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ABSTRACT 

 

 

INTERRUPTION OF NEURON-MICROGLIA BIDIRECTIONAL COMMUNICATION TO 

MODULATE COFILIN:ACTIN ROD FORMATION 

 

 

Immune responses in the central nervous system are mediated by microglia, whose 

responses to CNS threats can be replicated in vitro to study the role of microglia in the onset, 

progression, and treatment of neurodegenerative diseases. Previous work has identified a 

pathway common to neurodegenerative diseases such as Alzheimer’s Disease, Parkinson’s 

Disease, and HIV-Associated Neurocognitive Dementia in which the actin-severing protein, 

cofilin, forms a 1:1 bundle with actin making rod-shaped inclusions (rods) that can be found in 

the dendrites and axons of neuronal cells. This thesis focuses on developing methods for 

examining the role of primary microglia, activated by different factors, to secrete rod-inducing 

chemokines/cytokines or directly attacking neurons leading to neuronal death. Understanding 

both of these mechanisms is important in study of neuroinflammation and disease progression. 

Hemin, a hemoglobin metabolite, and alarmin, S100B, a astrocyte secreted, calcium binding 

protein, protein, were used to model the environment of intracerebral hemorrhage and general 

neuroinflammation respectively. Preliminary experimental results suggest blockage of actin-rod 

inducing signaling pathways via CXCR4/CCR5 receptor antagonist improves neuronal survival 

to both microglia conditioned medium and direct exposure the microglia-activating hemin or 

S100B. Further studies are in progress to obtain sufficient statistical data to verify these results. 
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CHAPTER 1: BACKGROUND 

 

  

 The central nervous system (CNS) is believed to be an immune privileged area with 

limited defensive ability mediated by the resident immune cells, microglia. Microglia were first 

characterized in the 1930s (Rio-Hortega, 1932). Since the turn of the 21st century, interest and 

research in microglia have spiked drastically. Today microglia are studied intensively in the 

neuropathology of Alzheimer’s disease (AD) and other neurodegenerative diseases, as well as 

more generally during instances of chronic or severe acute neuroinflammation. Often, 

neuroinflammation is found co-morbidly with neurodegenerative diseases and disorders, such as 

Parkinson’s disease (PD), hemorrhagic stroke, multiple sclerosis, and HIV-associated 

neurodegenerative disorder (HAND). Given their relatively uncharacterized state and role in 

plethora diseases, microglia present an interesting and novel perspective on neurodegeneration. 

Thus, microglia are a possible common target for therapeutic intervention. 

Microglia Origin & Role in Development 

 Microglia originate from the embryonic yolk sac among haemopoietic precursor cells 

(Alliot et al., 1999). Progenitors can be detected in murine models at embryonic day 8-9.5 in the 

neural folds (Ginhoux et al., 2010; Marinelli et al., 2019). In the 22 years since the discovery of 

microglia’s yolk sac origin, fate mapping has shown that microglia differentiate in the yolk sac 

and prior to the formation of the blood brain barrier, migrate to the brain via pial surfaces within 

the area that gives rise to the fourth ventricle (Ginhoux et al., 2010).  

 Studies of microglia in early embryonic brain development has led to the conclusion that 

microglia aid in the clearance of apoptotic cells, and promote both angiogenesis, and 
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neurogenesis (Ginhoux et al., 2010; Marinelli et al., 2019). Postnatally and during the first few 

years of life s, microglia greatly aid with synaptic pruning in murine models via engulfment and 

phagocytosis of immature and aberrant synapses in response to “eat me” signals(Marinelli et al., 

2019; Stevens et al., 2007; Wu et al., 2015). The two weeks following birth in mice synaptic 

plasticity and pruning activities peak. In the post-development stage, microglia shift from 

mediators of synaptic pruning to primarily phagocytic immune cells. 

 In the human adult brain, microglia maintain a distribution of approximately 6.5 x 103 per 

mm3 irrespective of cell layer or blood vessel proximity (Nimmerjahn et al., 2005). Most 

microglia have large thick microtubule-dependent ramifications that extend over 100 µm or more 

and which can extend and retract slowly (Bernier et al., 2019). Much more rapid surveillance of 

the brain parenchyma for pathogenic threats, apoptotic cells, and other abnormalities is 

accomplished by very thin, actin-dependent filopodia which extend from along these ramified 

processes (Bernier et al., 2019). The ramifications and filopodial extensions have distinct 

sensitivity to signals. For example, filopodia increase in elongation in response to elevated 

cAMP, which causes the retraction of the larger ramifications and major shape alterations 

(Bernier et al., 2019). They can rapidly proliferate in response to injury or pathogenic threat 

unlike many other brain cell types such as neurons which are post-mitotic (Block et al., 2007; 

Lee & Landreth, 2010). Additionally, microglia can migrate following chemokine signals to 

distant sites of injury. Cultured healthy microglia have a phenotype that is very different from 

microglia in situ but still easily identifiable.  

A decade ago, the CNS was believed to be immune privileged and incapable of resolving 

pathogenic threats by only mediating inflammation and possessing a limited defensive ability. 

However, it has been determined that microglia are responsive to inflammatory mediators such 
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as pro-inflammatory cytokines, prostaglandins, free radicals, and complement (Lucas et al., 

2006). After encountering a molecule of threat, microglia in situ shift to an activated 

morphology. Interestingly, activated microglia that still bear processes (microglia which do not 

occupy the amoeboid or spherical morphology common to phagocytic microglia) have been 

observed during periods of synaptic refinement in areas such as the thalamus, hippocampus, 

cerebellum, and others (reviewed in Tremblay et al., 2011). 

Microglia in a healthy brain are highly mobile and reactive. They can migrate, proliferate, 

and extend processes to promote innate immunity. Most populations of microglia can be 

classified as quiescent, but they can be activated to anti-inflammatory or pro-inflammatory 

phenotypes. Classification into only these two activation states is considered reductive by the 

field but remains useful in generally referring to the expression profile, type of secretions, and 

morphology of the microglia (Shi & Holtzman, 2018). Unfortunately, much of the nuance of 

microglia activation states remain to be determined (Ransohoff, 2016). Often, the observable 

changes in morphology are conflated with disease indicators; however, due to the lack of 

research in this area this may be an inaccurate conclusion (Bernier et al., 2019). To circumvent 

much of the inaccuracy, many researchers choose to use sub-categories, such as those used for 

macrophages. For example, the sub-categorization, M2b, indicates an anti-inflammatory 

phenotype which clears away reactive oxygen and nitrogen species and expresses CCL1 and IL-

10 (Varnum & Ikezu, 2012). The concentration of microglia differs from brain region to region, 

with dense populations in the hippocampus, substantia nigra, and basal ganglia; however, no area 

in the human brain is devoid of immune protection. Mice have microglia predominately in grey 

matter with distinctly higher relative numbers in the hippocampus, basal nuclei, and substantia 

nigra (Block et al., 2007).  
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Pro-inflammatory, classically activated, or M1-microglia activation occurs when exposed 

to Th1 cell-derived cytokines such as IFN-γ, TNF-α, and IL-1β and causes a release of pro-

inflammatory cytokines, reactive oxygen and nitrogen species, and other cytotoxic components 

(Chhor et al., 2013; Ransohoff, 2016; Varnum & Ikezu, 2012). A neuroprotective, anti-

inflammatory, or M2 phenotype secretes cytokines such as IL-10, and IL-4 (Alsegiani & Shah, 

2020). M1 microglia promote neuronal apoptosis, phagocytic clearance of cellular debris, and 

inhibit oligodendrocyte precursors from differentiating into mature oligodendrocytes, whereas 

M2 microglia promote angiogenesis, neuronal survival, tissue repair (Shi & Holtzman, 2018; W. 

Y. Wang et al., 2015). Importantly, microglia can be activated to either state in a reversible 

manner, and M1 and M2 microglia are not different cell subtypes (Figure 1).  

Different systems of the CNS are believed to employ different mechanisms for synaptic removal. 

