assay was used (ligands 

measured according to inhibition of forskolin-induced cAMP synthesis). Tang et al. 2008 

measured efficacy (expressed as EC50 value) and affinity (expressed as IC50 value). Efficacy 

was used to measure the amount of drug required to elicit the desired effect and affinity 

to measure how strongly the drug bound its active site. In order of efficacy:  

NA   EC50   2µM 107 (similar to reports of an EC50 of 1 µM 158),  

MMF  EC50  9.4 µM, 

MEF  EC50  26 µM,  

with DMF reported to be inactive. 

In order of affinity:  
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NA   IC50  16 nM,  

MMF  IC50  70 nM,  

MEF  IC50  160 nM,  

and DMF  IC50  10 µM (10,000 nM).  

To measure whether MMF and NA interacted at the same binding pocket of the Gpr109a 

receptor they monitored the displacement of 3H-labeled NA. Ki (dissociation constant) 

values were determined: NA Ki 160 nM, MMF Ki 980 nM, and MEF 1,300 nM. DMF showed 

minimal displacement of 3H-labeled NA. They concluded that NA, MMF, and MEF all bind 

to the same binding pocket of Gpr109a receptor, likely explaining their similarities in 

efficacy and binding affinities.  

There is some variation in EC50 and IC50 values of NA amongst cell types, with Wise et al. 

2003 153 reporting EC50 values of 0.25 µM in human embryonic kidney 293T (HEK 293T) cells 

and 0.4 µM in rat HM74A cells, and another report of values approximately x4-5 fold less 

than in a mouse cell line A9 107. Shen et al. 159 demonstrated in Chinese hamster ovary cells 

(expressing Human Gpr109a) EC50 values of 0.53 µM, approximately half of that reported 

by Tang et al. 107. IC50 values obtained for NA in human adipocytes was slightly higher at 79 

nM, being closer to MMF IC50: 70 nM 107. Variation amongst EC50 values for NA were within 

10 fold, ranging from 0.25 µM to 2 µM. These values were comfortably within the 

concentration range tested for each ligand: 0.015, 0.15, 1.5, 15, 150 µM.  

These variations may be due to the different species, cell types, and source organs being 

used. Effective concentrations may vary between cell types, and therapeutic dosages 

should be determined experimentally for each target cell type. 
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2.2. Antibodies, equipment, and reagents used 

Antibodies and reagents are summarised in Tables 2.2, 2.3 and 2.4. 

Table 2.2: Primary antibodies and dilutions  

Primary antibody Antigen/marker Supplier Product code Dilution Species, type 

Arg1 Arginase 1  SLS  SAB4200508-
200UL 

1:400 Mouse 

GFAP Glial fibrillary acidic 
protein 

Dako Z0334 1:500 Rabbit 

Puma gamma 
(Gpr109a)  

G-coupled protein 
receptor 109a  

abcam ab180642 1:200 Rabbit 

Iba1 Iba1 abcam ab5076 1:1000 Goat 

Nox2 (gp91 phox) Nox2 abcam ab180642 1:400 Rabbit 

 

Table 2.3: Secondary antibodies and dilutions  
Fluorophore  Target species  Host species  Manufacturer Product code  Dilution  

Cy3  anti-Goat Donkey  Stratech 705-165-147-JIR 1:200 

Cy3  anti-Rabbit Donkey  Stratech 711-165-152-JIR 1:200 

Cy3  anti-Rabbit IgG Goat  Stratech 111-165-144-JIR 1:200 

Cy3  anti-Rat Goat  Stratech 112-165-167-JIR 1:200 

FITC  anti-Mouse Goat  Stratech 115-545-166-JIR 1:200 

FITC anti-Rabbit  Goat  Stratech 111-095-144-JIR 1:200 

FITC  anti-Rat  Goat  Stratech 112-095-167-JIR 1:200 

FITC anti-Mouse Donkey  Stratech 715-095-151-JIR 1:200 

FITC anti-Rat Donkey  Stratech 712-095-153-JIR 1:200 

  

Table 2.4: Primary and secondary antibody pairings 

Primary antibody  Dilution  Species, type  Fluorophore  Target species Dilution  

Arg1  1:400  Mouse  FITC  anti-mouse  1:200  

GFAP  1:500  Rabbit  FITC  anti-rabbit  1:200  

Puma gamma 
(Gpr109a)  

1:200  Rabbit  Cy3  anti-Rabbit  1:200  

Iba1  1:1000  Goat  Cy3  anti-goat  1:200  

Nox2 (gp91 phox)  1:400  Rabbit  Cy3  anti-rabbit  1:200  
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Table 2.5: Reagents  
Product name  Manufacturer Code Solvent/Diluent Storage 

Dulbecco’s modified Eagle’s 
medium (DMEM) 4.5 g/L glucose (no 
L-glutamine or sodium pyruvate) 

Lonza 12-733f  4°C 

Fetal bovine serum (FBS) Corning 35-079-CV  -20°C 

Monomethyl fumarate (MMF)   Neurobasal or D10 1 M, -20°C 

Neurobasal Gibco 21103049   

Niacin   Neurobasal or D10 1 M, -20°C 

Nicotinamide Sigma N0636-100G Neurobasal or D10 1 M, -20°C 

Paraformaldehyde 
Fisher 
Scientific 

11473704 PBS 4% at -20°C 

Penicillin streptomycin (PenStrep) 
Lonza/SLS 
 

LZDE17-602E 
 

 -20°C 

Poly-D-Lysine (PDL) 
Corning/SLS 
 

354210 
 

PBS 
-20°C 
 

Sodium Pyruvate Lonza LZBE13-115E  4°C 

Triton X-100 Sigma X100 PBS  

Trypan Blue 0.4% 
Fisher 
Scientific 

15250061   

TyrpLETM Express Enzyme (1X), no 
phenol red 

Fisher 
Scientific 

10573283 (New code – 
12604013) 

  

2.3. Preparation of cell adhesion surfaces  

Under aseptic condition using a laminar flow hood coverslips were sterilised within culture 

plates, by being left in 70% ethanol (20-30 mins). Ethanol was aspirated and the coverslips 

were washed three times with double distilled water (ddH2O). Cell culture plastics and 

sterile coverslips were coated in poly-d-lysine (PDL) to promote adherent monolayer 

growth. PDL was incubated on surfaces for 30 mins, aspirated, then surfaces washed with 

(ddH2O) three times. Coverslips were stored in ddH2O at room temperature for up to 8 h, 

or at 4 °C for up to 1 week, with ddH2O removed before use.  

2.4. Dissection, establishing, and maintenance of primary mixed glial, microglial, and 

astrocyte cultures 

2.4.1. Dissection  

Primary mixed glial cultures were prepared from cerebral cortices of postnatal day 0-3 

Sprague-Dawley rats based on an established protocol 160. The rat brain was dissected into 

ice-cold Hank’s balanced salt solution (HBSS), then, under sterile conditions, the olfactory 
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bulbs, cerebellum and mid-brain were removed. The cerebral cortices were isolated and 

rolled gently on an autoclaved hand towel to remove meninges. Cerebral cortices were 

then mechanically dissociated, and a single cell suspension generated by trituration 

(Pasteur pipette x30; gauge needle x3; gauge needle x3). This was then sieved (70 µm then 

40 µm), pelleted by centrifugation, and seeded as explained below.  

 

2.4.2. Establishing mixed glial culture protocol  

All three cell types were cultured together under sterile conditions in D10 medium. Usually 

oligodendrocyte precursor cells (OPCs) are cultured in chemically defined medium (OPC-

MM), however pilot experiments show microglia and astrocytes do not tolerate this 

medium. Mixed glial cultures were grown on PDL coated flasks and maintained in D10 

medium (Dulbecco’s modified Eagle’s Medium (DMEM) supplemented with 10% Fetal 

Bovine Serum (FBS), 2 mM glutaMAX-1, 1 mM sodium pyruvate, 50 U/ml penicillin, and 50 

µg/ml streptomycin) at 37°C in 5% CO2/95% humidified air for 8-10 d, with 50% D10 refresh 

every 2-3 d. Mixed glial cultures were allowed to reach confluence for 2-3 d, allowing for 

the stratification of cell layers, with oligodendrocyte precursor cells (OPCs) and microglia 

being above a bedlayer of astrocytes.  

 

2.4.3. Enriched microglia culture protocol 

After 2-3 d confluency, microglia were isolated by mechanical detachment using a rotary 

shaker (120 mins at 220 rpm). To maintain pH of the medium, flasks were sealed to 

maintain 5% CO2. Media enriched with microglia was then collected and the cells pelleted 
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by centrifugation at 1500 rpm, 5 mins. Cell pellet was re-suspended in warm D10 medium 

and cells were then counted using trypan blue and a Neubauer chamber. Cell density was 

then adjusted with D10 to 6 x 105 cells/cm2 and applied to PDL-coated coverslips. Cells are 

left to attach to the coverslips for 24 h and treated the following day. 

 

2.4.4. Enriched astrocyte culture protocol  

Mixed glial culture flasks were sealed with parafilm (to seal headspace) and shaken on a 

rotary shaker overnight (220 rpm; 37°C). Medium, containing mainly oligodendrocyte 

precursor cells, was discarded and replenished with fresh D10 medium. Flasks were then 

placed in an incubator at 37°C in 5% CO2/95% humidified air for 1-2 h to re-gas (return to 

5% CO2). These steps were typically repeated up to 4 times, to deplete non-astrocytic cells, 

with assessment by light microscopy. Once astrocyte purity was sufficient, flasks were 

rinsed with PBS then treated with 7 ml of TrypLETM Express Enzyme (1X), returned to the 

shaker and observed every 5 mins. TrypLETM treatment was restricted to 10-15 mins to 

avoid cellular toxicity. TrypLETM was collected, along with a PBS rinse of the flasks, and cells 

pelleted by centrifugation (1500 rpm; 5 mins). Cells were seeded at 2.0 x 105 cells/ml in 

D10 medium at a volume of 300 µl per well and maintained according to the microglia 

culture protocols.  

2.4.5. Cell counting 

To seed cultures at the appropriate density, cell counts were performed using a Neubauer 

chamber. After mechanical isolation and centrifugation the supernatant was re-suspended 

in warm D10. A 1:1 mixture of cells:trypan blue was established and trypan blue negative 
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cells were quantified. Cells were quantified by counting cells touching the top and left lines 

of Neubauer grid, but not the right or bottom. The number of cells was counted and then 

multiplied by the dilution factor to give number of cells per mL. Cells were then diluted to 

the appropriate concentration.  

2.5.  Experimental procedures 

Cells were seeded onto PDL coated coverslips at the appropriate cellular density using 

protocol mentioned earlier, and were left to incubate overnight at 37 °C in 5% CO2/95% 

humidified air to allow microglia to attach. LPS and Gpr109a ligands (NA, MMF) were 

prepared to the desired concentration in D10 or neurobasal media. The desired 

concentrations were based on effective concentrations reported in the literature. Cultures 

were treated by 100% media change then incubated for 24 h. Samples were then fixed, as 

described below.  

2.6. Fixation and Immunocytochemistry 

2.6.1. Fixation 

Cells were washed with PBS and subsequently fixed with 4% paraformaldehyde (PFA) at 

room temperature for 25 mins. PFA has been shown to have minimal impact on microglial 

morphology compared to other fixatives 161. PFA was disposed of safely and cells were 

washed 3 times with PBS. Samples remained in PBS at 4 °C until staining.  

2.6.2. Staining  

Cells were incubated with blocking solution (5% normal donkey serum in PBS, 0.3% Triton 

X-100; room temperature; 30 mins). Primary antibody in blocking solution at appropriate 
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concentrations (Table 2.2) was applied and left overnight (4 °C). Samples were washed 3 

times for 3 mins with PBS, then incubated in blocking solution (room temperature; 30 

mins), then incubated in darkness (2 h) with the appropriate secondary antibody (chosen 

to match species of primary) in blocking solution (1:200; Table 2.3, Table 2.4). Samples 

were then washed 3 times (3 mins each), and coverslips mounted with mounting medium 

containing nuclear (4', 6-diamidino-2-phenylindole; DAPI) stain. 

2.7.  Image acquisition for cellular analysis  

2.7.1. Fluorescence microscopy 

Immunostained samples were imaged using Nikon (Eclipse 80i or Eclipse Ti) microscope. 

Images were taken using the Hamamatsu black and white camera and the NIS Elements 

software. A fixed exposure was used for experimental repeats. Images taken in channels 

appropriate for FITC (~494-520 nm), Cy3 (~560-570 nm), and DAPI (~460 nm). Images 

were taken at either x20 or x40 magnification, with standardised exposure settings for each 

channel. Fields of interest (FOI) were chosen at random (without looking down the 

microscope or at a monitor) while moving the objective across the cultures, taking care to 

not overlap fields. If an FOI was chosen with large clumps of cells, identified by nuclear DAPI 

staining, where cells are overlapping and difficult to differentiate, the FOI was rejected, and 

another chosen. A minimum of 3 micrographs/fields were taken for every treatment 

condition, within every culture. 

Micrographs were exported raw, without alterations to brightness or contrast (NIS 

Elemental software, Nikon; Tag Image File Format, TIF). Separate colour micrographs were 

later merged and brightened, to aid identification of cell margins.  

2.7.2. Justification of markers  
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The following markers and their expression have been analysed in this study; Arginase-1, 

Iba1, and Nox2.  

Iba1 is an ionized calcium binding adaptor molecule 1 exclusively expressed by 

macrophages and microglia. It is a key protein in microglial membrane shuffling and 

phagocytosis. Expression of Iba1 was found to be upregulated in activated microglia as seen 

after facial nerve axotomy, ischemia and when microglia were associated with Aβ 

plaques162. However, its effectiveness as a marker of M1 has recently been questioned by 

researchers. In a diabetic retinopathy model microglial activation occurred independent of 

an increase in Iba-1 expression. Furthermore, in post-mortem coronal brain slices a 

population of microglial cells in deep subcortical lesions became Iba1-/CD68+ 163 

Iba1 was used in this study despite it potentially lacking the ability to be an effective M1 

marker as it is still an effective identification marker of microglia. Additionally, it is 

uniformly expressed throughout microglial cytoplasm and processes allowing for clearer 

imaging and morphological analysis 164. Due to conflicting findings regarding Iba1’s 

effectiveness as a M1 marker this study used it in conjunction with the M1 marker Nox2.  

NADPH oxidase isoform 2 (Nox2) is an isoform of the Nox family. Single cell RNA sequencing 

identified Nox2 as the most highly expressed isotype in human and mouse microglia 165. It, 

however, is not microglial specific as it can be expressed by infiltrating macrophages 166.  

Nox2 mediates oxidative burst in response to pro-inflammatory stimuli or during 

phagocytosis by catalysing the production of free radicals, ROS and NOS, by oxidising 

nicotinamide adenine dinucleotide phosphate (NADPH) to NADP+ and H+. This is typically 

M1 mediated. In a TBI injury mouse model Nox2 knockout saw reduced microglial M1 

activity whilst increasing M2 activity. Additionally, it has been used as a marker in 

neuropathology; ischemic stroke, AD, PD, and HIV-induced dementia.  
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There is little research conducted on Gpr109a ligand impact on microglial Nox2 expression. 