For example, the reticulo-geniculate system, which oversees arousal and consciousness, is 

dependent on complement cascade components to provide “eat me” signals, whereas the 

hippocampus, involved in memory and learning, relies on chemokines, small chemotactic 

cytokines, and possibly TREM2, a receptor on myeloid cells to be discussed later (Filipello et al., 

2018; Marinelli et al., 2019). Additionally, mice missing the microglia-specific chemokine 

receptor, CX3CR1, demonstrate a significant reduction in microglia density as well as synaptic 

plasticity during postnatal development; generally implicating CX3CR1 in these functions 

(Paolicelli et al., 2011). Contrasting the phagocytic microglia in an adult neurodegenerative 

brain, the microglia which phagocytose synapses during inflammation or enriched environment-

induced adult neurogenesis are ramified and unchallenged, or inactivated (Sierra et al., 2010).  

Myriad of inflammatory factors activate microglia to protect against antigens. However, excess 

activation and removal of non-damaged neurons during an immune response can lead to 
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neurodegeneration and thus accelerate some CNS-specific diseases such as PD, AD, Multiple 

Sclerosis and others (Xu et al., 2016). In neurodegenerative disease states, typically microglia 

switch from a predominately M2 phenotype to a M1 phenotype with the progression of chronic 

neuroinflammation into disease (W. Y. Wang et al., 2015). Commonly, reactive oxygen species 

(ROS) are present and contribute to neurodegeneration. Primarily ROS generated by NADPH 

oxidase (NOX) are involved in immune disease processes, but in the murine immortalized cell 

line, BV-2, mitochondrial ROS is involved in microglial activation (Park et al., 2015). NOX 

generated ROS is important for phagocytosis and MAPK activation. (Park et al., 2015), and ROS 

are secondary messenger molecules that activate transcription factors for pro-inflammatory 

molecules (Park et al., 2015).  

Stroke and Intracerebral Hemorrhage  

Strokes are the second most common cause of death globally. Although ischemic stroke accounts 

for >80% of all stroke cases, intracerebral hemorrhage (ICH) is the most severe form. ICH 

accounts for only ~15% of all cases, but 34% of ICH cases result in death within 30 days 

(Sayeed et al., 2017; M. Wang et al., 2020; Weinstein et al., 2010). Often the primary physical 

insult of ICH is less severe than the secondary effects of innate immunity-mediated inflammation  
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Figure 1: Microglia Activation Spectrum 

Microglia follow the macrophage phenotype classifications. M0 microglia can be activated to 
classically or alternatively activated states depending on the soluble signaling factors available. 
Classically activated microglia mediate neurotoxicity and phagocytosis via several secreted 
factors and are inhibited via Arginase 1 expression. Alternatively activated microglia occupy 3 
widely recognized sub-states and mediate typically neuroprotective actions. *: expressed 
proteins, ?: evidence suggests an expression-dependent variable function (Guerreiro et al., 2013). 
LPS is pro-inflammatory activator, but is found on gram-negative bacteria outer membranes, 
rather than endogenously in the CNS. Graphic created with BioRender.  
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over the weeks following the stroke (M. Wang et al., 2020). Oxidative stress is the primary 

damaging component of the secondary effects, as many of the hemoglobin metabolites from the 

hemorrhage accumulate to toxic levels and continue to produce ROS (Sayeed et al., 2017). 

Secondary inflammation mediators recruit peripheral leukocytes which further contribute to the 

damage (Sayeed et al., 2017; Taylor & Sansing, 2013). 

  After ICH, hemin is released from methemoglobin from red blood cells (Chen-Roetling 

et al., 2014) and cleared along with serum proteins and cellular debris over the following weeks 

(Robinson et al., 2009). Intracellular levels of hemin can accumulate to 10 mM and can quickly 

become cytotoxic (Tan et al., 2018). Hemin is taken up by astrocytes and neurons and degraded 

by cleavage of the porphyrin ring by heme oxygenase-1 (HO1) which is expressed on microglia 

after ICH (Sayeed et al., 2017). Iron-handling proteins have also been found intracellularly, 

indicating microglia are responsible for iron clearance (Taylor & Sansing, 2013). In early post-

ICH phases, limiting HO1 effect prevented hemoglobin-induced edema in rats. But in later 

stages HO1 inhibition interfered with phagocytosis, demonstrating the duality of HO1 after ICH 

(Sayeed et al., 2017).  How hemin facilitates the second wave of insult after ICH is multi-

faceted; but the increase of HO1 may mediate toxicity or hemin may react with inflammation 

associated peroxides to produce free radicals (Chen-Roetling et al., 2014; Robinson et al., 2009). 

Studies have shown a hemin concentration-dependent release of NO (Sayeed et al., 2017).  It is 

also thought that loss of cellular export of hemin contributes to toxicity (Chen-Roetling et al., 

2014). Additionally, it is known that hemin induces a response via the NLRP3 inflammasome 

(Tan et al., 2018) comprised of NLRp3, ASC, and pro-caspase 1, which downstream culminate 

in the production of additional pro-inflammatory factors via activation hydrolases (Tan et al., 

2018).  Predominately, the NLRP3 inflammasome functions to mature IL-1β, but studies have 
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found that the increased concentration of active caspase-1, the target of the NLRP3 

inflammasome, is correlated with neurodegenerative disease, especially AD (Heneka et al., 

2013). 

Another M1 activating protein of import is the astrocyte or Schwann cell secreted, 

S100B. S100 proteins are ubiquitous, with various, tissue-specific expression profiles 

(Heizmann, 2003). CSF S100B concentrations increase readily physiologically in response to 

intense physical exercise, or more commonly, in pathological conditions (Donato & Heizmann, 

2010). Increased levels of S100B in CSF are observed following TBI. Intracellularly, S100B 

regulates the assembly of intermediate filaments, stimulates cell proliferation and migration, 

activates astrocytes to a proliferative state, and stimulates microglia to produce pro-inflammatory 

cytokines (Donato & Heizmann, 2010; Hayakata et al., 2004; Kabadi et al., 2015). The exact 

mechanism for these functions remains to be elucidated, but S100B exists as a soluble, acidic, 

calcium binding agent in the cytoplasm (Zhang et al., 2021). Receptor for advanced glycation 

end products (RAGE) has been identified as a potential co-receptor for S100B-mediated 

activation of microglia (Donato & Heizmann, 2010). In neurons and microglia, high 

concentrations of S100B (micromolar) signal via RAGE for production of reactive oxygen and 

nitrogen species respectively, as well as signaling through the MAPK, AKT/NF-κB pathways to 

mediate cell proliferation and survival (Bongarzone et al, 2012; Donato & Heizmann, 2010; 

Zhang et al., 2021).  

Microglia Intercellular Signaling 

Because microglia avoid direct contact with each other they rely on signaling molecules 

to communicate with other microglia and neighboring cells. To effectively respond to a range of 

signaling molecules, microglia express a variety of receptors and in return secrete numerous 
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signaling molecules. Intercellular communication is especially important for processes during 

growth and development such as angiogenesis, neurogenesis, axonal growth, pruning, and 

neuronal circuit remodeling (Chamera et al., 2019).  

For simplicity, the neuron-microglia interaction will only be discussed, although other 

cell types influence the function of these cells in situ. Chemokines present a major form of 

communication in the CNS. Various chemokines mediate blood brain barrier (BBB) 

permeability, synaptic plasticity, and transmission, as well as neurogenesis (Chamera et al., 

2019). CXCL12, and its receptor, CXCR4, promote microglia migration such as after amyloid 

plaque formation (Süß & Schlachetzki, 2020).  

The chemokine receptor CX3CR1 is specifically expressed on microglia and responds to 

fractalkine (CX3CL1) which is secreted by neurons to promote microglial adhesions to the 

endothelium and in soluble form acts as a chemoattractant (Marinelli et al., 2019). The CX3CR1-

CX3CL1 axis further promotes neurogenesis, microglia activation, synaptic pruning, plasticity, 

and foraging neural networks and synaptic connections (reviewed in Chamera et al., 2019) 

(Figure 2). CX3CR1/CX3CL1 is the only identified chemokine receptor/ligand pair that is 

binding specific in the CNS, while the other chemokines and chemokine receptors have myriad 

binding combinations (Chamera et al., 2019). CX3CL1 has two distinct forms, one full-length, 

membrane-bound form and a N-terminal, secreted, signaling molecule that can selectively bind 

to CX3CR1 after cleavage from its membrane-bound stalk domain (Bolós et al., 2017; Sellner et 

al., 2016). The signaling pathway of CX3CR1 is variable, and includes the PI3K, AkT and NF-

κB-mediated pathways (Marinelli et al., 2019; Sellner et al., 2016). A study in CX3CR1 

knockout mice, showed increased microglia activation in the dentate gyrus and increased IL-1β 

levels indicating that CX3CR1 is responsible in some manner for the homeostatic maintenance 
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of NF-κB activation (Sellner et al., 2016). Deficiency or variants of the CX3CR1 are related to 

an increase in neurodegeneration progression and risk (Marinelli et al., 2019).  CX3CR1 loss of 

function mutations and knockout studies show a decrease in neurogenesis in young and adult 

mice respectively; with no such effect seen with a lack of CX3CL1 (Bachstetter et al., 2011; 

Sellner et al., 2016). Bachstetter et al. found that CX3CL1 expression was restricted to mature 

neurons and exogenous addition of CX3CL1 reversed the decrease in neurogenesis seen in the 

CX3CR1 KO, potentially implicating CX3CL1 as a factor that protects mature neurons from 

phagocytic or chronically active microglia. Additionally, CX3CR1 KO mice showed a decrease 

in ability to effectively clear tau, a microtubule-binding protein that aids with microtubule 

stability (Tudorica et al., 2017). Additionally, CX3CR1 KO demonstrated a reduction tau 

binding to microglia in vitro (Bolós et al., 2017).  

Clusters of differentiation (CD) factors are instrumental in the function of healthy microglia. 

Studies have relied on categorizing by immunotyping the activation status of microglia based on 

the expressed membrane-bound CD molecules on a given cell (Chamera et al., 2019). The 

neuronal CD-200 glycoproteins and the receptor that is only found on myeloid cells, CD-200R, 

is important for the regulation of phagocytic activity (Marinelli et al., 2019) and maintains 

microglia in a quiescent phenotype (Chamera et al., 2019). Dysregulation of CD-200R-CD-200 

such as that which occurs in aging brains causes microglia to become activated to a M1 or M2 

state (Marinelli et al., 2019). In aged brains, CD200 expression decreases, coinciding with an 

increase in microglia activation (Varnum & Ikezu, 2012). Such reduction in CD200 levels has 

been observed in AD patients and the brains of Aβ-treated mice (Varnum & Ikezu, 2012). The 

axis is also involved in BBB permeability and protections of dopaminergic neurons (Chamera et 

al., 2019). Because of their specificity to neuron-microglia signaling, and the process that are 
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regulated are vital, CX3CR1 CX3CL1 and CD-200R-CD-200 are the most pivotal in 

maintenance of CNS homeostasis (Chamera et al., 2019). Complement proteins, toll- like 

receptors (TLRs), as well as purinergic and adrenergic signaling are employed by microglia to 

survey and respond to the microenvironment (Chamera et al., 2019). Complement membrane 

proteins are expressed in both microglia and neurons. Complement receptors C1q, C3, and C5 

are expressed in microglia and control a range of functions such as motility, phagocytosis, and 

cytokine secretion. Bidirectional communication between microglia and neurons is important for 

maintenance of homeostasis in the brain, and evidence indicates that alterations or degeneration 

in this communication can cause disease making this an area worthy of further exploration 

(Marinelli et al., 2019). 

 



 
 

11 
 

 

Figure 2: Microglia-Neuron Chemokine and Cytokine Axes 

Outlined are some of important signaling pathways employed for bidirectional communication 
between neurons and microglia. Of particular interest are the effects that mediate cofilin:actin 
rod formation (indicated by the label being followed by *). Recent evidence indicates that many 
of the signaling components required for cofilin:actin rod formation are co-localized to lipid 
rafts, regions of cholesterol dense, thick membrane (J. R. Bamburg et al., 2021; Smith et al., 
2018). Microglia activation along the established spectrum (see Fig. 1) is mediated via several 
signaling pathways including TREM2 signaling via ApoE (Süß & Schlachetzki, 2020), TLR 
activation by PAMPs (Marinelli et al., 2019), and CX3CR1 activation via fractalkine (Chamera 
et al., 2019; Marinelli et al., 2019). CD36 acts with TLR4 or TLR6 to signal for microglia 
activation, and production of neurotoxic factors such as ROS (Marinelli et al., 2019; Süß & 
Schlachetzki, 2020; Varnum & Ikezu, 2012). Additionally, the CD200-CD200R axis modulates 
the function of microglia greatly (Marinelli et al., 2019; Süß & Schlachetzki, 2020; Varnum & 
Ikezu, 2012). PAMPs: pathogen associated molecular patterns; *: established signaling 
molecules for rod formation; R47H: TREM2 loss of function mutation. Graphic created with 
BioRender 
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Microglia in Alzheimer’s Disease 

As the world’s population grows older, the number of individuals affected by neurologic 

disease also increases. Primarily the individuals affected by AD are expected to increase 

drastically due to the strong correlation of age with AD onset. The Amyloid Hypothesis, which 

has driven therapeutic strategies for treatment of AD for decades, states that AD is driven by the 

accumulation of pathogenic extracellular amyloid-β (Aβ), which can deposit into plaques, but 

which can promote the formation of intracellular neurofibrillary tangles, ending with 

neurodegeneration, cognitive impairment, and dementia (Süß & Schlachetzki, 2020). Extensive 

imaging studies have verified that Aβ aggregation is the earliest pathological event that can be 

non-invasively detected in patients with familial AD and can precede clinical symptoms by 

decades (Shi & Holtzman, 2018). 

AD is hallmarked by the formation of extracellular Aβ plaques, intracellular 

neurofibrillary tangles composed of tau paired helical filaments, and dementia that culminates 

from the loss of synapses and ultimately neurons. Senile plaques are formed by Aβ, which is 

cleaved from a larger amyloid precursor protein (APP) into 39-42 amino acid peptides (Wirths et 

al., 2010). Cleavages can also be made to form non-amyloidogenic peptides (reviewed in 

Varnum & Ikezu, 2012). The Amyloid Hypothesis states that processing of Aβ by BACE 1/2 or 

the γ-secretase complex prevent the clearance of Aβ oligomers which accumulate and create a 

toxic environment for neurons (Schlachetzki & Hüll, 2009; Varnum & Ikezu, 2012). Aβ 

accumulation can promote phosphorylation of tau, which enhances its release from microtubules, 

causing microtubule instability, as well as tau hyperphosphorylation by many kinases leading to 

neurofibrillary tangle formation, an hallmark of AD. Synapse loss is another prominent feature 

that causes the cognitive decline (Gireud et al., 2014). 
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Studies have shown that inflammatory processes involving microglia and astrocytes 

occur early in AD pathogenesis (Wirths et al., 2010). Neurotoxicity mediated by microglia 

typically is progressive and adds to the advancement of neurodegeneration (Block et al., 2007).  

Although microglia were once determined to be bystanders in AD pathology, by the late 1980s 

microglia had been observed surrounding senile plaques in human AD brains (McGgeer et al., 

1989) and later at the onset of Aβ plaque formation in AD, APP/PS1 mouse models (Wirths et 

al., 2010). It remains unknown if the accumulation of microglia around a senile plaque is the 

result of recruitment and migration of local clonal expansion. There is a possibility that microglia 

react during initial stages of AD pathogenesis and lose their ability to clear plaques in later 

disease stages (Parhizkar et al., 2019). Genome-wide association studies (GWAS) have revealed 

several AD variant risk genes are preferentially expressed in microglia, including TREM2, 

CD33, CLEF1, and PTK2B (Süß & Schlachetzki, 2020). TREM2 (triggering receptor found on 

myeloid cells) is necessary for survival and proliferation, chemotaxis, phagocytosis of Aβ, 

energy metabolism, and engulfment of dead cells and debris (Parhizkar et al., 2019).  