In a heart failure with preserved ejection fracture model BHB downregulated Nox2/GSK-3 

pathway in cardiac Treg cells improving diastolic function, fibrosis, and cardiac 

remodelling167. Using a human retinal pigment epithelium cell line (APRE-19) and human 

colonic tissue cell line (CCD-841) Gpr109a ligands 4-hydroxynonenal (4-HNE), niacin, 3-

OHBA were shown to interact with Nox4 isoform of the Nox family. In APRE-19 cells high 

concentrations of Gpr109a ligands induced Gβγ mediated apoptosis increasing Ca2+ and 

superoxide levels; which were blocked by knockdown of Gpr109a and Nox4 genes, and 

inhibition of Gβγ and intracellular Ca2+. In APRE-19 and CCD-831 cells low concentrations of 

Gpr109a ligands mediated Gαi-dependent anti-inflammatory process; down regulated 

expression of pro-inflammatory cytokines IL-6 and IL-8 which was inhibited by cAMP 

analogue 168. 

Nox2 was chosen as it is thought to be an effective marker of M1, and the predominant 

isoform expressed by microglia. Despite being the predominant isoform expressed by 

microglia there is limited research on Gpr109a ligand impact on microglial expression of 

Nox2. The promising effects of BHB on the expression of Nox2 in cardiac Treg cells and 

Nox4 in APRE-19 and CCD-831 cells suggests a potential for Gpr019a ligand interaction with 

microglial Nox2. Therefore, investigating Gpr109a ligand impact on microglial expression 

of Nox2 will provide novel findings.  

Arginase-1 (Arg1) is widely recognised for its ability to identify M2 and in particular M2a. 

Arg1 is associated with cell proliferation, ion channel function, neuroprotection, and 

collagen formation to promote wound healing. Arg1 also has additional anti-inflammatory 

roles by ammonia detoxification through urea cycle and outcompeting inducible nitric 

oxide synthase (iNOS) inhibiting the production of NO. Microglia with greater Arg1 
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expression were correlated with increased Aβ plaque phagocytosis and decreased 

deposition amyloid plaque load 169  

Arg1 was chosen as a marker of M2 expression due to its accepted ability to identify M2 

microglia. Additionally, similar to Nox2 there is lack of research into the impact of Gpr109a 

ligands and Arg1 activity, therefore, conducting research in Gpr109a ligand impact on Arg1 

will provide novel findings.  

 

2.8. Analyses 

2.8.1. Cell counts 

Micrographs were analysed using open-source ImageJ software (NIH, USA). To derive cell 

counts and culture purity data each nucleus in the micrograph was scored positive or 

negative for DAPI immunostaining. Some image analyses were performed by supervised 

undergraduate students (named and thanked in Acknowledgements). 

 

 

 

2.8.2. Morphometric analysis and antibody analysis 

Individual cells in micrographs had their outline drawn (Fig 2.1), and ImageJ was used to 

derive morphometric data (Table 2.6) and integrated density values, as a proxy for antibody 

staining intensity.  Blank (background) integrated density values were derived by outlining 

large regions without cells, and measuring as with cells (5 regions per micrograph, per 

colour channel). The mean intensity of the background, multiplied by cell area, indicates 
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fluorescence expected if no cell was present, and this is subtracted from the cell integrated 

density. These data were used to calculate corrected total cell fluorescence (CTCF) values 

for each cell: 

CTCF = cell integrated density – (cell area x mean fluorescence of background readings) 

 

Figure 2.1: Examples of cell morphometrics using fluorescence micrographs.  
(A) Phase contrast micrograph of microglial culture showing various morphologies. Red, green 

and white outlines of individual cells are representative of ImageJ delineation of cells. After 
delineation, ImageJ automatically determined cell area, perimeter, Feret’s diameter 
(maximum and minimum), with aspect ratio and circularity being calculated afterwards. 
Red and green indicate cells with high and low aspect ratios (low and high circularity 
indices), respectively. Orange rectangle (longest axis) indicates how Feret’s diameter would 
be determined. Blue rectangle (shortest axis) indicates Feret’s minimum diameter. (B) Same 
labels on counterpart fluorescence micrograph from which integrated density values would 
be measured: summation of brightness for all pixels within cell outline. (C-D) Same images 
without labelling. Note range of morphologies and staining intensities. 
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Table 2.6: Morphological measurements used in this study.  

Measurement  Definition / Calculation Morphometric information 

Area Total number of pixels present in a 
singular cell. Expressed in square 
micrometres. 

Indication of cell size.  

Circularity Index 4π × (area/perimeter2). 0 (linear polygon) 
to 1 (perfect circular object) 

Indication of how circular a cell is 

Feret’s (Maximum) Diameter  The distance between the two furthest 
points of an object 

Greatest distance covered by cell 

Feret’s Minimum Diameter  Perpendicular distance between the 
closest-possible two parallel lines, that 
touch the object edge while the entire 
object is between them 

Narrowest region of cell 

Feret’s Aspect ratio  Feret’s Maximum divided Feret’s 
Minimum 

Shows how elongated the cell is 

Perimeter Outline length of cell. Measured in 
microns 

Related to size and ramification 

 

2.8.3. Statistical analyses and data presentation 

Prism software (GraphPad, USA) was used to generate graphs and perform statistical 

analyses. All data described within text and displayed in graphs is mean ± SD (standard 

deviation) unless otherwise stated. With sufficient datapoints (n = 8 or more), data were 

tested for normality using a D’Agostini-Pearson test (Prism statistical software, GraphPad, 

USA).  

Morphometry normality testing, unaltered values: For 24 concentrations across 6 

morphological measurements, each with 9 replicates, only 8 (of 144) individual conditions 

failed the D’Agostini-Pearson normality test, and these were not clustered/grouped within 

any particular treatment or measurement. Therefore, for all these datasets, one-way 

ANOVA was used, with Dunnett’s multiple comparisons test. 
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Cell count normality testing was normalised within each culture: only 2 of 24 

concentrations (9 replicates each) failed the D’Agostini-Pearson normality test. Therefore, 

for all these datasets, one-way ANOVA was used, with Dunnett’s multiple comparisons test. 

CTCF normality testing, normalised within each culture: for culture-average values, only 3 

or 6 replicates were available, preventing reliable normality testing. Therefore, for all these 

datasets, non-parametric Kruskal-Wallis tests were used, with Dunn’s multiple 

comparisons test. For individual cell values, the majority of datasets failed the D’Agostini-

Pearson normality test. Therefore, for all these datasets, non-parametric Kruskal-Wallis 

tests were used, with Dunn’s multiple comparisons test. 
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 Do neural immune cells 

express Gpr109a, and respond to 

Gpr109a ligands? 

3.1. Introduction 

As outlined in Chapter 1, neural immune cells may be responsive to Gpr109a ligands in 

ways that influence immune responses and may be exploited therapeutically. Microglia and 

astrocytes would be the most obvious target cells, being immunocompetent cell types. 

There are limited reports relating to Gpr109a expression by glial cells, and/or to glial 

responses to Gpr109a ligands. 

Of the few studies assessing Gpr109a expression in microglia, one suggests that only 20% 

of microglia may be Gpr109a+ 91, with other studies mentioning Cd11b+/Gpr109a+ cells, but 

not indicating the percentage of Cd11b+/Gpr109a- cells 87,88. Another study suggests 

elevated Gpr109a mRNA expression post-LPS treatment, but without detailed analysis 89. 

The only known studies of astrocyte-specific expression of Gpr109a indicate that GFAP+ 

mouse cells were negative for Gpr109a, before and after simulated stroke (MCAO) 88, and 

that only 7.5% of GFAP+ rat cells in the rostral ventrolateral medulla were Gpr109a+ 91.  

Given these minimal and conflicting data, this Chapter will assess whether the immune 

competent glial cells of the CNS express Gpr109a, and whether clinically relevant Gpr109a 

ligands induce responses in these cells. 
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3.2. Objectives 

To identify Gpr109a expression in the following neural cells: 

• Primary rodent microglia 

• Primary rodent astrocytes  

To identify rat primary microglia response to LPS, as a positive inflammatory control 

To identify rat primary microglia responses to Gpr109a ligands: 

• Niacin (nicotinic acid, NA) 

• Monomethyl fumarate (MMF) 

To assess whether microglia responses to niacin may be unrelated to Gpr109a activation, 

nicotinamide (Nm) was used as a control. Nicotinamide has similar metabolic functions (e.g. 

as vitamin B3) but has little or zero activity as a Gpr109a ligand. Therefore, differences in 

microglial responses to niacin and nicotinamide may be indicative of Gpr109a activation. 
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3.3. Results 

3.3.1. Primary rat microglia and astrocyte cultures successfully established  

Mixed glial cultures were established, and high purity fractions of microglia and astrocytes 

derived, as judged by morphology and cell type-specific marker expression: Microglial 

cultures were >98% Iba1+. Astrocyte cultures were >98% GFAP+. 

3.3.2. Primary rat microglia expressed Gpr109a 

Microglial cultures were stained using a serial dilution of a Gpr109a antibody and  a null-

primary control (Fig 3.1). No immunostaining was evident without Gpr109a primary 

antibody, but clear (nuclear-localised) immunostaining was evident at 1:200 antibody 

dilution, and staining intensity decreased as the primary antibody was diluted (Fig 3.2). 

Figure 3.1. Gpr109a immunostaining of primary microglia was dose-dependent. Box-and-

whisker plots (all datapoints displayed) of individual microglial cells measured within 

cultures stained for Gpr109a at different antibody dilutions. 0 dilution indicates null 

primary (secondary antibody only). Kruskal-Wallis (p<0.0001) with Dunn’s post-test; 

**p<0.01, ***p<0.001; bars indicate groups being compared; n = 10-22. 
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Figure 3.2. Intensity of Gpr109a immunostaining in primary microglial cultures was 
antibody-dose-dependent. Fluorescence micrographs of microglial cultures, 
immunostained for Gpr109a, with and without DAPI-merges. (A-B) Secondary antibody 
only, without Gpr109a primary antibody, showed no immunostaining. (C-D) Primary 
Gpr109a antibody staining was obvious at 1:200 dilution, and nuclear-localised. (E-J) Serial 
dilution of Gpr109a showed diminishing intensity of immunostaining. Note that Gpr109a 
staining is almost entirely nuclear-localised. 
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3.3.3. Impact of LPS, NA, Nm, and MMF treatment on microglial cell count  

Cell counts were normalised to untreated controls within each culture, and separate 

controls were included for each treatment (LPS, niacin, nicotinamide, MMF), so that they 

would be cultured within the same plate. 

Based on statistical testing, cell counts for primary microglial cultures were unaffected by 

treatment with niacin, nicotinamide or MMF, but at the greatest LPS concentration tested, 

there was a reduction in cell number (Fig 3.3). Lower concentrations of LPS did not affect 

cell number at the level of statistical significance, though there was a downwards trend 

with increasing concentration. 
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Figure 3.3. Microglial cell counts were reduced at high LPS concentration, but 
unaltered by Gpr109a ligands. Cell counts were normalised within each culture. At the 
greatest concentration of LPS tested, cell numbers were decreased (A; F(5, 48) = 2.648, p = 
0.034). Cell numbers were unaltered for niacin (B; F(5, 48) = 1.115, p = 0.365), nicotinamide 
(C; F(5, 48) = 2.238, p = 0.066) and MMF (D; F(5, 48) = 1.258, p = 0.298) treated cultures. One-
way ANOVA with Dunns post-test; *p<0.05 versus control; n = 9. 
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3.3.4. Microglial response to LPS: Iba1 and Nox2 fluorescence  

The intensity of cellular immunostaining was measured using integrated density, then 

corrected total cell fluorescence (CTCF) was calculated. For each treatment condition, 3 

cultures were stained for Iba1 plus Nox2, 3 cultures for Nox2 plus Arg1, and 3 cultures for 

Arg1 plus Gpr109a. Analysis was performed by collating all cell values, across all 

micrographs, and plotting as box-and-whisker plots: Box indicates mean, within 25th and 

75th percentiles, while whiskers extend to 5th and 95th percentiles, with outliers indicated 

by coloured shapes (Fig 3.4). Iba1 was elevated at 1.5 ng/ml, while Nox2 was elevated at 

1.5 and 15 ng/ml, with Iba1 and Nox2 both decreased at 150 ng/ml. Increased Iba1 and 

Nox2 expression (LPS 15 ng/ml) was apparent in fluorescence micrographs (Fig 3.5). 

Reduced cell numbers and small cell bodies are also seen at 150 ng/ml LPS (Fig 3.5F). 
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Figure 3.4. LPS increased microglial staining intensity for Iba1 and Nox2, except at the 
greatest concentration, which reduced both. Box (25-75th percentiles) and whisker plots 
(5-95th percentiles) show individual cell staining intensity, normalised to the average of the 
control within each culture, with outliers shown as symbols. Log y axis. (A) Iba1 intensity 
varied with LPS treatment (p < 0.0001; n = 315), being greater than control at 1.5 ng/ml 
LPS, but lower at 150 ng/ml. (B) Nox2 intensity varied with LPS treatment (p < 0.0001; n = 
729), being greater at 1.5 and 15 ng/ml LPS, but lower at 150 ng/ml. Kruskal-Wallis with 
Dunn’s post-test; *p<0.05, **p<0.01, ***p<0.001 versus control. 
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Figure 3.5. Microglia were Iba1+ and Nox2+, with and without LPS treatment. Merged 
fluorescence micrographs of control (A) and LPS-treated (B-F) microglial cultures. Raw, un-
brightened, unmerged micrographs show staining intensity was notably weaker in 
untreated control cultures (G, H) compared to LPS at 15 ng/ml (I, J). At the greatest 
concentration of LPS tested, Iba1 and Nox2 staining was often weak, and cells were notably 
smaller, and reduced in number (F). 
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3.3.5. Microglial response to LPS: Arg1 and Gpr109a fluorescence  

 LPS concentration (0.15 – 150 ng/mL) was associated with decreased Gpr109a expression, 

with Arg1 also reduced at 150 ng/mL (Fig 3.6). Reduced Arg1 expression is evident in 

micrographs, which also show that Gpr109a expression remained nuclear localised with 

and without LPS treatment (Fig 3.7). 
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Figure 3.6. LPS decreased microglial staining intensity for Gpr109a and Arg1. Box (25-75th 
percentiles) and whisker plots (5-95th percentiles) show individual cell staining intensity, 
normalised to the average of the control within each culture, with outliers shown as 
symbols. Log y axis. (A) Versus control, Arg1 intensity decreased at 150 ng/ml (p < 0.0001; 
n = 1,601). (B) Gpr109a intensity varied with LPS treatment, decreasing at concentrations 
greater than 0.015 ng/mL (p < 0.0001; n = 1,186). Kruskal-Wallis with Dunn’s post-test; 
**p<0.01, ***p<0.001 versus control.  
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Figure 3.7 LPS treatment of microglial cultures diminished Gpr109a and Arg1 expression. 

Fluorescence micrographs of microglial cultures stained for Gpr109a, Arg1 and DAPI (left 
column: Gpr109a only, right column: Arg1 only, central column: both merged with DAPI). 
Untreated cultures (A-C) were Arg1+/Grpr109a+, with nuclear-localised Gpr109a staining. 
LPS-treated cultures (D-R) also showed nuclear Gpr109a expression, which was diminished 
at 0.15 – 150 ng/mL. Arg1 was only detectably diminished at 150 ng/mL (Q-R). 
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3.3.6. Microglia responses to niacin (NA): Iba1 and Nox2 expression 

Iba1 staining intensity increased at 1.5 µM NA, but at no other concentration (Fig 3.8). Nox2 

staining intensity was greater at 0.015 µM NA, but at no other concentration (Fig 3.8). 

Figure 3.8 Niacin-treated microglial cultures, staining intensity for Iba1 and Nox2. Box 

(25-75th percentiles) and whisker plots (5-95th percentiles) show individual cell staining 

intensity, normalised to the average of the control within each culture, with outliers 

shown as symbols. Log y axis. (A) Versus control, Iba1 intensity was increased at 1.5 µM 

niacin but at no other concentration (p < 0.0001, n = 413). (B) Versus control, Nox2 

intensity was elevated at 0.015 µM niacin, but not at any higher concentration (p = 

0.0001, n = 1,066). Kruskal-Wallis with Dunn’s post-test; ***p<0.001 versus control. 
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3.3.7. Primary rat microglia responses to niacin (NA): Arg1 and Gpr109a 

Following treatment with NA there was a slight increase in Arg1 intensity at 0.015 µM and 

0.15 µM, but not at 1.5, 15, and 150 µM (Fig.3.9). NA very slightly increased Gpr109a 

staining intensity at 0.015, 0.15, 1.5, and 15 µM, but not at 150 µM (Fig 3.9). 

Figure 3.9. Niacin-treated microglial cultures, microglial staining intensity for Arg1 and 
Gpr109a, in niacin-treated cultures. Box (25-75th percentiles) and whisker plots (5-95th 
percentiles) show individual cell staining intensity, normalised to the average of the control 
within each culture, with outliers shown as symbols. Log y axis. (A) Versus control, niacin 
concentrations 0.015 µM and 0.15 µM niacin elicited an increase in Arg1 intensity 
(p<0.0001, n= 2257). (B) Versus control, niacin concentrations of 0.015 µM, 0.15 µM, 1.5 
µM, and 15 µM niacin elicited an increase in Gpr109a intensity (p <0.0001; n =1609). 
Kruskal-Wallis with Dunn’s post-test; *p<0.05, **p<0.01, ***p<0.001 versus control. 
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3.3.8. Microglia responses to nicotinamide (Nm): Iba1 and Nox2  

There was an increase in Iba1 intensity at 1.5 µM Nm, but not at any other concentration. 

Nox2 staining intensity was greater at 1.5 µM Nm, lower at 150 µM Nm, but unchanged at 

all other concentrations (Fig 3.10). 

Figure 3.10. Nicotinamide-treated microglial cultures, microglial staining intensity for 
Iba1 and Nox2. Box (25-75th percentiles) and whisker plots (5-95th percentiles) show 
individual cell staining intensity, normalised to the average of the control within each 
culture, with outliers shown as symbols. Log y axis. (A) Versus control, Iba1 intensity 
increased only at 1.5 µM Nm (p< 0.0001; n = 408). (B) Versus control, Nox2 intensity 
increased with 1.5 µM , but decreased at 150 µM Nm (p< 0.0001, n = 1139). Kruskal-Wallis 
with Dunn’s post-test; *p<0.05, ***p<0.001 versus control. 
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3.3.9. Microglia responses to nicotinamide (Nm): Arg1 and Gpr109a  

Following treatment with Nm statistical analysis suggested very slightly lowered expression 

of Gpr109a at 0.015 µM, and very slightly elevated expression at 15 and 150 µM (Fig 3.11). 

Nm did not affect the expression of Arg1 at the concentrations 0-150µM (Fig 3.11). 

 

 

Figure 3.11. Nicotinamide treated microglial cultures, microglial staining intensity for 
Arg1 and Grp109a individual cells. Box (25-75th percentiles) and whisker plots (5-95th 
percentiles) show individual cell staining intensity, normalised to the average of the control 
within each culture, with outliers shown as symbols. Log y axis. (A) Versus control, Arg1 
intensity was unaltered (n = 2,786). (B) Versus control, Gpr109a intensity was diminished 
at 0.015 µM, but elevated at 15 µM and 150 µM Nm (p <0.0001, n = 2063). Kruskal-Wallis 
with Dunn’s post-test; *p<0.05, **p<0.01, ***p<0.001 versus control. 
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3.3.10. Microglia responses to monomethyl fumarate (MMF): Iba1 and Nox-2  

In MMF-treated cultures, both Iba1 and Nox2 staining intensity was reduced at the highest 

concentration tested, 150 µM (Fig 3.12) 

Figure 3.12 MMF-treated microglial cultures, microglial staining intensity for Iba1 and 
Nox2 expression. Box (25-75th percentiles) and whisker plots (5-95th percentiles) show 
individual cell staining intensity, normalised to the average of the control within each 
culture, with outliers shown as symbols. Log y axis. (A) Versus control, Iba1 decreased at 
highest concentration of MMF 150µM (p <0.0001; n = 311). (B) Versus control, Nox2 
decreased at highest concentration of MMF (p< 0.0001; n =875). Kruskal-Wallis with Dunn’s 
post-test; ***p<0.001 versus control. 
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3.3.11. Microglia responses to monomethyl fumarate (MMF): Arg1 and Gpr109a 

Following treatment with MMF statistical analysis suggested a very slightly increased Arg1 

intensity at 0.015, 0.15, 1.5 and 15 µM, but not at 150 µM. For Gpr109a, staining intensity 

was very slightly greater at 0.015, 1.5 and 15 µM, but unchanged at 0.15 and 150 µM (Fig 

3.13). 

 

Figure 3.13 MMF-treated microglial cultures, staining intensity for Arg1 and Gpr109a. Box 
(25-75th percentiles) and whisker plots (5-95th percentiles) show individual cell staining 
intensity, normalised to the average of the control within each culture, with outliers shown 
as symbols. Log y axis. (A) Versus control, Arg1 intensity increased at concentrations 0.015 
µM, 0.15 µM, 1.5 µM, 15 µM MMF (p< 0.0001; n = 2,230). (B) Versus control, Gpr109a 
intensity increased at concentrations 0.015 µM, 1.5 µM, 15 µM MMF (p< 0.0001; n = 1697). 
Kruskal-Wallis with Dunn’s post-test; *p<0.05, **p<0.01, ***p<0.001 versus control. 
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3.3.12. Microglial morphological responses to LPS, Nm and Gpr109a ligands 

Cell area  

Each cell was delineated using ImageJ, and various morphological features measured. The 

average area for each culture was compared, with no differences versus control (Fig 3.14). 

Figure 3.14. Microglial cell area was unaffected by LPS, Nm or Gpr109a ligands. Mean cell 

area within each culture was unaltered versus control for all treatments: LPS (A; F(5, 48) = 

0.9767, p = 0.442), NA (B; F(5, 48) = 3.700, p = 0.007), Nm (C; F(5, 48) = 1.254, p = 0.299) or 

MMF (D; F(5, 48) = 1.236, p = 0.307). For NA, 0.015 µM differed versus 150 µM (p<0.05). One-

way ANOVA with Dunnett’s post-test; n = 9. 

 



 

99 

Cell perimeter 

The average perimeter for each culture was compared, with statistical analysis suggesting 

no differences induced by any treatment (Fig 3.15). 

Figure 3.15. Microglial cell perimeter was unaffected by LPS, Nm or Gpr109a ligands. 
Mean cell perimeter within each culture was unaltered by any treatment: LPS (A; F(5, 48) = 
1.588, p = 0.182), NA (B; F(5, 48) = 1.321, p = 0.271), Nm (C; F(5, 48) = 1.543, p = 0.194) or MMF 
(D; F(5, 48) = 1.154, p = 0.346). One-way ANOVA with Dunnett’s post-test; n = 9. 
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Cell Feret’s (max) 

The average Feret’s (maximum) diameter for each culture was compared, with statistical 

analysis suggesting no differences induced by any treatment (Fig 3.16). 

Figure 3.16. Microglial cell Feret’s maximum diameter was unaffected by LPS, Nm or 
Gpr109a ligands. Mean cell Feret’s diameter within each culture was unaltered by any 
treatment: LPS (A; F(5, 48) = 1.725, p = 0.147), NA (B; F(5, 48) = 1.219, p = 0.315), Nm (C; F(5, 48) 
= 1.256, p = 0.299) or MMF (D; F(5, 48) = 1.240, p = 0.305). One-way ANOVA with Dunnett’s 
post-test; n = 9. 
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Cell Feret’s minimum 

The average Feret’s minimum diameter for each culture was compared, with statistical 

analysis suggesting no differences induced by any treatment (Fig 3.17). 

Figure 3.17. Microglial cell Feret’s minimum diameter was unaffected by LPS, Nm or 
Gpr109a ligands. Mean cell Feret’s minimum within each culture was unaltered by any 
treatment: LPS (A; F(5, 48) = 1.062, p = 0.393), NA (B; F(5, 48) = 4.254, p = 0.003), Nm (C; F(5, 48) 
= 1.698, p = 0.153) or MMF (D; F(5, 48) = 0.9660, p = 0.448). For NA, 0.015 µM differed versus 
15 µM (p<0.05) and 150 µM (p<0.01). One-way ANOVA with Dunnett’s post-test; n = 9. 
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Cell aspect ratio 

Average aspect ratio (Feret’s maximum divided by Feret’s minimum) for each culture was 

compared, analysis suggested no differences induced by any treatment (Fig 3.18). 

Figure 3.18. Microglial cell aspect ratio was unaffected by LPS, Nm or Gpr109a ligands. 
Mean cell aspect ratio within each culture was unaltered by any treatment: LPS (A; F(5, 48) = 
2.244, p = 0.065), NA (B; F(5, 48) = 4.031, p = 0.004), Nm (C; F(5, 48) = 0.801 p = 0.554) or MMF 
(D; F(5, 48) = 1.404, p = 0.240). For NA, 0.015 µM differed versus 15 µM (p<0.01). One-way 
ANOVA with Dunnett’s post-test; n = 9. 
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Cell circularity index 

At the greatest concentration of LPS, circularity index was greater than control (0.801 vs 

0.729; p<0.05; Fig 3.19A), indicating that cells more closely resembled circles (an index of 

1 being a circle). No other treatment was found to affect circularity index (Fig 3.19B-D).  

Figure 3.19. Microglial cell circularity index was unaffected by Gpr109a ligands, or Nm, 
but increased at high LPS concentration. Mean cell circularity index within each culture 
was increased by the greatest dose of LPS (A; F(5, 48) = 2.720, p = 0.030; 150 ng/ml vs control: 
p<0.05), but unaltered by other treatments: NA (B; F(5, 48) = 2.103, p = 0.081), Nm (C; F(5, 48) 
= 0.4946, p = 0.779) or MMF (D; F(5, 48) = 1.139, p = 0.353). One-way ANOVA with Dunnett’s 
post-test; *p<0.01 versus control; n = 9. 
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3.3.13. Primary rat astrocytes expressed Gpr109a 

In astrocyte cultures, >99% of GFAP+ cells were immunopositive for Gpr109a with clear 

nuclear-localised immunostaining (Fig 3.20). 

Figure 3.20. Primary rat astrocytes expressed Gpr109a with nuclear localisation. 

Fluorescence micrographs of astrocyte cultures, immunostained for GFAP and Gpr109a, 

with and without DAPI-merges. (A) Merged micrograph showing GFAP+/Gpr109a+ cells. 

White rectangle is magnified below. (B-D) Single-colour micrographs, counterparts to (A). 

(E-H) Magnified region from (A), merged and single-colour micrographs. Gpr109a staining 

was obvious and nuclear-localised. There were very few cells (<1%) which were 

GFAP+/Gpr109a- (yellow arrows show an example).  
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3.4. Discussion 

The objectives of this study were to determine whether neural immune cells express 

Gpr109a, and whether these cells may respond to clinically-relevant Gpr109a ligands: NA 

and MMF. LPS was included as a positive inflammatory control. Nm was included as a 

control for non-Gpr109a-mediated effects. Gpr109a was shown to be expressed in CNS glia, 

although there was very little evidence that these cells responded to the Gpr109a ligands 

tested. Responses to LPS were shown. Marker expression was altered in several conditions, 

as determined by changes in immunostaining intensity. There was limited evidence of 

morphological changes due to treatment conditions. 

3.4.1. Efficacy of the anti-GPR109a antibody was confirmed  

At the highest concentration of anti-Gpr109a antibody tested, immunostaining was evident 

in individual cells in microglial and astrocyte cultures (Fig 3.2, Fig 3.20). Serial dilution of 

anti-Gpr109a antibody produced diminishing intensity of immunostaining in microglial 

cultures, with the lowest concentration tested being indistinguishable from the null 

primary control (absence of anti-Gpr109a antibody, but presence of secondary antibody) 

(Fig 3.1). The null primary control also showed no indication of non-specific binding of 

secondary antibody. 

3.4.2. Microglia express Gpr109a  

Microglia have previously been reported to express Gpr109a in vivo, in human, mouse, and 

rat tissue 87,91,88. Expression levels are reportedly increased in some pathological 

conditions, with human PD tissue expressing higher levels of GPR109a compared with 

healthy (non-PD) controls 87. However, microglial expression of Gpr109a has not been 
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closely studied at the level of individual cells, with data often being derived from whole 

tissue (e.g. PCR, Western blots), or being mentioned as visual observations, without 

quantification (e.g. percentage of positive cells). 

Fig 3.7 shows nuclear Gpr109a expression in control conditions and potential decreasing 

intensity with increasing concentrations of LPS treatment. This contradicts findings by 

Feingold et al. 2015 170 who explored the impact of LPS on Gpr109a in a RAW264.7 murine 

macrophage cell line. Feingold et al. showed using qPCR that Grp109a expression increases 

with increasing LPS concentration. This contradiction might be explained by cell type as 

Feingold et al. used the RAW 264.7 murine macrophage cell line contrasting to primary rat 

microglia. The lack of coherence between the data warrants the need for further 

investigation.  

3.4.3. Astrocytes express Gpr109a 

Rezq et al. 91 reported that Gpr109a was expressed in only 7.5% of rat astrocytes in vivo. In 

contrast to Rezq et al., we determined that the percentage of GFAP+ cells expressing 

Gpr109a is >99% in untreated in vitro cultures (Fig 3.20). This was a pilot experiment only, 

and more detailed investigations are required to validate these observations of Grp109a 

expression by astrocytes.  

The disparity between our data and Rezq et al. could be due to the CNS region from which 

the astrocytes were sourced, and/or differences in processing and analysis. Rezq et al. 2016 

91 explored astrocyte expression using confocal microscopy of post-mortem RVLM tissue, 

whereas observations reported here were from in vitro primary glial cultures obtained from 

cerebral cortices. There is reason to believe that tissue source may affect expression, as 

studies have shown differences in transcriptomic profiles amongst astrocytes sourced from 
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different locations. Batiuk et al. 2020 171, in an in vitro mouse model, used single cell RNA 

sequencing to identify five transcriptomically-distinct astrocyte subtypes (AST1, AST2, 

AST3, AST4 and AST5) defined by morphological and physiological differences, with 

differing expression across forebrain regions 171. AST1 showed expression of genes related 

to synaptogenesis (Nrxn1), synaptic plasticity (Agt), and glutamatergic neurotransmission. 

AST2: glutamatergic transmission and synaptogenesis. AST3: GABAergic neurotransmission 

and different synaptogenesis-related genes. AST4 is thought to be a unique subtype linked 

to neurogenesis due to unique expression of genes for mitosis and cell cycle control 

(Cdk4/Sirt2) and neurogenesis and neuronal differentiation (Dab1). AST5 is thought to be 

an intermediate state between astrocyte precursors and mature astrocytes. AST1 and AST4 

were predominant in the hippocampus whilst AST2 are found mainly in the cortical regions. 

AST3 and AST5 showed uniform presence across brain regions 171. 

 However, no reports have specifically addressed Gpr109a transcriptomics. Pan et al. 2020 

172 and Todd et al. 2021 173 show that disease models have varying transcriptomic profiles. 