TREM2 has been found in the neocortex, hippocampus, and white matter as well as low 

levels in the cerebellum (Boutajangout & Wisniewski, 2013). Studies show that functional 

TRM2 helps microglia cluster around plaques and may possibly aid in their clearance. TREM2 

loss-of-function mice exhibit less microglia clustering around plaques and less phagocytosis of 

Aβ (Parhizkar et al., 2019). The loss-of-function variant, R47H, of TREM2 correlates with a 3-

fold increase in an individual’s risk for AD (Boutajangout & Wisniewski, 2013; Shi & 

Holtzman, 2018; Süß & Schlachetzki, 2020). A potential ligand for TREM2 is ApoE which, 

presents the largest risk factor for sporadic AD, other than age (Parhizkar et al., 2019). ApoE is a 

major cholesterol carrier produced by astrocytes. It is found in amyloid plaques and may 
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promote their deposition and aggregation (Liu et al., 2014; Süß & Schlachetzki, 2020). It is 

highly upregulated in microglia in neurodegenerative disease states (Süß & Schlachetzki, 2020). 

If homozygously expressed, the ApoE ε4 allele can dramatically increase the risk for AD by 

nearly 12-fold (Süß & Schlachetzki, 2020). Of the three Apo isoforms that are associated with a 

risk of AD, ApoE ε4 forms neurotoxic Aβ aggregates most readily (Liu et al., 2017). 

Neuronal circuits in the basal nuclei are primarily affected in neurodegenerative diseases 

such as PD. Degradation of the circuitry which connects the basal ganglia in behavior loops 

cause many of the hallmark symptoms of PD. The loss of dopaminergic neurons of the substantia 

nigra of the midbrain which synapse on the striatum is responsible for the tell-tale PD sign of 

movement-associated tremor (Chinta & Andersen, 2005). The hippocampus is the main area for 

physiological and pathological changes in AD (Chamera et al., 2019) and is understood to 

comprise the dentate gyrus, the CA1, CA2, and CA3 fields of the hippocampus proper, and the 

subiculum (Mu & Gage, 2011). Interestingly, dysfunction of the CX3CL1-CX3CR1 or the 

CD200-CD200R axis result increased CX3CL1 and progressive development of AD and 

increased CD200 which correlates with lower levels of phosphorylated tau in Aβ plaques and 

neurofibrillary tangles respectively (Chamera et al., 2019). 

Cytoskeletal Regulation  

Irregular regulation of the neuronal cytoskeleton can lead to transport deficiencies, loss of 

dendritic spines, and cell death. Cytoskeletal abnormalities, specifically pathologies that contain 

the actin binding and assembly regulatory protein, cofilin, have been observed in situ and in vitro 

in postmortem AD patients and AD animal models respectively (Minamide et al., 2000). Actin 

and its dynamics are important for necessary cell functions such as maintenance of cell shape, 

endocytosis, molecular trafficking, and cellular motility. With regard to neurons and their 
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function in memory and learning, actin is critical for synaptic plasticity and trafficking of AMPA 

receptors to synapses as well as for vesicle delivery (Gu et al., 2010; J. R. Bamburg & Bernstein, 

2016; Rust et al., 2010).  

Monomeric, globular actin (G-actin) polymerizes spontaneously under intracellular ionic 

conditions to form filamentous actin (F-actin) and its dynamics are tightly regulated by monomer 

sequestering, polymerization enhancing, and filament severing, capping, and branching proteins. 

F-actin is comprised of two parallel helical strands of actin, associated side-to-side but in a 

uniform direction to give rise to a head to tail polarity. The Actin Depolymerizing Factor 

(ADF)/cofilin protein family is ubiquitous among all eukaryotes. In mammals it is comprised of 

three separately encoded isoforms: cofilin-1, cofilin-2, and actin depolymerizing factor (ADF) 

(Alsegiani & Shah, 2020; Tahtamouni et al., 2013). Although the ubiquitous cofilin-1 (referred 

to cofilin hereafter) and ADF have many redundant functions, they possess some unique roles in 

cell migration and adhesion (Tahtamouni et al., 2013). Essential cellular processes such as 

proliferation, migration, and synaptic plasticity preferentially require cofilin to recycle actin 

monomers and regulate actin filament elongation (Alsegiani & Shah, 2020; Rust et al., 2010). 

However, ADF has a role in presynaptic function and neurotransmitter release (Rust et al, 2019). 

Cofilin binding to F-actin is regulated by phosphorylation on a single serine residue, ser3, 

by several kinases but primarily by LIMK1/2. Phosphorylation inhibits actin binding and recruits 

the scaffolding protein 14-3-3 (reviewed in: Alhadidi & Shah, 2018; Bamburg et al., 2021; 

Bamburg & Bernstein, 2016; Kang & Woo, 2019). The kinases that regulate cofilin function, 

LIM, and TES kinase families, are also subject to phospho-regulation by members of the Rho 

kinase and p21-activated protein kinase (Pak) families. Dephosphorylation by phosphatases in 

the Slingshot Homolog-1 (SSH-1) family or chronophin (CIN, aka pyridoxal-5-phosphate 
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phosphatases) activate cofilin allowing its binding to actin (Niwa et al., 2002; Gohla and 

Bokoch, 2002). 

The efficiency of cofilin as an F-actin severing protein is highest at low cofilin/F-actin 

ratios. At low cofilin/actin ratios, cofilin does not bind to F-actin in a quick and cooperative 

manner to saturate the filament. The slight rotation of the filament induced by cofilin binding 

leads to severing (Chan et al., 2009). Unbound actin filaments favor a helix with 167° twist with 

only a small region of subunits with a rotation of 162° (McGough et al., 1997; Galkin et al., 

2001); however, cofilin-bound actin requires the 162° twist. At higher cofilin-actin ratios F-actin 

becomes saturated with cofilin and all subunits have the 162° rotation. (Chan et al., 2009). 

Severing leads to more filament ends and if there is an assembly competent pool of ATP-

actin, can cause nucleated filament growth. If the local pool of actin is sequestered by monomer 

binding proteins, filament disassembly will ensue. However, within a range of ATP-actin 

monomer concentration, filaments can elongate from their plus end (also called barbed end based 

upon the arrowhead decoration observed in electron micrographs of  F-actin with myosin 

fragments) and shorten from their pointed end, a process called treadmilling that can be 

maintained at steady-state (van Troys et al., 2008). Alternatively, at high cofilin/actin ratios, 

cofilin binds cooperatively to filaments in which all actin subunits have the 162° rotation causing 

a conformational change that propagates over hundreds of actin subunits (Chan et al., 2009; van 

Troys et al., 2008). Sporadic binding leads to increased regions of torsional strain between 

cofilin-saturated and unsaturated regions which leads to severing (van Troys et al., 2008). This 

function is not seen with highly cofilin-decorated segments due to the stability induced by 

bound-cofilin. It is believed that cofilin may lower the dissociation rate of cofilin:actin dimers, 

thus causing some stability for the F-actin (Andrianantoandro & Pollard, 2006). Two proteins 
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physically interact with cofilin to regulate actin filament dynamics. Severing and 

depolymerization of cofilin-actin filaments is enhanced by actin-interacting proteins (Aip1, aka 

WDR1), and cyclase-activated proteins (CAP1/2). Aip1, which when phosphorylated by a 

constitutively activated serine/threonine kinase, STK16 (Lopez-Coral et al., 2018), caps the 

barbed end of actin to cause fragmentation by preventing the elongation and reannealing of 

filaments. Severing ability of Aip1 recognizes cofilin-bound actin filaments, and thus cofilin is 

required for Aip1-mediated fragmentation. (Ono, 2003), Cyclase-activated proteins (CAP1/2) 

which recycle released cofilin helps free ADP-actin monomers for nucleotide exchange to cause 

filament severing/depolymerization (Balcer, 2010).  

Cofilin in Neurological Pathologies 

Hyperactivation of cofilin, overexpression of cofilin, initiators of energetic or oxidative 

stress, proinflammatory cytokines such as TNFα, and pathologic substrate exposure can initiate 

the formation of rod-shaped inclusions containing 1:1 cofilin:actin (rods) which have been 

correlated with neurodegeneration (reviewed in Alhadidi & Shah, 2018, Minamide et al., 

reviewed in Bamburg & Bernstein, 2016). Cofilin-actin rods have been identified as hallmarks in 

many neurodegenerative diseases including Huntington’s disease (HD), AD, PD, and HAND 

(Minamide et al., 2000; Munsie et al., 2011; Rahman et al., 2014; Smith et al., 2018; Walsh, 

Minamide, et al., 2014; Smith et al., 2021). In HD, rods are found in nuclei of white blood cells 

and in α-huntingtin expressed neurons, rods form in the soma. But in other diseases listed, rods 

are found in neurites where they can disrupt vesicular transport and cause synaptic loss (Munsie 

et al., 2011). Studies in which the huntingtin protein has been mutated, showed an increased 

persistence of heat shock induced, nuclear rods over WT (non-mutated huntingtin). These data 

could implicate a role for nuclear cofilin-actin rods in huntingtin disease (Munsie et al., 2011).  
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There are at least two identified pathways leading to rod formation. One pathway is 

activated in neurons by ATP-depletion or glutamate-induced excitotoxicity and is independent of 

PrPC and NOX, while the other pathway depends on both (Walsh, Kuhn, et al., 2014). Initially, 

formation of rods might be a protective mechanism in which cofilin is sequestered to slow the 

turnover of actin (Bernstein et al., 2006), a major consumer of ATP in neurons (Bernstein & 

Bamburg, 2002). However, prolonged rod inclusions can impair intracellular trafficking 

(Maloney & Bamburg, 2007; Mi et al., 2013) and inhibit synaptic functions to further impair 

neuronal function (Cichon et al., 2012). It is worth noting that rods form in neurites rather than 

soma, and their blockage of trafficking can bring about synaptic loss (Cichon et al., 2012). 

Therefore, mitigating rod formation in the neurites may be a method for protecting the synapses 

from damage. Additionally, rods were found in the brains of old but not young rats indicating 

there may be a temporal variable in which cofilin accumulation or its oxidation causes rod 

formation (Cichon et al., 2012; reviewed in Alhadidi & Shah, 2019). It remains to be determined 

whether rods are a transient protective mechanism, a reporter of stress, or a direct mediator of 

synapse loss (Bamburg & Bernstein, 2016). 

 Cofilin may accumulate in regions of membrane enriched in cellular prion protein (PrPC), 

called lipid rafts, through its binding to phosphatidylinositol-bis-phosphate (Yonezawa et al., 

1990) which accumulates on the cytoplasmic leaflet of lipid rafts. After PrPC synthesis begins, 

the N-terminal signal peptide is inserted into the endoplasmic reticulum (ER), and as synthesis 

ends, the PrPC becomes linked via an internal lipid-transfer sequence to the membrane lipid, 

glycosylphosphatidylinositol (GPI). PrPC thus appears only on the outer leaflet of the plasma 

membrane following its vesicular transport and membrane fusion (Haigh et al., 2005). PrPC and 

the sphingolipid-enriched membrane raft domains in which it occurs serve as receptor platforms 
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for signaling rod formation in AD, PD, and HAND (Smith et al., 2018; Walsh, Minamide, et al., 

2014; Bamburg et al., 2021). The role of PrPC is likely unrelated to its folding into the 

pathogenic form (PrPSC) that occurs in prion diseases such as scrapie (Schmitz et al., 2014). 

In AD and PD mouse models, knockout of PrPC protects against development of disease-

associated dementia (Brody & Strittmatter, 2018; Ferreira et al., 2017). The disease signaling 

often requires additional co-receptors that seem to be enriched in the PrPC raft domains, such as 

mGluR5 and α7NACHR for entry of oligomeric amyloid-beta (Aβo) or α-synuclein (αSyn) and 

monomeric Aβ42 respectively (Brody & Strittmatter, 2018; Ferreira et al., 2017; Oliveira da Silva 

et al., 2021). Recent data also implicate the CCR5 and CXCR4 receptors (Smith et al., 2021). 

Additionally, an isoform of NAPDH oxidase (NOX) to generate ROS, is required for dementia 

development (Walsh, Minamide, et al., 2014). The generation of reactive oxygen species is 

certainly one commonality between the pathways for cofilin:actin rod formation. Additionally, it 

is likely that pathological Aβo and αSyn signaling through PrPC may both involve Fyn and 

PYK2 (Brody & Strittmatter, 2018; Ferreira et al., 2017). 

Lipid Rafts & HIV Co-Receptors as Drug Targets 

The membrane lipid raft domains also mediate interactions between the HIV spike 

protein, gp120, and chemokine receptors such as CXCR4 (X4) and CCR5 (R5) (Smith et al., 

2018, 2021). In microglia, X4 mediates cellular recruitment, neural stem cell proliferation, and 

more (Bonham et al., 2018). Bioinformatic studies predicted interaction between X4, and other 

microglia genes such as TLR2, CXCL12, and R5 (Bonham et al., 2018). R5 and X4 are both co-

receptors that associate with CD4-gp120 (active) to mediate viral HIV entry via interaction with 

the V3 loop of gp120 and the chemokine receptor (Alkhatib, 2009; Smith et al., 2018). HIV 

strains can be categorized by their preference for R5 or X4 to mediate cellular entry. CD4, X4, 
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and R5 have been identified on astrocytes, microglia, and neurons with data showing R5 being 

less convincing (Boche et al., 2013; Chamera et al., 2019; Smith et al., 2018). It is proposed that 

lipid raft domains containing elements described above such as PrPC, X4, and R5, mediate 

neurodegeneration in myriad disease states including AD, PD, HAND, and cerebral hemorrhagic 

stroke (Bamburg et al., 2021). Studies of pharmacological blockage of R5 on microglia with 

Maraviroc, a allosteric R5 inhibitor, in glioma pathology showed a decrease in microglia 

exhibiting the M2 phenotype. Prior to pharmacological intervention, microglia were seen 

predominately in the proinflammatory, M1, phenotype, suggesting that R5 plays a role in 

combating pathogenesis and activation of microglia (Laudati et al., 2017). Similarly, mice 

modeling stroke that were treated with the X4 inhibitor, AMD3100, presented with anti-

inflammatory microglia phenotypes. The mice treated with AMD3100 scored better in 

neurological tests post-stroke, when compared to untreated stroke mice (Walter et al., 2015).  

Modulation of chemokine receptors has proven to be effective in mitigating astrocyte and 

microglia mediated neurotoxicity, and protection of synapses and neuronal damage. Chemokine 

receptor-active peptides (RAPs) specifically block the receptors that participate in 

neuroinflammation, epilepsy, ischemic stroke, traumatic brain injury, and HAND. Early studies 

showed treatment with the RAP, D-Ala-peptide T-amide (DAPTA), reduced microglia and 

astrocyte activation in rat AD models by specifically blocking R5 in hippocampal slice cultures 

(Rosi et al., 2005). In clinical trials DAPTA has been met with marked success in 

immunomodulation of serum cytokine production making it a possible treatment for HIV-

positive individuals (Ruff et al., 2003). A shorter, stable analog of DAPTA, RAP103, has shown 

to effectively block either or both R5 and CCR2 receptors in rodent nerve pain models and 

prevent R5 and CCR2 mediated monocyte chemotaxis (Padi et al., 2012). RAP103, also 
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prevented the activation of microglia in the spinal cord in response to nerve injury (Padi et al., 

2012). Given its ability to protect against microglia-mediated damaging inflammation, the effects 

RAP103 could be beneficial and protect against neuronal spine loss and death via R5 receptor 

binding on either microglia or neurons. 

The following study seeks to determine the molecular mechanism by which pro-

inflammatory cytokines mediate rod induction in neurons. Chemokine receptor antagonists for 

X4 and R5, RAP103 and R103, will be used to disrupt bidirectional communication between 

neurons and microglia via the X4 and R5 receptor and/or signal molecule secretion elicited by 

the binding of these receptors. The function of the RAPs will be determined in response to the 

M1 microglia-activating molecules, hemin, and S100B . Rod formation in hippocampal rat 

neurons will be quantified as an endpoint for actin dynamic response to X4 or R5 signaling. 

Using rod formation and viability assays as indicators of neuronal stress, and hemin and S100B 

as models for neurodegenerative disease, we seek to determine if acute microgliosis and 

signaling via X4 and R5 receptors are a mechanism for rod formation and a potential target for 

therapeutic intervention in the common pathologies facilitated by cofilin:actin rods. 
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CHAPTER 2: CULTURING, AND ACTIVATION OF MICROGLIA IN SEPARATE AND 
CO-CULTURE SYSTEMS AND THE ROLE OF RAPs ON NEURONAL HEALTH 

 

 

Introduction 

The central nervous system (CNS) is an environment incredibly difficult to reproduce in 

culture. Beside the complex intertangling of neuronal axons and dendrites, there lies an intricate 

network of supporting glial cells. As outlined in simplified terms in the Background chapter, 

microglia rely on many signals to mediate a viable, homeostatic environment for neuronal health. 