Todd et al. 2021 showed that trauma induced via fluid percussion injury to mimic traumatic 

brain injury leads to a distinct astrocyte response and transcriptomic changes compared 

with models of neuroinflammatory disease and ischemia. In a mouse model of aging Pan 

et al. 2020 show that microglia and astrocytes of wild type mice at 4 months experience a 

consistent upregulation and downregulation of age related genes relative to their 2 months 

old control. When wild type were compared to age matched APP-PS1 (AD mouse model), 

APP-PS1 microglia and astrocytes experienced a greater upregulation of age related genes. 

In both wild-type and APP-PS1 aging resulted microglia upregulating inflammatory genes; 

whilst astrocytes upregulated AD risk genes and those associated with synaptic 

transmission and elimination.  
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Following from previous research identifying transcriptomic difference between astrocytes 

it could be possible that Gpr109a expression is lower in the RVLM than in cerebral cortices. 

Further still the model chosen has a proven impact on transcriptomic profile. Organotypic 

brain slices are a more accurate representation of living brain tissue whereas primary 

astrocytes cultures are not. It could follow that astrocytes are activated by the methods of 

extraction during in vitro culturing causing hyperactivation of Grp109a. Astrocytes express 

Gpr109a but it is still unknown to what extent it is expressed. Further investigations are 

required to address these questions.  

3.4.4. Gpr109a expression was nuclear localised in both microglia and astrocytes 

Fig 3.7 shows nuclear expression in primary microglia; additionally, there appears to be no 

translocation of the Gpr109a receptor, with the Gpr109a receptor located at the nucleus 

regardless of increasing LPS concentration. This contradicts findings by Feingold et al. 2015 

170 who using fluorescence microscopy demonstrated that Gpr109a expression is located 

throughout the cell membrane/cytoplasm in a mouse peripheral macrophage cell line, 

regardless of treatment condition. Whilst no Gpr109a translocation was noted upon 

treatment with Gpr109a ligands, it has been reported in other cell types that, upon 

treatment with niacin, Gpr109a co-localises with endosomes allowing it to be internalised 

and translocated to the nucleus: increasing concentration and longer incubation periods 

correlated with increased nuclear-associated Gpr109a staining intensity 174,175. 

Rezq et al. 91 do not comment on astrocytic intracellular localisation of Gpr109a expression, 

but published micrographs suggest it to be present in the cytoplasm and membrane. Thesis 

micrograph images suggest Gpr109a is nuclear localised (fig 3.20). The contrasting data 

between our findings and that of Rezq et al. have been discussed in 3.4.3. 
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3.4.5. Primary rat microglia response to LPS, nicotinamide, and Gpr109a ligands  

Microglial cell counts were reduced at the highest LPS concentration tested (150 ng/ml), 

suggesting toxicity (Fig 3.3). Statistical analysis indicated that cell counts were not reduced 

for any NA, Nm, or MMF concentration, although the greatest concentration for each 

treatment generated the lowest cell counts (Fig 3.3). Microglial morphologies at LPS 

concentration of 150 ng/ mL often appeared smaller and more rounded than controls, 

although morphological analyses only indicated a significant difference for the circularity 

index, which was increased (i.e. cells were more circular) at 150 ng/mL (Fig 3.19). Some 

cultures showed more evident microglial atrophy/rounding and reduced staining intensity 

than others, and perhaps this variation in extent of toxicity between cultures limited the 

ability to determine significant changes statistically. An evident dose-response was 

expected. The effects of LPS on marker intensity were expected to be large and statistically 

significant as LPS is expected to upregulate the M1 phenotype and reduce the M2 

phenotype. Due to the expectation that culture-level effects would be evident averages 

were generated; however, the statistics generated did not indicate clear changes so 

additional analysis was performed pooling all individual cell values.  

LPS, nicotinamide and Gpr109a ligands: impact on M1 markers Iba1, Nox2  

Iba1 and Nox2 response to LPS concentration suggest dose-response, especially 

between the dose range of 0.15 - 15 ng/mL. However, statistical analyses only indicated 

elevated expression at 1.5 ng/mL for Iba1, and at 1.5 and 15 ng/mL for Nox2 (Fig 3.4). If 

these increases are genuine responses to LPS, they may indicate M1 activation of microglia, 

as Iba1 participates in membrane ruffling and phagocytosis and Nox2 is a superoxide-

generating enzyme that produces ROS. ROS can have beneficial actions such as protecting 
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the CNS165 from exogenous pathogens. However, when chronically produced at high levels 

ROS can damage cell membranes, proteins, and DNA causing cellular death. Further still 

excessive production can stimulate further production of pro-inflammatory molecules by 

microglia reinforcing the inflammatory response further. However, the small size of the 

increases, and the lack of a consistent dose-response make this an unreliable conclusion. 

The highest concentration of LPS (150 ng/mL) significantly reduced fluorescence for Iba1 

and Nox2 (Fig 3.4). Paired with the reduced cell counts (Fig 3.3) this would be consistent 

with the other observations suggesting that 150 ng/mL LPS was toxic to these microglial 

cultures.  

There were no consistent changes in Iba1 or Nox2 expression when microglial 

cultures were treated with NA, Nm, or MMF. There was only noted a very small increase at 

1.5 µM NA (Iba1) and 0.015 µM NA (Nox2) alongside an inconsistent dose-response effect, 

therefore this is not considered to represent a genuine response (Fig 3.8). When treated 

with Nm the only significant alterations were at 1.5 µM Nm leading to very small increases 

in expression of Iba1 and Nox2 and a decrease in Nox2 at 150 µM Nm (Fig 3.10), this 

decreased expression might indicate a genuine effect or potential toxicity. MMF only 

produced a statistically significant alteration to Iba1 and Nox2 expression at the highest 

concentration (150 µM), where there was a drastic reduction in fluorescence intensity for 

both markers (Fig 3.12).  

 Whilst treatment with MMF generated averages were consistently below controls; 

statistical testing only indicated a significant decrease at 150 µM MMF (for Iba1 and Nox2). 

The decline in expression was so marked it could indicate genuine effects; however, these 

effects could be due to toxicity rather than desired alterations in microglial phenotype. 

Even if these changes were indicative of a genuine promotion of a therapeutically desired 
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microglial phenotype, 150 µM might not be a realistic concentration to replicate in a 

patient without risk of undesirable side effects. Peng et al. 2016, 100 using a Sprague-Dawley 

rat model, monitored DMF/MMF kinetics when orally dosed with 100 mg/kg DMF. They 

noted the highest concentration to be 1,000 ng/mL in blood plasma (8.13 µM), and 500 

ng/g in brain tissue (treating 1 g as equivalent to 1 mL, 4.1 µM), both concentrations being 

far lower than 150 µM. This is however in a rat model and may not be indicative of 

concentrations found in humans. 

LPS, nicotinamide and Gpr109a ligands: impact on Arg1 expression 

It could be predicted that Arg1 expression would decrease with increasing LPS 

concentration. However, LPS was only associated with a decrease in expression at the 

highest concentration (150 ng/mL) but this decrease was small in magnitude (Fig 3.6). 

Combined with results demonstrating a concentration of 150 ng/mL LPS decreased Nox2 

and Iba1 staining intensity and decreased cell counts (Fig 3.4), this reduction in Arg1 

expression may indicate a toxic level of LPS. It is not possible from the data available to 

determine whether Arg1 activity may have been affected by LPS treatment, even if quantity 

of protein was unaltered.  

Niacin increased Arg1 expression at concentrations 0.015 and 0.15 µM (Fig 3.9). MMF 

increased Arg1 expression at 0.015, 0.15, 1.5, 15 µM (Fig 3.12). Nm did not elicit any 

changes to Arg1 expression (Fig 3.11). This was unexpected as Nm is thought to upregulate 

anti-inflammatory effect via Nrf2.  

LPS, nicotinamide and Gpr109a ligands: impact on Gpr109a expression  

Increasing LPS concentration from 0.15-150 µM led to decreased staining intensity for 

Gpr109a (Fig 3.6). This contradicts reports by Fu et al. 2015 89 and Feingold et al. 2015 170 

where increasing LPS concentrations and incubation periods led to increases in Grp109a 
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expression in microglia, although this was measured as mRNA, not protein 89. In a 

RAW264.7 mouse peripheral macrophage cell line, increasing concentrations induced 

increasing Gpr109a mRNA expression, with maximal response at 100 ng/ml (1,000 did not 

increase response). Time-dependent increased expression was seen peaking at 16 h (100 

ng/ml), with a decline at 24 h 170. Gpr109a was located within the cell membrane/cytoplasm 

in both control and treated cultures. As mentioned previously this data may not translate 

directly to a primary microglial cell culture as it originated from a macrophage cell line. 

During our experiments we used a 24 h incubation period which may be beyond peak 

Gpr109a expression. Future investigations should consider varying LPS incubation periods, 

as well as LPS concentration. Gpr109a expression for NA concentrations of 0.015 µM, 0.15 

µM, 1.5 µM, and 15 µM were indicated to be statistically significantly increased, but these 

increases were very small (Fig 3.9). Arg1 expression for niacin concentrations of 0.015 µM 

and 0.15 µM were also very slightly greater than control.  The small magnitude and lack of 

consistent dose-response effects suggest that these should not be considered as genuine 

cellular responses to NA. 

Nm treatment resulted in no alteration in Arg1 expression (Fig 3.11). Statistical analysis 

indicated very slightly reduced expression for Grp109a at 0.015 µM, and very slightly 

elevated expression at 15 and 150 µM (Fig 3.11). Nm is thought to act independently of the 

Gpr109a receptor. The small magnitude and lack of consistent dose-response effects 

suggest that these should not be considered as genuine cellular responses to Nm. MMF 

had a marked impact on Arg1 expression with MMF (0.015-15 µM) resulting in statistically 

significant increases in Arg1 expression. Similarly MMF treatment increased Gpr109a 

expression significantly at 0.015 µM, 1.5 µM, and 15 µM (Fig 13). The variations in response 

of Gpr109a expression to Gpr109a ligand concentration may reflect each individual ligand’s 
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affinity for the Gpr109a receptor (explored in table 2.1). The tentative correlation between 

increased Arg1 and Gpr109a expression might indicate a morphological change from 

M1/M0 to M2. Further experimentation would be required to validate this. 

3.4.6. Morphometry 

Once data were pooled for morphological analysis, there were sufficient experimental 

repeats (n = 9) to reliably test for normality of the data. As the data passed normality 

testing, one-way ANOVA was used for statistical testing. 

Of all six morphological features that were measured, only a single change was indicated 

by statistical testing: circularity index value greater at 150 ng/mL LPS. This is likely a genuine 

change, as cells did show signs of toxicity at this concentration of LPS, which would be 

consistent with a loss of processes/ramifications. However, it would be expected that 

features such as area would also be markedly reduced in response to obvious toxicity, and 

data analysis did not indicate this. 

It could be predicted that a change from largely ramified morphologies to more amoeboid 

morphologies would occur with LPS treatment, consistent with M0 to M1 phenotypic 

changes. Further, these changes might be expected to be detected by morphometric 

analyses. However, no such changes were evident in the data produced here. The following 

text discusses comparisons between thesis data and that of the literature, and includes 

comparisons presented in Tables. 
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LPS and treatment impact on microglial morphology: analysis of morphologies  

Untreated microglia yielded an average area of 1,123 µm2 which is higher than in vitro 

untreated N9 microglia 68 and naïve mouse microglia taken from a coronal section 57(Table 

3.1. Thesis results far area better align with those seen in an in vitro mouse primary 

microglial study by Caldeira et al. 2017 66 (Table 3.1) where untreated microglial cultures 

yielded 600 µm2 at 2 DIV and 1,297 µm2 at 16 DIV. This result might be explained by the 

culture methods and cell types used. Caldeira et al. used primary microglial culture similar 

to our experimental design; whereas Cunha et al. 2016 68 use a microglial cell line and 

Zanier et al. 2015 57 used coronal sections of mouse brain cortex. This highlights the 

importance considering microglial source and culture methods when analysing 

morphometry. In vivo and ex studies allow for microglia to grow in 3D space whereas in 

vitro studies on glass coverslips restrict growth to a 2D plane. As the microglia continue to 

grow flat they may be the same size in terms of volume however they will have a greater 

surface area and perimeter. This implies that the physical environment in which microglia 

grow can directly impact morphology.  
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Table 3.1 comparing thesis data vs literature for inflammatory stimuli impact on area and 
volume morphometric for microglia. 

Experiment and treatment conditions Area (µm2) Perimeter (µm) 

Thesis data LPS 

Concentration ng/mL, 
24hr 

  

0 1123 126.4 

0.015  1288 148.8 

0.15 1208 138.8 

1.5 1361 153.2 

15 1467 153.3 

150 1085 126.2 

Mouse coronal brain slice 57 

Naïve (control) 54.57 61.46 

tMCAO 85.78 75.27 

pMCAO 57.13 47.69 

TBI 71.90 58.26 

Mice, postnatal 1-2 days.  
In vitro primary microglia 66 

2 DIV C 600 140 

2 DIV Aβ, 1µM 24hr 1231 148 

16 DIV C 1297 216 

16 DIV 
Aβ 1 µM 

24 h 
1467 160* 

N9 microglia cell line 68 

Control 230 80 

LPS 300 ng/mL 
24 h 

466 34.4 

Primary human, resected 
tissue (intractable epilepsy) 
65 

E. coli bio-particle 
exposure, 1 h 

Pseudopodic ~90 ± 10 
Amoeboid ~190 ± 10 
Ramified ~305 ± 30 

 

~ indicates approximate value, estimated from graphs for example;  
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LPS treatment at 300 ng/mL for 24 h increased microglial cell area 68(Table 3.1). Thesis data 

indicated that increasing LPS concentrations had no significant impact on microglial area.  

Untreated microglia had an average perimeter of 126.4 µm, similar to values noted by 

Caldeira et al. 2017 66 (Table 3.1). Thesis average microglial perimeter values were, 

however, greater than those reported by Zanier et al. 2015 57 and Cunha et al. 2016 68 (Table 

3.1). This might also be explained by differing culturing methods, as microglia grow flat 

when cultured in 2D planes therefore displaying larger perimeters.  

When treated with LPS there was no significant change to microglial perimeter, whereas 

Cunha et al. 2016 68 reported a significant reduction in cell perimeter. Cunha et al. used a 

LPS concentration of 300 ng/mL whereas our largest LPS concentration was 150ng/mL, at 

which toxicity was suspected, as indicated by a dramatic reduction in microglial cell number 

(Fig 3.3). Cunha et al. did not report toxicity at this concentration, however they used the 

N9 immortalised cell line which might account for variation in response to toxic stimulus. 

Considering methods of extraction when preparing primary microglial cultures, the cultures 

studied in this thesis may already be exhibiting an inflammatory response, due to exposure 

to inflammatory stimuli (e.g. cellular debris, DAMPs) during processing. This is predicted to 

cause microglia to adopt an amoeboid morphology, which we expected to be reflected in 

a decreased cell perimeter; however, this was not seen.  

There was no statistically significant impact of LPS on Feret’s maximum (Table 3.6). 

Untreated microglia gave a Feret’s value of 54.0 most similar to Caldeira et al. 2017 66 who 

in a 2DIV culture derived an average Feret’s maximum value of 46.4 (Table 3.2). Similarly 

to cell area and perimeter, thesis values appear higher when compared to different culture 

conditions Cunha et al. 2016 68 and Zanier et al. 2015 57 (Table 3.1). When treated with LPS 

there was no significant trends noted. 
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Table 3.2 comparing thesis data vs literature for inflammatory stimuli impact on Feret’s Max 
and Circularity. 
 Feret’s 

Max  
Aspect ratio 
(average, all cell 
values) 

Circularity  

Thesis data LPS  
  

Concentration ng/mL  

0 54.0 1.70 0.73 

0.015 55.9 1.77 0.73 

0.15 52.5 1.65 0.77 

1.5 59.1 1.74 0.73 

15 57.9 1.73 0.73 

150 47.3 1.65 0.80 

Mouse coronal brain 
slice 57 

Naïve 
(control) 

17.10 
 

0.26 

tMCAO 20.10  0.25 

pMCAO 14.92  0.38** 

TBI 17.73  0.37** 

Mice, postnatal 1-2 
days. In vitro primary 
microglia 66 

2 DIV C 46.4  0.448 

2 DIV Aβ, 1 µM 24 h 45.6  0.416 

16 DIV C 74.4  0.380+ 

16 DIV Aβ, 1 µM 24 h 52.8  0.456* 

N9 microglia cell line 68 Control 26.4   
 

LPS, 300ng/mL 24h 34.4  

Primary rat post-
mortem fixed slice 
culture 72 

Cluster 1 

 

 0.011 

Cluster 2  0.007 

Cluster 3  0.016 

Cluster 4  0.031 

Rat post-mortem fixed 
slice culture, 
hippocampus, 
hypothalamus, 
septofimbrial nucleus 
30. 

Cluster 1.1 
Saline, hypo, 
surveillant  

 
 

>0.0145 

Cluster 1.2 
Saline, Sept, 
surveillant 

 
 

>0.0145 

Cluster 2.1  
Saline, Sept, 
surveillant  

 
 

0.0035-0.0145 

Cluster 2.2  Saline, hpc, surveillant    0.0035-0.0145 

 

Aspect ratio is expressed as Feret’s maximum divided by Feret’s minimum. Values greater 

than 1 indicate elongation, and a circle has an aspect ratio of exactly 1. Regardless of 

treatment conditions aspect ratio values are consistently greater than 1 suggesting 

microglia are elongated (Table 3.2). At the smallest values for AR (1.65; least elongated), 

circularity was the greatest (0.77 and 0.80). At four different AR values (1.70, 1.73, 1.74 and 
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1.77), counterpart circularity was 0.73 in every case. So, AR and circularity were broadly in 

agreement, but did not completely predict each other. 

Thesis data on circularity gave higher values than previous reports by Caldeira et al. 2017 

66, Zanier et al. 2015 57, and Fernández-Arjona 2019 72 (Table 3.2). A value of 1 indicates a 

perfectly circular object. This potentially indicates that microglia in our studies displayed 

an amoeboid morphology, even in control samples. This may be a result of pro-

inflammatory microglial activation from being cultured on a 2D hard glass surface. LPS 

treatment had no statistically significant impact on circularity values. 

Nicotinamide and Gpr109a ligand impact on microglial morphology: analysis of 

morphometrics 

Gpr109a ligand treatment has no impact on morphological measurement cell area, cell 

perimeter, Feret’s diameter, Feret’s minimum, aspect ratio, or circularity index. The lack on 

impact of Gpr109a ligands and LPS treatment on morphometric measurements may 

indicate their unreliability as indicators of microglial activation status (Table 3.3).  
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There was no significant trend between cell area and increasing concentrations of Gpr109a 

ligands. The cell areas noted for both control and Gpr109a ligand are similar to those 

recorded for niacin treatment conditions by Rawji et al. 2020 70 (Table 3.3). Since there was 

no significant difference between control and treatment conditions the increased cell area 

is likely due to culturing conditions. When in vitro conditions are compared to ex vivo and 

Table 3.3 comparing thesis data vs literature for Gpr109a ligand treatment of primary 

microglia 

  Area  Perimeter Circularity (or 
Sphericity if stated)  

Concentration µM    

Thesis data, Nm as control  0 1373.7 156.7 0.71 

0.015 1290.7 149.7 0.72 

0.15 1556.4 166.8 0.72 

1.5 1462.1 157.7 0.75 

15 1565.5 163.4 0.80 

150 1646.6 178.4 0.76 

Thesis data, NA  0 1597.6 171.8 0.73 

0.015 1361.6 160.5 0.75 

0.15 1486.0 170.3 0.72 

1.5 1492.5 159.8 0.74 

15 1649.2 162.8 0.76 

150 1898.8 178.5 0.71 

Thesis data, MMF  0 1391.1 158.8 0.71 

0.015 1780.4 183.7 0.69 

0.15 1641.4 169.5 0.73 

1.5 1458.3 165.5 0.69 

15 1488.0 165.6 0.67 

150 1355.2 147.5 0.77 
C57BL/6J mice, brain 
cerebral cortices, microglial 
single cell culture 71 

Control    ~0.48 

BHB 1mM ~0.40 

BHB 3mM ~0.33** 

BHB 5mM ~0.28** 

BHB 5mM 0 h ~0.42 

BHB 5mM 1 h ~0.36 

BHB 5mM 4 h ~0.28** 

BHB 5mM 8 h ~0.21** 

Niacin 0h, 1mM ~0.41 

Niacin 6h, 1mM ~0.38 

Niacin 12h, 1mM ~0.37 

Niacin 24h, 1mM ~0.35 

C57BL/6J, ex vivo 
multiphoton live imaging, 
spinal cord injury model 70 

Control  
850 

 
 

~0.66 (Sphericity) 

Niacin 100 mg/kg 
for 7 days 

~1350***  

~0.62* (Sphericity) 



 

120 

in vivo tissue those cells cultured on a 2D plane have greater cell area and perimeter values 

(Table 3.1).  

There was no significant trend between circularity and increasing concentrations of 

Gpr109a ligands. This is unlike the results obtained by Huang et al. 2018 71 which show a 

decreasing circularity with increasing BHB concentration. This may indicate that BHB 

promotes ramification. They however state whilst BHB is a Gpr109a ligand and that these 

effects are independent of Gpr109a instead acting through the Akt-RhoGTPase pathway.  

Sphericity is the 3D counterpart to circularity, with a value of 1 being perfectly spherical. 

Rawji et al. 2020 70 notes that there is a small but significant decrease in sphericity of 

microglia when mice receive niacin treatment. The sphericity values are similar to those we 

obtained for circularity, although it is not clear whether, for example, 0.7 circularity is 

readily comparable to 0.7 sphericity in terms of extent of cell deformation. Compared to 

the literature, cultures analysed here appeared more amoeboid in both control and 

treatment groups.  

3.5. Summary / conclusions 

Both microglia and astrocytes express Gpr109a, which is nuclear-localised. Although some 

statistical analyses suggested changes in marker expression, these were typically of very 

small magnitude, and did not show consistent dose-response effects, and so cannot be 

reliably described as genuine cell responses. For example, niacin treatment lacked a dose 

response only inducing a statistically significant increase in Nox2 expression 0.015 µM 

concentration and in Iba1 expression at 1.5 µM. Niacin at concentrations 0.015 µM – 15 

µM did significantly increase Gpr109a expression compared to control; however, only the 

doses 0.015 µM and 0.15 µM caused a significant upregulation of Arg1. Additionally, niacin 
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still lacked a dose response for Arg1 and Gpr109 as whilst doses increased expression there 

was no evidence of a dose-response. LPS at 150 ng/mL seemed to induce toxicity, indicated 

by visual observations and reduced cell counts. Neither of the Gpr109a ligands tested (NA 

and MMF) were associated with consistent changes in marker expression. None of the 

treatments induced detectable and reliable changes in morphology. Further testing will be 

required to assess whether the chosen markers and morphological assessments are 

suitable for the intended investigations, but it seems likely that a different experimental 

setup will be required e.g. based on a different culture system, elaborated upon further in 

section 4.2.5. 
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 General Discussion and 

Conclusions 

4.1. Neural immune cells express Gpr109a, but did not show detectable responses to 

Gpr109a ligands  

This project attempted to prove whether the immune competent neuroglial cell types 

express Gpr109a, and whether they respond to Gpr109a ligands. Gpr109a expression was 

identified in both neural cell types investigated: microglia and astrocytes. This finding is 

important, as previous reports on microglia and astrocyte expression of Gpr109a are 

ambiguous. However, despite confirmation of Gpr109a expression suggesting that both 

microglia and astrocytes have the potential to be modulated by Gpr109a ligands, neither 

of the two Gpr109a ligands tested here (niacin and MMF) demonstrated clear effects on 

marker expression (Arg1, Iba1, and Nox2) or cell morphology, each of which might be 

indicative of changes in activation status. 

Thesis data provide evidence for widespread Gpr109a expression by almost all cells in 

culture, whereas other studies have presented qPCR and Western blot data, showing the 

presence of Gpr109a mRNA and protein within a culture, but leaving doubt as to whether 

these are generated by a subset of cells, rather than most/all cells, or whether expression 

levels vary across individual cells. 

Cell responses to LPS were not as obvious as might have been predicted, and so this aspect 

of the experimental design should also be considered for planning future experimentation. 

To accommodate for lack of obvious responses of markers to LPS more sensitive techniques 
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which may detect smaller changes could be used; e.g. qPCR, western blot analysis, or 

Fluorescence-Activated Cell Sorting (FACS). Chosen pro-inflammatory stimulus should be 

considered, along with validation of the untreated control culture condition; is the baseline 

representative of the largely M0 population expected in healthy CNS tissue? 

4.2. Limitations of experimental design used here and ideas for future experimental 

work  

It is possible that microglia and/or astrocytes do respond to Gpr109a ligands, but that the 

experimental design used here was inappropriate for detecting these responses, or 

inappropriate for eliciting any such responses. Various elements of the chosen culture 

system could possibly confound investigations into inflammatory behaviours, and/or 

morphological measurements. These include the process of dissecting and processing 

tissue, the presence of serum in the culture medium, features of the culture substrate, 

and/or the absence of other neural cell types, to be discussed in sections 4.2.5 and 4.2.4 

respectively.  

 

4.2.1. Microglial responses to Gpr109a ligands were only assessed in the absence of 

pro-inflammatory stimuli 

Before studying whether Gpr109a ligands might reduce inflammation, it was decided to 

study Gpr109a ligand impact on untreated (non-inflammatory) microglia. There was a lack 

of clear evidence that microglia did respond to the two ligands: MMF and niacin. However, 

this experimental setup may be too simplistic, and not relevant to clinical usage: e.g. the 

treatment of disease/injury. Gpr109a ligands may only cause notable changes to microglial 
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phenotype if microglia are already in an inflamed state. Further experiments should be 

performed, in which inflammatory phenotypes are induced in microglia and astrocytes, for 

example by LPS treatment, or ideally a more accurate simulation of neural injury/disease, 

relevant to the intended application of the Gpr109a ligand therapy (e.g. stroke or MS). Such 

an experimental setup may more reliably indicate whether Gpr109a ligands do generate 

therapeutically beneficial changes in neural immune cells. 

 

4.2.2. 3D cultures may better replicate in vivo cellular functions 

It is increasingly recognised that 2D monocultures fail to accurately mimic various features 

of the in vivo CNS environment, and depending on the research question being 

investigated, these differences can be critical to accurately modelling cell behaviours. 

Examples relevant to microglia culture include the fact that 2D cell cultures restrict 

microglial motility and shape, as primary branches are restricted to movement along one 

plane. Also, the majority of cell contact is with plastic/glass, rather than with ECM or other 

cells, which also limits cell-cell interactions. 2D cultures may induce low-level inflammatory 

responses, as glass/plastic presents an unnaturally stiff surface to the cells, and mechanical 

cues are increasingly recognised to influence cell behaviours. A consequence of the 2D 

plane is that cells grow flattened, and medium/gas perfusion will only occur on the non-

adhered side of the cell 108. These conditions could alter microglial behaviour, with 

microglia cultured in 2D typically showing amoeboid morphologies, associated with 

“classical activation” or the M1 phenotype, even in supposedly inactivated control 

conditions, where M0 should predominate 176. To test whether 3D culture methods better 

replicate in vivo cellular functions compared to 2D an experiment assessing microglial 
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activation states could be ran in parallel. Possible 3D culture methods e.g. hydrogels and 

organotypic slice cultures are discussed in section 4.2.5. 

4.2.3. The process of establishing cultures may alter inflammatory profiles, at least 

initially 

Caldeira et al. demonstrated microglia isolated and maintained for 2 days in vitro (DIV) 

show an inflammatory microglial response, induced by the process of isolation (dissection 

and tissue processing) 177. Microglia isolated and maintained for 16 DIV were described as 

unresponsive/dormant. 

Processing of the tissue may cause an inflammatory response. To obtain a pure microglia 

we shook mixed glial cultures on a rotary shaker. The use of a rotary shaker has been 

suggested to inflame microglia shown by a more heterogeneous microglial population with 

a higher proportion of “M1” amoeboid microglia. These microglia also showed higher 

baseline of activation markers Arg1(M2), iNOS (M1), CD86 (M1/M2b), CD206 (M2) higher 

levels of cytokines TNFα (M1), IL-1β (M1), IL-10 (M2), and IGF-1 (M2) as well as increased 

phagocytic capability 178. A suitable replacement may be mild trypsinisation with 

researchers showing microglia isolated by trypsinisation demonstrating a lower baseline 

for inflammatory markers (iNOS, CD86, CD206, and Arg1) and cytokines (TNFα, IL-1β, IL-10, 

and IGF-1). In addition, they also demonstrate that trypsinisation gives a higher yield and 

purer cultures with a microglial purity of >98% compared to shaking 178. 

4.2.4. Do other cell types need to be included during testing? 

Microglia and astrocytes were identified as the principle immune cells of the CNS, but 

peripheral immune cells can enter the CNS, especially in some pathological states, and 
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other neural cell types have been shown to express Gpr109a. These cell types should be 

considered, both individually, and in the contexts of multicellular tissue and disease states. 

A major area of contention is whether disease-specific neurotoxic effects are mediated by 

invading peripheral macrophages, resident microglia, or both. Macrophages do not 

typically occupy the parenchyma, however when the BBB is disrupted they may infiltrate. 

For neurological diseases demonstrating moderate to high levels of macrophage 

infiltration, studies concentrating solely upon microglia may be failing to model crucial 

aspects of the disease, and vice versa.  

For example, Rahman et al. 88 demonstrated in a MCAO mouse model that Gpr109a was 

expressed by 87.5% of CD11b+ cells and 98.7% of Iba1+ cells; however, these markers do 

not distinguish between microglia and peripherally-derived macrophages. By generating 

chimeric mice through bone marrow transplantation, Rahman et al. concluded that the 

neuroprotective effect post-MCAO was mediated by invading macrophages not microglia.  