Replicating these in vitro presents a great barrier for assaying the therapeutic efficacy of receptor 

antagonist peptides. To begin to address this issue, we first had to culture primary microglia in 

vitro. 

 Studies that characterize microglial response to fluctuations in the CNS typically use in 

vivo or tissue slice culture methods due to the highly motile processes that aid in the phenotypic 

characterization of microglia. However, for studies assaying individual cells and factors released 

from them under various conditions, a dense microglia culture in vitro is more useful.  

 Immortalized microglia cell lines are commercially available and have contrasting 

applications and benefits depending on their intended purpose. The popular N9 and BV2 lines 

are retrovirally immortalized mouse lines commonly used in neurodegenerative research. These 

lines are adherent and proliferate better than primary microglia but show alterations in the 

production and secretion of cytokines (Stansley et al., 2012). Our initial work with BV2 cells 

found them to grow well in culture well but concerns about their ability to respond to microglia-

activating agents shifted our attention to primary microglia.  
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To better elucidate the effect of the receptor antagonist peptides, RAP310 and R103, on 

microglia secretion of proinflammatory cytokines, a culturing system is required that allows for 

the microglial exudate to be applied to neuronal cultures without any potentially confounding 

effects due to physical contact. Furthermore, microglia are most viable and proliferative in a 

serum-containing medium containing GM-CSF, whereas primary neurons grow best free of 

serum (Goshi et al., 2020; Guttenplan & Liddelow, 2019). Thus, the first aspect of work 

described in this chapter is the development of a culture method that allowed for the collection of 

microglia-conditioned medium before and after addition of microglia activating agents which 

could then be fractionated to remove the activating agents but allow for the reconstitution of a 

cell-free medium to add to neuronal cultures for testing cytotoxicity and rod-inducing activity.   

 After developing the methods for harvest, isolation, and culturing of primary mouse 

microglia and adaptation of the culture conditions to allow its transfer to cultured neurons and 

maintain their viability. We determined that microglia could be adapted to survive in the 

complete homemade neurobasal medium (HN+) by slowly transitioning them from 

LGDMEM/10% FBS/1% PenStrep & GM-CSF (1ng/mL) over 5 days of culturing. Slow 

transition to HN+ maintained viability and did not activate the microglia to a pro-inflammatory 

state as determined by proliferation rates over 7 days.  

 It was then necessary to establish a model system to study microglia-produced cytokines 

and chemokines in neuroinflammation. The microglia need to be activated to a pro-inflammatory 

state and secrete a sufficient amount of pro-inflammatory factors to study the potential 

neuroprotective effects of the peptides. In developing a system for microglia activation, we chose 

to use both hemin and alarmin as the primary activating agents based on published efficacy and 

their physiological relevance in neurodegeneration. Hemin is a major breakdown product of 
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hemoglobin that is released during ischemic injury (Chen-Roetling et al., 2014) and alarmin, also 

called S100B, is produced by astrocytes to activate microglia (Donato & Heizmann, 2010). We 

have already shown in previous studies that rodent hippocampal neurons are induced to form 

cofilin-actin rods by disease-associated substrates such as Aβ, αSynuclein fibers, TNFα, and 

gp120 (Maloney et al., 2005; Minamide et al., 2000; Oliveira da Silva et al, 2021; Walsh et al., 

2014; Smith et al., 2018; Won et al., 2019). However, each of these molecules might also affect 

microglia which can contribute to the rod response. Thus, here we have focused studies on 

molecules that should work through microglia activation and not directly on neurons, but for 

which we need to confirm this hypothesis. Thus, we choose hemin and alarmin.  

 Although many studies on microglia activation utilize bacterial lipopolysaccharide (LPS), 

which is considered the gold standard for activation into a pro-inflammatory or disease-

associated phenotype, LPS has no endogenous role in the brain’s response to hemorrhage, TBI, 

ischemia, or degenerative disease. Therefore, its lack of relevance in pre-clinical therapeutic 

research outweighs its ability to function as a robust activator. Hemin, which has a molecular 

mass of 652 Da, presented a promising reagent for selectively activating the microglia since it 

could be removed from the secreted cytokines and chemokines, all of which have masses above 

6 kDa. However, fully characterizing the direct effects of optimal hemin concentrations on 

neuronal viability and rod formation has yet to be established.  

Methods are described for the fractionation of microglia-conditioned medium to remove 

low molecular weight activators, such as hemin, and reconstitute the higher molecular weight 

materials including secreted cytokines into a medium for use on cultured neurons. We 

determined that with post-column adjustments made to osmolarity, addition of low molecular 

weight N21Max components, and addition of insulin the fractionation protocol yielded relatively 
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healthy and viable cultures for assays using media from hemin-activated microglia. Alarmins 

present a different approach to microglial activation. Secreted after tissue injury, specific 

alarmins such as S100B have been observed in the CSF of patients suffering from neurological 

disorders (Hayakata et al., 2004). Additionally, S100B has strong effects on promoting 

prolonged microglia activation especially after TBI (Kabadi et al., 2015). Optimizing the 

concentration of S100B to be used for our experiments and determining its effect on microglia vs 

neurons will aid in its application for potentially co-culturing microglia with neurons. Based on 

published literature, the concentration of S100B should be around 2µg/mL (Xu et al., 2016).  

Most protocols for studying the in vitro effect of microglia in a neuropathology require 

the media to be conditioned on the microglia prior to addition to the neurons; because of the 

serum requirement and the secreted factors concentration this may be an unsuitable system to use 

for all applications. Secondly, given that the microglia secrete amount of signaling molecules 

that could be physiological, the dilution of these factors into the larger volume of culture medium 

necessary for their culture makes assaying for their presence and levels, difficult and expensive. 

Lastly, any membrane bound, or proximity-mediated effects would be loss in a separate culture 

model. Any effect seen in the neurons may be lessened due to these confounding factors. 

Successful efforts have been made to move to co-cultures and tri-cultures with astrocytes in 

neuroinflammation research (Goshi et al., 2020; Roqué & Costa, 2017); therefore, we decided to 

continue with co-cultures. 

This co-culturing method is implemented here to assess the ability of RAPs in preventing 

rod formation and loss of neuronal viability. The proximity of the microglia and neurons in 

culture should help increase the local concentrations of secreted chemokines and cytokines and 
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their effect on nearby neurons, allowing us to eventually study the neuronal death process 

through time-lapse live cell imaging.  

We identified the presence of the R5 and X4 receptors, the target of the RAP peptide 

antagonists, on our primary microglia. We then assessed the ability of neuronal cultures to retain 

the NeuO dye labeling for up to three days in culture and to follow viability under various 

chemically initiated neurotoxicity. The ability of the octapeptide RAP310 to protect against any 

hemin or S100B induced loss of neuronal viability on neuronal cultures directly treated with 

these agents or treated with microglia conditioned media was tested. Lastly, we co-cultured 

primary microglia with hippocampal neurons, and evaluated the effect of S100B to stimulate a 

microglia-mediated response, and the ability of RAP310 and R103 to mitigate effects on 

neuronal viability and/or rod formation.  

The following chapter seeks to determine culturing methods for primary microglia 

cultures, microglia pro-inflammatory activator reagents, effect of activated microglia on neuronal 

viability and cofilin:actin rod formation, and the role of RAPs in preventing microglia activator-

mediated effects. 
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Materials 

Reagents 

All chemical reagents ae analytical grade unless otherwise stated.  

GM-CSF is obtained from BioLegend (San Diego, CA, USA). Low glucose (LG) DMEM 

(Gibco, 31600083) and homemade Neurobasal media (HN) are used for cell culture. Homemade 

neurobasal medium (HN+) (Smith et al., 2021) is supplemented with 1x penicillin/streptomycin 

(Gibco), Glutamax I (Gibco), and N21max (R&D Systems, AR008) to generate complete HN+. 

Fetal bovine serum (FBS) used in plating of primary neurons is obtained from Hyclone. 