Confirmation that microglia and astrocytes express Gpr109a supports the idea that 

Gpr109a ligands may induce immunomodulatory effects. However, targeting remains an 

issue. Oral delivery of ligands would be expected to affect peripheral immune cells, and 

perhaps other peripheral tissues, in addition to reaching the CNS. Although treatments 

such as niacin appear to be well-tolerated, if greater-than-usual doses are required to 

achieve therapeutic concentrations in the CNS, then peripheral (side-)effects must be 

assessed more closely. Sides effects including flushing and nausea occur at doses as low as 

30mg per day which may reduce patient medication adherence. Care is also needed to 

avoid niacin toxicity which may be induced at 3g per day, this can cause adverse effects e.g. 

hepatoxicity179. It may also produce unexpected anti-inflammatory effects for autoimmune 

diseases outside of the CNS, e.g. Type 1 diabetes, colitis, Crohn’s, arthritis 138.  
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Human peripheral macrophages express Gpr109a 125, and there is debate over whether any 

beneficial effects of Gpr109a ligands within the CNS may be due to activation of invading 

macrophages, or activation of microglia, or both. Clinical evidence from ischemic stroke 

and MS, diseases where peripheral immune cells infiltrate the immune system, cannot 

easily indicate whether either cell type is critical. In diseases, such as Parkinson’s, 

Alzheimer’s, and depressive disorders there is less dramatic infiltration of peripheral 

macrophages. Therefore, microglia would comprise a greater percentage of the immune 

cells present, and would make better targets. To address this question future experimental 

work may involve carrying the out the experiments with macrophages and microglia in 

parallel, to determine if infiltrating macrophages and microglia react to Gpr109a ligands in 

a similar way. 

Beyond this, if Gpr109a ligands pass into the brain they are likely to activate other Gpr109a 

expressing neural cell types, which reportedly includes neurons91, and it is not clear 

whether this may be beneficial or detrimental, and would presumably lessen the signalling 

to target cells such as microglia or astrocytes. Further research should assess the effects of 

Gpr109a ligands on neural cells other than microglia and astrocytes, including to what 

extent they respond to these ligands in multi-cellular neural tissue. Research would also be 

warranted into whether delivery could be achieved directly into the CNS, for example 

nasally, to limit/avoid effects on peripheral immune cells and other peripheral tissues. 

4.2.5. More complex models: 3D co-cultures, organotypic slice cultures, in vivo 

Models with greater complexity, incorporating both 3D environment and multiple cell 

types include co-cultures within hydrogels, organotypic brain slice cultures, and in vivo 

experiments (Fig 4.1). Hydrogels allow for researchers to study effects on cell types in 
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isolation or in conjunction with other cell types in mixed cultures in a 3D environment, 

where behaviours and especially morphologies may more closely resemble those in vivo. 

When compared to 2D culture, the immortalised microglial (BV2) cell line cultured in a 3D 

collagen construct demonstrated greater levels of cell viability with low levels of lactate 

dehydrogenase activity 48 h post-culture establishment. Untreated 3D cultures show lower 

levels of the inflammatory cytokines IL-6, TNFα, and MCP-1 when compared to untreated 

2D coated and uncoated monolayers180. 3D models demonstrate different activation 

responses to LPS, compared to 2D monolayers 180. LPS-treated 3D cultures also show a 

more noticeable increase in inflammatory cytokine expression (IL-6, TNFα, and MCP-1) 

relative to control, when compared to LPS-induced responses in 2D. However, 

untreated/treated 3D cultures still show lower expression of IL-6, TNFα, and MCP-1 

compared to 2D. The inflammatory effect was seen more homogenously throughout the 

culture in 3D compared to 2D monolayers seen as a uniform upregulation of CD40. Authors 

did not speculate the reason for this but it could have been because of an inflammatory 

response induced by the unnatural environment of 2D cell culture, resulting in an already 

elevated inflammatory state within the ‘control’ condition. 
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Figure 4.1: Experimental conditions typically involve a trade-off, with increasing 

complexity being associated with a loss of experimental control. Schematic illustrating 

how increasing complexity of experimental conditions is inversely associated with extent 

of experimental control/monitoring 144. 

 

Differential microglial responses in 3D vs 2D culture were also seen in a study comparing 

the drug response of monocyte-derived microglia-like cells (MDMi) from AD patients in a 

thick matrigel layer (3D) compared to a matrigel coated surface (2D). These MDMi cells are 

described as behaving similarly to microglia, and in 3D models were reported to show a 

‘more mature’ phenotype more closely resembling M0 microglia, with greater ramification 

and differing response to drug treatment 181. MDMi cultured in 3D hydrogels were also 

reported to have greater cell viability, and lower levels of inflammation compared to 2D 

monolayers. The potential for priming during culture establishment has not been 
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completely bypassed by this method as cells still require extraction from tissue. Also, it is 

not clear whether there are any as-yet-undetected differences between in vivo microglia 

and these monocyte-derived cells, which seems possible as monocyte-derived 

macrophages are known to exhibit differences compared to microglia. Future experiments 

may seek to investigate a direct comparison studying differential responses between 2D 

microglial cultures and 3D microglial cultures, similar to this MDMi study 181 

In cultured brain slices, Stence et al. showed microglia becoming activated as early as 12 h 

post-dissection, suggesting that slices should perhaps be fixed at an earlier stage (<12 h), 

to limit the chances of this activation confounding the experiment 176. Both organotypic 

cultures and hydrogels lack natural perfusion of tissue, due to loss of circulatory system, 

which can only be partly compensated for through regular/constant media changes.  

In vitro organotypic slices cultures and in vivo models would allow for microglia and 

astrocytes to retain their physiologically relevant cell-cell and cell-ECM contact. Microglia 

and astrocytes are ubiquitous in the CNS, and so are always able to exchange signals. 

Culturing these cells in isolation has the potential to cause an inflammatory response, as 

microglia and astrocytes lose their natural interactions with other microglia, astrocytes, 

oligodendroglia, and neuronal cells 5,182 . For example, neuronal expression of fractalkine is 

detected by microglial receptors (CX3CR1), and has an anti-inflammatory effect on 

microglia. Microglia have been shown to induce a pro-inflammatory astrocyte state (A1), 

and an anti-inflammatory state (A2), under different conditions. Astrocytes have also been 

shown to influence microglial activation in a similar fashion 182. In vivo studies are the most 

appropriate for studying microglia/astrocyte interaction in their natural 

microenvironment, as physiological perfusion of tissues is maintained. In vivo studies are, 

however, difficult to conduct and monitor due to technical, time and cost considerations, 
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and are correctly subject to greater ethical scrutiny. In vivo neurological injury models are 

usually particularly distressing to animal subjects. It would be beneficial for researchers to 

have simple, easily controlled, high throughput in vitro culture systems, to perform initial 

studies before a smaller, targeted set of in vivo experiments. 

4.2.6. Disease modelling 

LPS was used here as a pro-inflammatory control, and a basic simulation of an inflammatory 

disease state. However, the presence of LPS is representative of a bacterial infection, and 

immune responses may be subtly different, compared to responses to trauma or 

neurodegenerative conditions. There are also considerations around modelling injury or 

disease in tissue from animals during early development, in contrast to adult, aged or 

diseased individuals. 

Aging is an important factor in microglial activation status, with advanced age being 

considered a priming stimulus 183,184. Both Microglia and Astrocytes are susceptible to 

priming 185 and are potentially being primed or inflamed before LPS stimulation therefore 

not truly M0 or A0. Priming describes an exaggerated microglial response to sub-threshold 

inflammatory stimulus, usually the result of a ‘priming’ inflammatory stimulus. This priming 

effect may be present in many culture conditions, induced by the dissection process during 

culture establishment. 

Advanced age is difficult to simulate in vitro, but may be highly relevant to neuroimmune 

responses. Rodents are the most common experimental animals, and although adult tissue 

could be used instead of neonatal, even adult rodents are not truly representative of aged 

humans, and rodents do not naturally develop degeneration resembling AD, PD, MS etc. In 

future investigations the use of an ‘aged’ culture could better mimic neurodegenerative 
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diseases associated with age such as AD or PD, and this may be best facilitated by using 

human-derived cells, possibly induced pluripotent stem cell cultures, and possibly derived 

from PD or AD patients. 

LPS is the standard experimental pro-inflammatory stimulus. However, neurodegenerative 

diseases are not widely believed to be caused by elevated LPS levels in the brain. To address 

this issue future experiments might look to investigate the impact of inflammatory stimuli 

classically associated with neurodegeneration, for example, amyloid β, α-synuclein, or tau 

protein. It will be important to understand whether any of these pathology-related 

molecules alter Gpr109a expression levels in the CNS, and whether Gpr109a activation 

affects cell responses to these molecules, especially in terms of immune responses and/or 

degradation pathways. 

4.2.7. Assays and analyses 

Microglial activation status was assessed by marker expression and morphology, both via 

fluorescence microscopy. Fluorescence microscopy indicates relative levels of protein 

expression, and was expected to reveal substantial changes. However, it is not as precise a 

measurement as seen in qPCR and Western blot analysis. Fluorescent microscopy for 

morphology also introduces the potential for human error/bias. Microglia were delineated 

using the ImageJ hand drawn tool, which has an element of imprecision, especially around 

fine processes, although the use of this technique for all conditions should reduce the 

significance of this compromise.  

Fluorescent microscopy offers the benefit of allowing for the observation of intracellular 

localisation and translocation. Fluorescent microscopy also allows for morphological 

analysis in particular measurements assessing the complexity of processes protruding from 
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microglia and astrocytes. Considering the limitations of only using fluorescent microscopy, 

a combination of fluorescent microscopy and qPCR/Western blot may be recommended 

for future experiments. 
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4.3. Phenotypic markers and terminology 

There is emerging evidence, discussed in Chapter1, suggesting that microglia activation 

states may not be as discrete as the terms M1 and M2 might imply. If genuine, 

reproducible/identifiable subtypes exist, they might be defined by morphological, gene 

expression, protein expression, and/or behavioural characteristics. To accurately define 

microglia it may be necessary to study all of these levels. However, the majority of 

microglial research still refers to these activation states (M1/M2, and to a lesser extent M0) 

when discussing microglial phenotypes.  

There is not a completely predictable correlation between marker expression and outcome, 

so presence/increase of a single M1 marker should not be interpreted as detrimental. For 

example, M1 microglia typically release cytokines and ROS/RNS. iNOS is a metabolic 

enzyme catalysing the production of NO oxide, expressed by microglia, astrocytes, and 

neurons in the CNS. M1 microglia express high levels of iNOS but due to its potential to be 

expressed in other cell types, identification would require co-staining with a microglial 

marker. High/prolonged upregulation of iNOS in microglia is associated with bystander 

tissue damage, consistent with the proposal that M1 microglial activation may be 

detrimental. However, iNOS could have regulatory functions in CNS inflammation: iNOS-/- 

(knockout) mice are hyper-susceptible to Experimental Autoimmune Encephalomyelitis 

(EAE), suggesting that iNOS could have beneficial regulatory functions in CNS inflammation 

115. 

For future investigations it may be more accurate to consider monitoring their activity in 

terms of function as well as morphology and marker expression. The following behaviours 
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could be considered: phagocytosis, secretion of cytokines/ROS/RNS, and potential 

neurotoxic/neuroprotective effects on other cell types.  

Microglial phagocytosis is an important physiological process allowing for microglia  

engulfment and clearance of pathogens, dead or degenerating cells, and cellular debris.  

Phagocytosis also has roles in development of mature neuronal circuits and neural 

plasticity where they prune redundant and excessive synapses. Malfunction of this process 

can lead to ineffective pruning. Excessive pruning has been implicated in both autism 

spectrum disorders (ASD) and AD. Phagocytosis may be responsible for disrupting the 

balance between excitatory and inhibitory synapses in cases of ASD186.  

Meanwhile, it may be responsible for excessive elimination of synapses in AD. CD47 

protects synapses from excessive pruning during development by binding to SIRP a CD47 

receptor. Knockdown of SIRP resulted in increased synaptic loss and enhanced cognitive 

impairment. Phagocytosis was assayed by measuring engulfment of synaptosome. This was 

analysed by calculating the fraction of Iba1 (microglial) area that overlapped pHrodo red 

conjugated synaptosome area 187. In models of AD the A molecule has been shown to 

induce microglial phagocytosis of neurons 188. Therefore, phagocytosis of A may be 

protective.  

Further phagocytic assay methods include measuring the amount of internalised A1-42 

using enzyme-linked immunosorbent assay 189 or by measuring the uptake of fluorescently 

labelled carboxylate-modified microspheres 188. 

Phagocytosis is demonstrated by both M1 and M2 thus is unable to identify microglial 

activation. Therefore, it is desirable to use in conjunction with other functional assays, such 

as measuring the secretion of pro-inflammatory and anti-inflammatory molecules, and 

neuronal survival.  
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Ultimately, assessments are most concerned with whether microglial responses lead to 

improved functional outcomes, e.g. reduced pathology or improved neurological 

performance, rather than being strictly tied to a specific marker or morphological feature, 

and testing in disease models. Examples of functional assays to be used in rodent models 

is the Basso, Beattie, and Bresnahan locomotor score method. This measures functional 

recovery by rating recovery stages by monitoring rat locomotor activity, e.g. assessing trunk 

position and stability, paw placement, and tail position 54. When studied in clinical trials 

functional studies include UPDRS and MMSE, as explained previously in sections 1.9 and 

1.6 respectively. 

The need to monitor the effects of microglia on nearby cells, i.e. destruction of tissues, 

neurotoxic effect, astrogliosis, highlights the advantage of studying overall outcomes in 

simulated tissues/disease states, rather than simply studying microglia alone, or expression 

of a single marker alone. 

4.4. Prophylaxis as a clinical consideration 

A potential therapeutic avenue could be prophylactic treatment. To use Gpr109a ligands 

as a way of priming the anti-inflammatory activity of the immune system against 

inflammatory stimulus. Fu et al. 89,90 pre-treated microglia with 1.5 mM BHBA (Gpr109a 

ligand) before treatment with 10 ng/ml LPS. BHBA pre-treatment attenuated the LPS 

induced increase in iNOS, COX-2, TNF-α, IL-1β, and NF-β. Additionally Fu et al. saw an 

inversely proportional time-dependent response of NF-β levels with LPS and LPS+BHBA. 

This also indicates that incubation times also an important factor to consider. 
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If pre-treatment was reliably shown to be immunomodulatory in ways that may have 

therapeutic utility, then prophylactic drug treatment may be trialled for people at risk of 

developing neurological diseases; e.g., stroke, or MS patients, ahead of disease episodes. 

4.5. Conclusion 

Gpr109a expression has been demonstrated in the two major immune-competent cells of 

the CNS. Although no obvious responses to Gpr109a ligands were observed, it remains 

possible that the test conditions used here were unsuitable for detecting cellular 

responses. For example, a 3D culture, better reproducing in vivo cell morphologies, coupled 

with simulated disease/injury (an inflammatory state before ligand treatment), may be 

more likely to generate identifiable phenotypic and morphological responses. Given that 

(i) neural cells express Gpr109a, (ii) Gpr109a ligands cross the BBB, and (iii) the clinical use 

of such ligands, it is important to understand the effects of these ligands on all neural cells. 

This is increasingly important, as such ligands are being employed in clinical trials for MS, 

stroke and possibly other neurological conditions. Understanding these responses, and 

perhaps exploiting any therapeutically beneficial responses, could provide novel 

treatments for poorly-served patient populations. 
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Appendix 

Table 1.2 Studies reporting objective morphometric values for microglia 

Table 1.8 Evidence for microglial involvement in neurological conditions, from human 

patients 

Table 1.9: Microglial involvement in neuroinflammation in animal models 

 

For space reasons, and to keep a simple flow in the introduction, several Tables are placed 

in this Appendix 
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Table 1.2: Studies reporting objective morphometric values for microglia 
Source/ culture details Treatment Phenotypes (morphology, protein 

expression) present, assays 
Morphometric measurements 

Adult male rats,  
 
coronal sections,  
layers I-VI 190 

No treatment;  
 
examined 
healthy cells 
within layers of 
prefrontal cortex 

Microglial morphology is consistent across 
cortical layers of the prefrontal cortex.  