LGDMEM is supplemented with 10% FBS (VWR), 1% penicillin/streptomycin (Gibco). 

Dissection medium (450mL 1x HBSS, 5mL 1M HEPES, 3g glucose, 5mL PenStrep was filter 

sterilized and stored at 4°C). Freezing medium for microglia is 70% LGDMEM/10% FBS, 20% 

FBS, 10% DMSO. Freezing medium Poly-D-lysine is obtained from Sigma (16634), and tissue-

culture grade plasticware is obtained from Thermofisher unless otherwise noted. MTT salt is 

obtained from Sigma (M5655). Spin desalting columns (7 kDa MWCO) and protein 

concentrators (3 kDa MWCO) media concentrators are obtained from ThermoScientific (CA, 

USA). R103 and RAP310 peptides were obtained from Creative BioPeptides (Rockville, MA, 

USA) and used at 10-8M and 10-10M respectively. These concentrations are 104 to 105 higher than 

the effective concentration for a 50% reduction in the rod formation response (EC50). NeuO (cat. 

# 01801) was obtained from StemCell Technologies (USA). Sodium azide was made up in water 

(Sigma, S2002). 
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Buffers 

 Phosphate buffered saline (PBS) is a solution of NaCl (140mM), NaH2PO4·H2O (8mM), 

and KCl (2.7mM) in ultrapure water. 10N NaOH is used to bring the pH to 7.2. The buffer is 

autoclaved for sterility. 

 Tris buffered saline (TBS) is a solution of Tris pH 7.5 (10mM) and NaCl (150mM) in 

ultrapure water.  

Antibodies 

Primary antibodies: affinity purified rabbit 1439 antibody to ADF/Cofilin (2 ng/µL) 

(Shaw, A., et al., 2004), mouse monoclonal antibody to phosphorylated neurofilament heavy 

chain (1:1000) (BioLegend). Antibody dilution buffer: 1% BSA in 1x TBS. 

Secondary antibodies: Alexa 488 labeled goat anti-rabbit IgG (1:500), Alexa 568 labeled 

goat anti-mouse IgG (1:500), Alexa 568 labeled goat anti-chicken IgY (1:500) (Invitrogen).  

Blocking buffer: 2% normal goat serum in antibody dilution buffer. 

Coverslips are mounted with ProLong Diamond Antifade (Invitrogen) for imaging. 

Bradford Assay Dye Preparation 

 Coomassie Brilliant Blue G dye (Sigma-Aldrich B0770-25G) is made by dissolving 25 

mg of dye in 25 mL of methanol at room temperature. Then 50 mL of H3PO4 is added to the 

solution on ice. 250 mL of ultrapure H2O is added, and the solution is filter sterilized with 0.22 

µm bottle filter to remove precipitates. An additional 175 mL of ultrapure water was added and 

filter sterilized, and the dye solution is stored at 4°C. It is allowed to sit for 24hrs before use in 
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the Bradford Assay. Absorbance readings are performed using a Nanodrop One/Onec 

spectrophotometer (ThermoScientific).  

Insulin 

 Insulin (Sigma, I6634) is made as a stock of 1.05 M in ultrapure water which is then filter 

sterilized by passage through a 0.22 µM syringe filter (Pall, Betcon, Dickinson and Company). 

Dilutions are always made fresh from the stock and added to the culture media to the final 

concentration listed at the time of a full media change.  

Hemin Solution 

 Hemin (bovine, H9039, Sigma) is weighed and dissolved in 1 M NaOH and titrated to a 

neutral pH starting with 1 M and finishing with 0.1 M HCl. The solution is then filter sterilized 

by passage through a 0.2 µm syringe filter and stored in the dark (tinfoil wrapped) at 4°C. 

Animals 

All animal procedures are performed in accordance with protocols KP1023 and KP1412, 

approved by the Colorado State University Institutional Animal Care and Use Committee. Either 

Wistar Sprague-Dawley rats or C57BL/6 mice are utilized to obtain brain tissues for glia and 

microglia (P0-1), or neurons (E18 rat and E16.5 mice). 
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Methods 

Microglial Isolation and Culture 

  Primary microglia are harvested from P0-P1 C57BL/6J mice to obtain the maximum pre-

differentiated glial cells (Tan et al., 2018) and prepared using a procedure modified from Lian et 

al., 2016. Pups are euthanized, heads removed and washed with 70% ethanol and placed on ice in 

a 6 cm petri dish. All subsequent work is performed under sterile conditions in a laminar flow 

hood or biological safety cabinet. An incision is made along the midline of the scalp with 

forceps, with additional incisions made posterior to the eyes from the midline to the jaw. The 

skull is cut with forceps along the midline and posterior to the eyes, and the brain is removed. 

The olfactory bulbs, meninges, and brain stem are removed using forceps and discarded. The 

remaining tissue is finely chopped with a sharp razor blade in dissection medium and transferred 

to a 50 mL conical tube with additional medium to reach a final volume of 30 mL. Trypsin (1.5 

mL of 2.5%) is added and the suspension incubated at 37°C for 15 min. Trypsin inhibitor (1.2 

mL of 1 mg/mL) is then added, incubated for 1 min, and followed by addition of DNase I (750 

µL of 1 mg/mL). After centrifugation at 400 x g for 5 min to pellet the cells/tissue, medium is 

aspirated, and the pellet resuspended in 5 mL of warm LGDMEM/10% FBS/1% pen/strep and 

triturated with a 1 mL pipette tip until cells are dissociated (no lumps of tissue remained). Cells 

are transferred to a 15 mL conical tube, centrifuged at 400 x g for 5min, medium aspirated, and 

the pellet resuspended in 5 mL of LGDMEM/10%FBS/1%pen/strep. Cells are counted with a 

hemocytometer and plated at a density of 50,000 cells/cm2 into a poly-D-lysine (10 μg/mL in 

borate buffer for 1 hr at room temp or overnight at 4°C) coated T-75 flask with 15 mL (final 

volume) of culture medium supplemented with 1 ng/mL GM-CSF. Cultures are incubated in 5% 

CO2, 100% humidity at 37° C for 10 days with full medium change on 1, 3, 5, and 7 DIV. By 10 
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DIV, microglia form a monolayer on top of an astrocyte layer. They are removed from the 

astrocyte layer by whacking the flask vigorously against your hand until the microglia are 

observed to be floating via microscopic inspection. A hemocytometer is used again to count the 

floating microglia, and these can be cultured directly or frozen. Dislodged cells could be further 

cultured in LGDMEM/10% FBS/1% Pen/Step to induce further differentiation (Lian et al., 2016) 

(Figure 3) or cells are frozen in cell cryo-sage storage vials at a density of 106/ml in 70% culture 

medium containing 20% FBS and 10% DMSO. Vials are placed in polystyrene tube holders and 

frozen overnight in a -80°C ultracold freezer. They are moved to liquid nitrogen the following 

day. All stocks are used within 6 months of their initial freezing date. 

Microglia are plated at 125,000cells/well in tissue culture-grade plastic, 24 well-plates, 

unless otherwise noted (Sayeed et al., 2017) or 1,000 cells/well in a 96 microwell-plate with 

LGDMEM /10% FBS, 1% Pen/Strep (Lian et al., 2016) and incubated at 37°C in 5% CO2. For 

microglia activation assays, microglial cultures are adapted to complete HN+ medium by 

gradually increasing the percentage of HN+ sequentially during media changes from 0% upon 

plating, 25% 1 DIV, 50% 3 DIV, and 100% 5 DIV. Activation agents were applied on 6 DIV and 

left in medium overnight.  

E18 rat hippocampal neurons are obtained by dissection of the hippocampi of Sprague-

Dawley rat embryos (Lian et al., 2016). Tissue is dissociated in HN+ media, transferred to 

freezing medium, and frozen by placing cryo-safe vials in polystyrene racks overnight at -80°C 

and then transferred to liquid nitrogen. Following rapid thawing, cells are plated at 55,000 cell 

per well onto poly-D-lysine-coated 12 mm German glass coverslips in 24 well plates with 1 mL 

of complete HN+, containing N21max, Glutamax I (Gibco), and Pen/Strep (Gibco) (Mi et al., 

2013). 
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Microglia activation assays 

 Microglia cultures at 6 DIV are treated with 100 µM hemin (Sigma-Aldrich) made in 

LGDMEM/10%FBS. Medium is removed from the hemin-treated microglia at 24 hrs after hemin 

addition and fractionated as described below (Figure 2.4) to remove hemin and low molecular 

mass components (< 3kD) and then reconstituted for addition to neuronal cultures at 6 DIV. 