Convex hull area, and cell body perimeter (µm), branch points, total process length (µm), total process 
volume (µm3), number of processes.  
 
‘Microglia size affects the extent of ramification, convex hull vs soma perimeter, branch point, primary 
processes, total process length, total number of processes, radius vs nodes, intersections, process length, 
process volume, process diameter, surface area’  

Mouse coronal slice 
sections (fixed) 57 

tMCAO, pMCAO 
or TBI of mice 

CX3CR1 and CD11b are microglia markers. 
 
CX3CR1+ cells 
Post-tMCAO: hypertrophic all over lesion 
Co-localised staining with CD11b+ ramified 
microglia but not CD11b+ amoeboid. 
Post-pMCAO and TBI: hypertrophic CX3XR1+ 
cells seen in the lesion core.  
 
CD11B+ cells 
Post-tMCAO: Mostly round, not co-localised with 
CX3CR1.  
Post-pMCAO and TBI: round and CX3CR1-.  

Higher percentage of ramified CD11b+ cells after tMCAO than after either pMCAO or TBI.  
tMCAO  
Area: increased between naïve (54.57) and tMCAO (85.78*). Suggested as indicative of hypertrophic cells.  
Perimeter: increase between naïve (61.46) and tMCAO (75.27*) 
Circularity: no difference between naïve (0.26) and tMCAO (0.25) 
Feret’s diameter (calliper): increase between naïve (17.10) and tMCAO (20.10*) 
Aspect ratio: no significant differences 
Solidity: no significant changes between naïve cortex (0.55) and tMCAO (0.55) 
Grid crossings: increase between naïve (3.8) and tMCAO (4.39*) 
pMCAO 
Area: no difference between naive (54.57) and pMCAO (57.13) 
Perimeter: reduction between naïve (61.46) and pMCAO (47.69*) 
Circularity: increase between naïve (0.26) and pMCAO (0.38*)  
Feret’s diameter (calliper): decrease between naïve (17.10) and pMCAO (14.92*) 
Aspect ratio: no significant differences 
Solidity: increase between naïve (0.55) and pMCAO (0.68*) 
Grid crossings: decrease between naïve cortex (3.8) and pMCAO (2.66*) 
TBI 
Area: no difference between naïve (54.57) and TBI (71.90) 
Perimeter: decreased, naïve (61.46) and TBI (58.26*)  
Circularity: increase between naïve (0.26) and TBI (0.37*) 
Feret’s diameter (calliper): increase from naïve (17.10) to TBI (17.73*) 
Aspect ratio: no significant differences 
Solidity: increase between naïve (0.55) and TBI (0.65*) 
Grid crossings: decrease between naïve (3.8) and TBI (3.22*) 
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N9 microglia cell line 68 300 ng/ml LPS, 
24 h  

qRT-PCR. 
M1 markers: NOS2, MHC-II 
M2 markers: Arg1, Fizz1 
Morphological characterization  
Using Iba1 marker to delineate 
Area 
Perimeter 
Feret’s diameter 
Inflammation  

NF-β activation  

Increased expression of NOS2 and MHC-II 
Decreased expression of Arg1 and Fizz1 
Induced microgliosis (change from oval or ramified shape to amoeboid and increased cell density) 
Amoeboid microglia lacked ramifications or had shorter and thicker branches (hypertrophied?) 
These branched amoeboid microglia account for 75% of the cells incubated with LPS.  
 
Area  
Control ~230 µm2        LPS ~466 µm2 
 
Perimeter  
Control ~ 80 µm        LPS ~ 97.6 µm 
 
Feret’s diameter 
Control ~26.4 µm      LPS ~ 34.4 µm 

Primary microglia, 1-2 
day old mice.  
Pure microglia cultures 
66  

Amyloid beta (1-
42) oligomers 
and fibrils (2 or 
16 days)  

Morphological analysis 
Using Iba1 marker to delineate  
Area 
Perimeter 
Circularity 
Feret’s diameter 
 
miRNA expression  
miR-155, miR-124, TNFα. IL-1β, IL-6, HMGB1, 
IL-18, NLRP3 
Protein expression  
CD11b and CD86 

Area  
2 DIV             Control ~600               Amyloid Beta ~ 1231 
16 DIV           Control ~1297             Amyloid Beta ~ 1467 
 
Perimeter  
2 DIV             Control ~140              Amyloid Beta ~ 148 
16 DIV           Control ~216              Amyloid Beta ~ 160 
 
Feret’s Max (diameter) 
2 DIV             Control ~46.4             Amyloid Beta ~45.6 
16 DIV           Control ~74.4             Amyloid Beta ~52.8 
 
Circularity  
2 DIV             Control ~0.448          Amyloid Beta ~0.416 
16 DIV           Control ~0.38            Amyloid Beta ~0.456 

Primary human resected 
tissue (intractable 
epilepsy) 65 
 

In vitro cell 
culture. 
E.coli bio-particle 
exposure 

Amoeboid, ramified, pseudopodic 
Subjective labelling, rather than measurements 

Area (‘cell body size, excluding membrane sheets’; methods do not make clear whether processes are 
included with soma; membrane overlapping with other cells seems to be excluded) 
Pseudopodic     ~90 ± 10 µm2 
Amoeboid       ~190 ± 10µm2 
Ramified         ~305 ± 30 µm2. 
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2-3 month old male 
mice, coronal slice 
culture 191 

Unilateral 
deafferentation 
of trigeminal 
nuclear complex  

Software reconstructed 3D microglia. Cell numbers: microglia density  
Length of processes: [see Table 1.4] 
‘Cell body size’: frequency graph of cell sizes 
Number of primary processes: [no numerical data given] 
 

Rat post-mortem fixed 
sections, hippocampus, 
hypothalamus, 
septofimbrial nucleus 30 

Intra-cerebro-
ventricular 
injection: 
neuraminidase 
(500 mU).  

 ‘Clusters’ of similar profiles were identified, and 
described based on appearance and location: 
 
Cluster1 (largest): large soma, ramified with 
thick primary processes and short secondary 
processes 
 1.1 activated, septofimbrial nucleus and 
surveillant hypothalamic 
 1.2 surveillant hippocampal 
 
Cluster2: Small soma, highly ramified, thin 
primary and secondary processes 
 2.1 surveillant, septofimbrial nucleus 
 2.2 surveillant, hippocampal 
 
Cluster3: highly ramified, thick processes 
 3.1 activated, hippocampal  
 3.2 surveillant hypothalamic 
 
Cluster4 (smallest): Short poorly ramified 
processes of varying thickness around swollen 
cell bodies, termed either activated, “unramified”, 
“bushy” “type IV” or “R3”.  
 4.1 activated, septofimbrial nucleus, 
hypothalamic 
 4.2 activated, septofimbrial nucleus, 
hypothalamic 

Neuraminidase induced morphological changes and increased IL-1β expression (indicating acute 
inflammatory response). 
Area, Perimeter, Circularity Index, Mean radius, Convex hull perimeter, Bounding circle diameter, Max span 
convex hull, Roughness, Convex hull area, Density, Lacunarity, The ratio convex hull radii, Convex hull 
circularity, Convex hull span ratio 
 
‘Only cell circularity (index; CI), convex hull area (CHA), perimeter, and convex hull span ratio (CHSR) 
were suitable for hierarchical cluster analysis (MMI>0.55)’  
Hierarchical cluster analysis identifies four microglia clusters, numbered largest to smallest, 1-4.  
Linear discriminant analysis predicts allocation of microglia to one of the four clusters, based on CHSR, CC, 
and CHA, in this order.  
 
Principle component analysis suggests maximum span across the convex hull (MSACH) and convex hull 
circularity (CHC) may be useful in further classifying microglia.  
 
Cluster 1, CHSR <1.35 with CI >0.0145 or CHSR between 1.35-1.93 with CHA<1915. 
1.1: MSACH:     52 µm                 1.2: MSACH:     63 µm 
 
Cluster 2, CHSR<1.35 with CI between 0.0035-0.0145 
2.1: CHC:        0.80                      2.2: CHC:        0.88 
 
Cluster 3, CHSR<1.35 with CI <0.0035 or CHSR between 1.35-1.93 with CHA>1915  
3.1: MSACH:    60 µm                 3.2: MSACH:   82 µm 
 
Cluster 4 CHSR > 1.93 
4.1: CHC:         0.73                     4.2: CHC:        0.85 
 

Rat post-mortem fixed 
slice culture, 
hypothalamus, coronal 
brain 72 

Intra-cerebro-
ventricular 
injection: 

Identified 4 clusters each defined by their 
inflammatory status and specific morphological 
parameters. 
 

Assessed relationship between parameter and IL-1β expression 

Cell perimeter, Circularity index, Mean radius, Convex hull perimeter, Bounding circle diameter, Max span 
convex hull, Roughness, Convex hull area, Density, Cell area, Lacunarity, The ratio convex hull radii, Convex 
hull circularity, Convex hull span ratio. 
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neuraminidase 
(500 mU). 

Cluster1: intermediate activation, “less 
elongated”  
 
Cluster2: slightly activated, highly ramified.  
 
Cluster3: intermediate activation, rod shaped  
 
Cluster4: highly activated, highly circular 
 

Significant relationship seen between parameter and IL-1β in all but The ratio convex hull radii, Convex hull 

circularity, Convex hull span ratio.  
MMI > 0.55 are multimodal and therefore suitable to perform cluster analysis.  
Based on MMIs, only lacunarity, circularity index (CI), and convex hull span ratio (CHSR) were suitable 
for hierarchical cluster analysis.  
 
Cluster1: intermediate activation, lacunarity (0.4),               CI (0.011),              CHSR (1.52). 
Cluster2: slightly activated,           lacunarity (0.6, highest), CI (0.007),              CHSR (1.43) 
Cluster3: intermediate activation, lacunarity (0.38),             CI (0.016),              CHSR (2.55) 
Cluster4: highly activated,            lacunarity (0.37),             CI (0.031, highest), CHSR (1.57) 

Mice. 
Sagittal section at 30 μm 
or 50 μm thickness 67  

Npc1nmf164 
mutant mouse 
model of 
Niemann-Pick 
Type-C1 disease 
(NPC1). 
Western diet.  

Morphological changes occur early in cerebellar 
layer of Npc1nmf164 mice: 
increased soma size 
thicker and retracted processes  
 
Becoming more amoeboid with age.  

Cell volume µm3 

WT WK4                   ~700 (** vs NPC1 WK4) 
NPC1 WK4             ~1500  
NPC1 WK12           ~1000 
Process length µm 
WT WK4                  ~300 (*** vs NPC1WK12) 
NPC1 WK4              ~280 (*** vs NPC1WK12) 
NPC1 WK12            ~160 
Process mean volume µm3 
WT WK4                    ~6 (** vs NPC1 WK4), (*** vs NPC1 WK12) 
NPC1 WK4                ~9 
NPC1 WK12             ~14 
Number of intersections  
WT WK4                 ~190 (****vs NPC1 WK4) 
NPC1 WK4             ~190 (****vs NPC1 WK12) 
NPC1 WK12            ~80  
Total volume of phagosomes µm3 
WT WK4 -              ~280 (**** vs NPC1 WK4), (***vs NPC1 WK12) 
NPC1 WK4            ~950 
NPC1 WK12          ~750 

Male Long-Evans rats. 
100 µm coronal sections 
of prelimbic cortex (PL) 
and nucleus accumbens 

(NAc) 69 

Chronic ethanol 
exposure via 
vapour inhalation 
from postnatal 
day 5.  
 

Used 3D reconstruction (Imaris software) 
 
Prelimbic cortex (PL)  
CIE compared to control 
Lower cell density, cell volume, and number of 
branch points.  

Microglia density, soma volume, cell volume, branch points, Sholl intersections.  
 
Authors suggest may be indicative of amoeboid or hypertrophic morphology.  
 
Significant difference:  
*(versus LPS), 
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 Iba1 staining Larger in soma intensity.  
 
LPS compared to control  
Larger soma volume, cell volume, soma 
intensity, number of branch points.  
 
LPS compared to CIE 
Larger soma volume, cell volume, soma 
intensity, number of branch point, Sholl 
intersections.  
  
Nucleus accumbens (NAc) 
LPS compared to control  
Larger soma volume, soma intensity. Lower cell 
density.  
 
LPS compared to CIE 
Larger in soma volume, cell volume.  

 +(versus CIE) 
 
Soma volume (µm3) 
PL control         ~400         LPS     ~700***++        CIE      ~480 
NA Control        ~350         LPS     ~390                CIE      ~600***++ 
 
Cell volume(µm3) 
PL Control      l~1700         LPS    ~2100**++++    CIE    ~1000* 
NA Control     ~1510          LPS    ~1570               CIE    ~1480 
 
Branch points 
PL Control      ~0.0018       LPS    ~0.0012            CIE    ~0.0024 
NA Control     ~0.021          LPS    ~0.17               CIE    ~0.19 
 
Sholl intersections  
PL Control       ~0.011         LPS    ~0.014             CIE    ~0.009 
NA Control      ~0.015         LPS    ~0.013             CIE    ~0.014 
 
Territory (µm3) 
PL Control       ~60,000       LPS    ~58,000           CIE    ~64,000  
NA Control      ~44,000       LPS    ~58,000           CIE    ~50,000 
 
 
 
 
 

C57BL/6J mice 
 
cerebral cortical  
microglial monoculture 71 

In vivo studies-  
Mice  
BHB (6 days) 
Then either 
saline or LPS 
challenge 
 
In vitro studies –  

• BHB prevented microglial process retraction 
when exposed to LPS.  

• However this was mediated by the Akt-small 
RhoGTPase axis 
 

• Inhibition of the Akt-small RhoGTPase axis 
and BHB treatment lead to microglial process 
retraction in the presence of LPS.  
 

Only measurement taken was circularity index. Measure of ramification. 1 perfectly circular and 0 highly 
ramified. 
 
Concentration  
Control        ~0.48          BHB 1 mM    ~0.40          BHB 3 mM    ~0.33**          BHB 5 mM    ~0.23** 
 
Incubation period, BHB at 5 mM 
Control 0 h   ~0.42        BHB 1 h       ~0.364         BHB 4 h       ~0.28**         BHB 8 h       ~0.21** 
In vivo: BHB and LPS  
BHB- LPS-   ~0.44 
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Primary 
microglial 
cultures 
LPS priming  
Then BHB 

BHB was ruled not to act through Gpr109a as 
Gpr109a agonist’s niacin and MK-6892 failed to 
elicit the same response. 

BHB+ LPS-  ~0.21** 
BHB- LPS+  ~0.41 
BHB+ LPS+ ~0.23**(compared to BHB-LPS+) 
 

In vitro: LPS treatment (1 µg/mL, 24 h; priming), then BHB (5 mM, 8 h) 

LPS- BHB-   ~0.41 
LPS- BHB+  ~0.19** 
LPS+ BHB-   ~0.43 
LPS+ BHB+  ~0.21** (compared to BHB-LPS+) 
 

C57BL/6J, ex vivo 
multiphoton live imaging, 
spinal cord injury model 
70 

Intraperitoneal 
niacin treatment  
 
100 mg/kg daily 
for 7 days.  

• Niacin upregulates CD36 and enhances 
myelin debris phagocytosis by microglia in 
culture.  

 

• Niacin promotes clearance of myelin debris in 
lesions by phagocytosis, enhances 
oligodendrocyte progenitor cell number, and 
improves remyelination.  

 
Treatment with Niacin also increases Gpr109a 
expression in both young and middle-aged mice.  

Cell area (µm2) 

Control           ~ 850***            Niacin           ~1350*** 
 

Volume (µm3) 

Control         ~1300***            Niacin           ~2200*** 
 
Sphericity 
Control           ~0.66*              Niacin           ~0.62* 
 

BHB: Beta Hydroxybutyric acid; CIE: chronic intermittent ethanol; Cluster: microglial categorisation based on morphology; DIV: days in vitro; LPS: lipopolysaccharide; MCAO: middle cerebral artery occlusion ; 

NF-β: Nuclear Factor Kappa Beta; NPC1: Niemann-Pick disease; pMCAO: permanent medial cerebral artery occlusion; qRT-PCR: Real-Time Quantitative Reverse Transcription PCR; TBI: traumatic brain 
injury; tMCAO: transient middle cerebral artery occlusion; type C1; WK: week; WT: wild type 
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Table 1.8: Evidence for microglial involvement in neurological conditions, from human patients 
Model Review Cohort  Methods Results  

Alzheimer’s disease: 
 
Mild cognitive 
impairment (MCI) 
with cortical amyloid 
deposition 86 

Phase1 longitudinal study 
  
Microglia mediated inflammation 
accompanied amyloid in cases 
of MCI due to AD.  

42 MCI cases 
 
12 age-matched healthy controls  

• Inclusion criteria: declining memory 
function over 6 months, age 50-85, good 
employment history, amnestic MCI.  

• Exclusion criteria: recreational drug use, 
sedative medications, significant 
neurologic or psychiatric disease.  

• Participants with amyloid deposition: PET 
scan (markers for beta amyloid and 
microglia activation [TSPO]).  

• Participants with MCI: neuropsychological 
assessment 

MCI: 26 of 42 cases showed raised cortical 
amyloid load. 
Amyloid+ MCI: 22 of 26 cases showed clusters of 
increased cortical microglial activation 
accompanying amyloid deposition.  
 
This positive correlation was seen in frontal, 
parietal, and temporal lobes.  
 

Prodromal 
Alzheimer’s disease: 
 
MCI with cortical 
amyloid and Tau 
deposition 192 

Results support the theory of a 
biphasic trajectory of 
inflammation in AD.  
 
First stage rising Aβ load 

correlates with increasing levels 
of inflammation, this resolves.  
 
As Tau tangles form in 
prodromal AD cases the rising 
Tau load is associated 
correlates with increasing levels 
of inflammation.  

Longitudinal cross-sectional 
study following MCI cases 86 
  
Comparison of MCI cohort to 
measurements taken 2 years 
earlier as published in 2017 
paper 86.  
 

• Cohort from 2017 paper86  

• Same inclusion/exclusion criteria.  

• Within 10 weeks after PiB and PK PET 
scans 18FF-PET became available of which 
25 participants with MCI consented.  

• 38 MCI patients returned for the follow up 
appointment 2 years later.  

• Of the 38 MCI subjects  

• with baseline high PiB (prodromal; n=23) 
had 23 PiB+PK scans, 13 FTP scans 

• with baseline low PiB (n=15) had 15 
PiB+PK cans, 9 FTP scans 

• Returning participant repeated cognitive 
tests  

In early prodromal AD cases participants show 
increased amyloid dep over 2 years which 
correlates with increasing levels of inflammation.  
 
Levels of inflammation decline in prodromal AD 

cases with high Aβ but not Tau.  

 
Prodromal AD cases showing both high AB and 
Tau at baseline show further increase in Tau 
tangle load over 2 years that correlated with a rise 
in inflammation.  
 
 

MCI with cortical 
amyloid deposition, 
or early AD 77 

Microglia may be protective to 
axons in the early stages of AD 

27 MCI or early AD cases MCI and AD cases showing raised cortical 
beta amyloid had 11C-PK11195 PET, 
structural and diffusion magnetic resonance 
imaging.  
 

In MCI cases brain inflammation correlated 
inversely with plasma NfL levels, in the frontal, 
parietal, precuneus, occipital, and sensorimotor 
cortices.  
 
Potential use of NfL to measure protective 
efficacy of immune stimulation and monitoring 
efficacy of putative neuroprotective agents. 
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Alzheimer’s disease 
193 

The protein module most 
strongly associated with AD is 
enriched in astrocyte and 
microglia proteins.  
 
The M4 astro/microglia module 
correlates most strongly with 
cognitive impairment. 

Dorsolateral prefrontal cortex 
(DLPFC) 
 
Control = 94 
 
asymAD =102 
 
AD=305 

Measuring protein levels with label-free MS 
and WGCNA 
 
CERAD amyloid plaque score 
 
Braak Tau neurofibrillary tangle score  
 
CDR – overall function status 
 

The protein module M4 (sugar metabolism) 
correlates most closely with CERAD, Braak, and 
CDR.  
 
Its expression correlates most strongly with 
astrocytes and microglia.  

Neuroinflammation 
and protein 
aggregation co-
localize across the 
frontotemporal 
dementia (FTD) 
spectrum 194 

Close association between 
inflammation and protein 
aggregation in FTD 
  
Activated amoeboid microglia 
closely associated with protein 
aggregates.  
 
Relationship between density of 
aggregates and density of 
microglia 

Cross-sectional study 
  
FTD patients: 31 

• bvFTD: 10 

• svPPA: 11 

• nfvPPA: 10 
Age matched controls: 14 
 
Cambridge Brain Bank samples: 
FTLD-Picks’ (Tauopathy) (n=3) 
FTLD-TDP Type C (n=3) 
FTLP-TDP Type A (n=3) 
Braak stage V AD (n=3) 

• PET imaging, marker for microglial 
activation (proxy for neuroinflammation) 

• PET imaging markers for Tau, including 
aggregates (TDP-43) 

• No published information on inclusion and 
exclusion criteria.  

• Immunohistochemical analysis using 
CD68 to mark for active microglia.  

• Neuroinflammation and protein aggregation 
elevated and co-localized 

• Most strongly in svPPA, where predominant 
aggregates are TDP-43 

• This relationship seen throughout disease 
course (in vivo PET imaging and post-mortem 
immunohistochemical analysis) 

• Post-mortem: colocalisation of CD68+ 
amoeboid microglia and protein aggregates 

• Positive proportional relationship with disease 
severity  

Multiple sclerosis 81 TSPO expression: increased in 
active and chronic active 
lesions.  
Marks astrocytes and microglia.  
TSPO indicates cell density, not 
activation/polarisation 
TSPO PET: indirect marker of 
“glial” activation 
Successful therapeutic 
interventions that modulate 
microglia from pro- to anti-
inflammatory may not affect the 
TSPO signal 

42 patients with MS and 12 aged 
matched controls, 4 biopsy of 
suspected MS tumour-like 
lesions.  
 

Immunohistochemistry for TSPO using 
antibodies on brain and spinal cord samples 
 

• TSPO expression not associated exclusively 
with pro or anti-inflammatory 
microglia/macrophage based markers 

• TSPO expression not restricted to microglia, 
with GFAP+ astrocytes being TSPO+ 
o Seen in spinal cord as well as brain 

• Of TSPO+ cells, <1% were lymphocytes 
o  Not considered significant proportion 

• TSPO expression seen in lesions and spinal 
cords  
o This is increased in active lesions 
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May show if treatments reduce 
“activated” microglia numbers 

Alzheimer’s disease 
and Parkinson’s 
Disease Dementia 73 

In AD and PD increased 
microglia activation correlation 
with decrease in mini mental 
state examination (MMSE; 
cognitive) performance.  

10 AD 
10 MCI 
11 PD dementia (PDD) 
16 controls  
 
 

Magnetic resonance imaging. 
PET imaging for cerebral glucose metabolic 
rate: proxy for neuronal synaptic function 

AD, MCI, and PD: correlation between increased 
microglia activation and reduced glucose 
metabolism. 
AD and MCI: negative correlation between 
increased microglia activation and MMSE. In AD 
and MCI: positive correlation between amyloid 
beta deposition and microglial activation  

Human post-mortem 
brain samples (PD 
patients) 82 

Increased number of CD68+ 
amoeboid microglia in HC of 
incidental lewy body disease 
cases and PD patients 

Tissue from clinically diagnosed 
PD patients (Braak stage 4-6) 
and incidental Lewy body 
disease (Braak stage 1-3), 
 
with no symptoms, but 
showing a-synuclein deposition, 
[therefore can be considered 
prodromal PD]  
 
All clinical patients have age and 
gender matched healthy controls 

Immunofluorescence and 
immunohistochemistry of post-mortem tissue 

Significantly more amoeboid microglia in PD 
patients compared to the age and gender 
matched controls. Extensive loss of dopaminergic 
neurons in the substantia nigra of PD patients. 
Positive correlation between a-synuclein 
pathology and an increase in amoeboid microglia 
in both the HC and SN in PD patients. 
 

Abbreviations; Aβ: Amyloid Beta ; AD:Alzheimer’s Disease ; bvFTD: behavioural variant FTD; CDR: clinical dementia rating; CERAD: Consortium to Establish a Registry for Alzheimer’s disease; 

DLPFC:Dorsolateral prefrontal cortex; FTD: frontotemporal dementia; FTLD-TDP: frontotemporal lobar degeneration-TAR DNA-binding protein; 18FF-PET:18F-flortaucipir-PET; Hpc: hippocampus; 
MCI: mild cognitive impairment ; MMSE: mini mental state examination; NfL: neurofilament light; nfvPPA: non-fluent variant primary progressive aphasia; PD: Parkinson’s Disease; PET: Positron 
emission tomography ; PiB: Pittsburg compound B; svPPA: semantic variant primary progressive aphasia; TPSO: Translocator protein (18kDa) ; WGCNA: weight correlation network analysis.  
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Table 1.9: Microglial involvement in neuroinflammation in animal models 
Model Outcome  Culture conditions  Methods Results  

Parkinson’s disease 
MPP+ treated rat cell 
culture 84 

Astrocyte 
signalling to 
microglia within 
the midbrain is a 
key factor 
“underlying the 
selective 
vulnerability of SN 
DA neurons seen 
in PD 
pathogenesis.” 
 
 

Homo and heterotypic co-cultures of 
neurons and astrocytes were established.  
Microglia transcriptomic analysis of cells 
derived from CTX, SN, and VTA.  
 
Neuron-astrocyte-microglia culture 
permutations: 
  
SN neurons: SN astrocytes: microglia  
SN neurons: VTA astrocytes: microglia 
VTA neurons: SN astrocytes: microglia  
VTA neurons: VTA astrocytes: microglia 
At the following N:A:M ratios 
1:2:1, 1:4:1, 1:2:2. 1:4:2 
 
Microglia were obtained from the cortex 
due to experimental limitations.  

50 µM MPP+ 24-48 h 
 

• Microglia exhibit regional differences in their cytokine profiles in 
both MPP+ treated and untreated control.  

• MPP+ induced ~50% loss of SN DA neurons in neurone-astrocyte 
culture 

 

• Microglia from either CTX, SN, or VTA did not induce neuronal cell 
death in untreated cultures.  

o Instead microglia exacerbated neural cell loss in 
MPP+ cultures, with ~75% neuron loss. This was 
reversed by TLR4 antagonist reverting cell loss back 
to ~50%.  
 

• SN astrocytes at either 2x or 4x were unable to protect SN and 
VTA neurons, with MPP+ cultures experiencing ~60% neuron loss.  

• VTA astrocytes at proportions 2 fold and 4 fold with respect to both 
SN and VTA neurons saw partial reversal of neurotoxic effect in 
N:A:M cultures (1:2:1, 1:4:1).  

o VTA astrocyte treated cultures experiencing ~20% 
neuron cells.  

 

• VTA astrocyte protection could be abolished by doubling the 
number of microglia, SN and VTA neurons ~40% and 50% neuron 
loss respectively.  

Macaques with 
MPTP induced 
Parkinsonism 83 

Microglia interact 
directly with SNpc 
neurons.  
 
Microglia 
presence is 
correlated with DA 
neurons.  

Brain bank tissue samples from chronic 
Parkinsonian Monkeys.  
 

MPTP weekly 
0.3 mg/kg IV 
 
Analysis of primates 
was completed years 
after MTPT treatment 

• Parkinsonian macaques shows loss of dopaminergic neurons in 
the SNpc alongside persistent microglial activation 

• Whilst overall number of microglia did not change, number of 
activated microglia and microglia phagocytic activation increased.  

• Seen by morphological changes: increased body size and number 
of terminal tips 
 

• Even years after induction of Parkinsonian symptoms there is a 
prominent increase of interactions between microglia filopodia and 
DA neurons, compared to control.  
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Mouse model 
obesity-associated 
cerebro-vascular 
dysfunction 195 

7-OZ treatment 
reduced 
cerebrovascular 
dysfunction (BA) 
in DIO mice  
 
via blockade of 
microglia 
expressed Tak1. 

Mouse model of DIO and control group.  
 
MCAO, DIO groups and control groups. 
Immunohistochemistry. Brains sectioned 
into 30 µm.  

Diet induced obesity.  
 
MCAO.  
 
Immuno-
histochemistry.  
Brain sections, 30 µm  
 
Western blot 
ELISA 
RT-qPCR  
 

• Microglia in brainstem after prolonged-DIO show overactivation of 
Tak1. This impaired BA function. 

• Deletion of microglial Tak1 reduced cerebrovascular dysfunction in 
DIO mice 
 

• In models of ischemic stroke microglia-selective deletion of Tak1 
improved cerebrovascular outcome. 

• Blockade of Tak1 with 7-OZ reduced BA dysfunction in DIO mice.  
 

• Prolonged DIO: overproduction of IL-18 in brainstem microglia. 

• Blockade of IL-18Rα reduces dysfunction of BA in prolonged DIO 
mice.  

Persistent 
toxoplasma 
infection associated 
with 
neurodegeneration 
196 

Degenerating 
CX3CL1+ neurons 
were surrounded 
by activated 
microglia and 
complement 
proteins, providing 
evidence that 
neurons were 
interacting with 
microglia  
 

Mouse model 
 
Half of the brain was processed for 
immunofluorescence staining and the other 
used for dissection of the prefrontal cortex 
for mRNA and protein analysis  

Markers: 
Toxoplasma – 
toxoplasma IgG 
Cysts-MAG1 
Neurons.  
 
GABAergic neurons – 
GAD67 
 
Glutamatergic 
neurons – NMDA1 
 
Degenerating 
neurons – FJB 
 
Microglia – IBA1 
 

• Cyst-associated neurodegeneration presents in the SC and ACC 
of mouse brain.  

• Both glutamatergic and GABAergic neurons display degeneration.  

• Cyst-associated elevation of cerebral complement components.  

• Complement C1q and C3 deposited on the surfaces of FJB-
positive cells (neurons)  

• Degenerating neurons surrounded/infiltrated by activated 
microglia.  
 

• Determined microglia activation by morphology.  

• Description of activated cell morphology: “enlarged perikarya and 
thicker processes” 
 

• Fractalkine (CX3CL1) increased significantly in degenerating 
neurons 

• CX3CL1 is produced by neurons and its sole receptor is on 
microglia 

Abbreviations; ACC: anterior cingulate cortex; BA: basilar artery; CTX: cortex; DIO: diet induced obesity ; DA: dopamine; MCAO: Middle cerebral artery occlusion ;MPP+: 1-methyl-4-
phenylpyridinium ; SC: somatomotor cortex; SN: Substantia Nigra ; SNpc: Substantia nigra pars compacta ;Tak1: Transforming growth factor β-activated kinase ; VTA: Ventral tegmental area ; 
7-OZ: 5Z-7-oxozeanol a potent Tak-1 inhibitor.  
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