Fractionated media is added to neurons on 6DIV. Neurons are fixed at 7 DIV, and 

immunolabeled.   

Microglia Proliferation Assays  

  MTT ((3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)) is metabolized 

by living cells into a formazan product and the amount of this product is an indicator of cellular 

metabolic activity. The protocol used here was adapted from (Mosmann, 1983). Microglia plated 

in 96 well microtiter plates at 1,000 cells/well, are grown in LGDMEM/10% FBS in the presence 

of GM-CSF (10 ng/mL) and treated analogously to microglia cultured in 24 well plates that are 

used to produce microglia-conditioned medium for testing on neurons. On 1 DIV, 3 DIV, 5 DIV, 

and 6 DIV medium is changed on the 96-well microtiter plate. At 7 DIV, 0.5 µg/µL of MTT 

reagent (MTT salt in PBS at 5 mg/mL) is added and after incubation at 37° C in 5% CO2 for 4 

hours the medium is discarded, and the formazan crystals solubilized with 100 µL of DMSO per 

well for 30-45min. The absorbance is measured at 600 nm using a microtiterplate reader and the 

relative viability indices calculated by taking the Absorbancecells/Absorbanceempty wells with DMSO. 

Values are given out of 1, with a totally confluent well being 1.  
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Filter Paper Assay 

 Filter paper dye-binding assay is done according to the published procedure (Minamide 

and Bamburg, 1990). Whatman #1 filter paper is partitioned, protein standards (ovalbumin 

unless otherwise stated) and media samples are applied in 3 µL spots. Paper is allowed to dry, 

then fixed with methanol at room temperature for 30s and air dried. The paper is soaked in 

Coomassie Brilliant Blue G (0.5% in 7% acetic acid) for 10min, then 7% acetic acid (multiple 

changes) is used to destain until the paper background stain reaches allow constant level. Paper is 

air dried, squares of samples cut out and placed in 1.7 mL microfuge tubes, and dye is extracted 

with 1 mL of extraction buffer (66% methanol, 33% water, 1% ammonium hydroxide), by 

vortexing the tube until all bound dye is solubilized.  A 300 µL aliquot of each sample is 

transferred into one well of a 96 well-plate and read at dual wavelengths of 405/600nm. Protein 

amount in each sample is determined after plotting values from a standard curve ranging from 

0.5-10 mg/mL. 

Osmolarity Measurement 

 Osmolarity is measured on Vapro Model 5600 Osmometer. Osmometer is calibrated with 

three standards: 290 mmol/kg, 1000 mmol/kg, and 100 mmol/kg respectively. Then media 

samples from the reconstitution of the spin column effluent are measured in triplicate on a filter 

disc. Media is adjusted by addition of sterile ultrapure water to obtain an osmolarity in the range 

of 300-310 to be consistent with that of the HN+ starting medium.  

Live Imaging Assay 

Cultures were plated in 24-well glass bottom plates. Hippocampal neurons were plated at 

a density of 33,000-42,000 cells/well. Microglia were plated at a density of 90,000-136,000 
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cells/well. Cultures were maintained for 5 days with a full media change every other day from 

1DIV. For experiments requiring microglia-conditioned media for addition to neuronal cultures, 

the neurons were labeled 7 DIV with NeuO for 2 hrs followed by 2 washes with HN+ media. At 

8 DIV the neurons were labeled again with NeuO and washed. The microglia-conditioned 

medium was added to neuronal cultures with or without RAPs after the washing and remained 

until the cells were fixed 10 DIV. Images were acquired at set locations on 8 DIV (0 hrs post 

treatment), 9 DIV (24 hrs post treatment), and 10 DIV (48hrs post treatment). 

For co-culturing experiments, neurons were plated on PDL coated, 24-well glass bottom 

plates and cultured as previously described. Microglia were plated in a T-25 flask in 

LGDMEM/10% FBS/1% PenStrep, 1 ng/mL GM-CSF in the presence or absence of RAPs (pre-

treatment) and converted to HN+. On 4 & 5 DIV neurons were labeled with NeuO for 2hrs and 

washed twice with HN+. Microglia were added to the neuronal cultures in the glass bottom dish 

at 5 DIV. On 6DIV activating agents and/or RAPs were added (co-treatment)Cultures were 

maintained for 48 hrs prior to fixation 7 DIV. Images were acquired at previously set locations 5 

DIV (0 hrs post treatment), 6 DIV (24hrs post treatment), and 7 DIV (48hr post treatment). 

Immunolabeling  

 Cells are fixed using 4% formaldehyde in PBS at 37° C for 30-45min, then washed 5x 

with PBS, followed by membrane permeabilization for 3 min with methanol chilled to -20°C and 

followed by 3 washes with PBS. Fixed cells are blocked with 2% goat serum in 1% BSA in TBS. 

Primary antibodies (neurofilament-H, mammalian cofilin-1/ADF) are applied overnight at 4o C. 

After 5 washes in PBS, secondary antibodies are applied for 1 h and then washed away 5x with 

PBS. ProLong Diamond Antifade is used to mount coverslips with cells onto glass slides or 
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mount a coverslip over cells cultured on a glass bottom 24 well plate. After overnight incubation 

in the dark at room temperature samples were imaged.   

Microscopy and Image Analysis 

 Images are acquired on BZ-X710 Series Microscope (Keyence) fitted with filter cubes for 

DAPI, GFP, and TexasRed/RFP or NeuO as well as an open position for either brightfield or use 

of a 4th filter cube for fluorescence. Image arrays (ranging from 7x7 to 11x11) are collected using 

20x or 40 x objectives and are processed and stitched with the BZ-X Analyzer software. Cell 

counts, morphologies, etc. were then analyzed using MetaMorph v 7.8 or Image J 1.53c. Data is 

transferred to Microsoft Excel for further analysis. Morphology parameters are determined in 

Image J.  Plots and statistical evaluations of data are performed with Excel or GraphPad Prism. 

Live imaging microscopy was conducted using a TokaiHit stage incubator set to a 

temperature of 48° C (to give readings on a thermocouple of 37o C in the medium) and 5% CO2.  

 Images are opened in ImageJ. The color channels are split into separate 8-bit images, then 

a threshold is applied to fully highlight cells. Analyze particles tallies the cell count and collates 

the data.  

Statistics 

 Averages, standard deviations, and data collation was done in Microsoft Excel. Statistical 

analysis was conducted by GraphPad Prism. A p-value of 0.05 was considered significant. Error 

bars represent 1 standard deviation in all charts. * p < 0.05, ** p < 0.005, *** p < 0.0005, **** p 

< 0.00005. 

Graphics created with BioRender.com 



 
 

36 
 

  

Figure 3: Mouse Pup Dissection and Microglia Isolation Protocol Overview 

 

P0-1 mouse pups were euthanized, decapitated, and brains removed. The olfactory bulbs, brain 
stem, and meninges were removed, leaving the cortices and hippocampi. This tissue is then 
chopped, trypsinized, triturated, and plated into a poly-D-lysine coated T-75 flask. Following 10 
days in culture the microglia are removed from the flask and plated for use in experiments.  
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Results  

Microglia in culture demonstrated adherence and proliferative properties in a variety of 

plate conditions and with a minimum of 1 ng/mL GM-CSF based on the microglia isolation 

protocol modified from Lian et al., 2016. Quiescent microglia in vitro display a mixture of highly 

elongated cells, those with branched structures, a polar morphology, or a round or amoeboid 

morphology, each of which was observed in all growth conditions (Figure 4 A). These data 

indicate healthy cultures consistent with published images. Microglia also displayed adherence to 

tissue-culture grade plastic, but reduced adherence to Matrigel-coated plastic plates (not shown). 

Microglia cultured 7 DIV were fixed or subjected to a viability assay. Cell counts and viability 

(Figure 4 B & C) in response to increasing concentrations of GM-CSF were non-significantly 

different, indicating that 1 ng/ml of GM-CSF, the minimal amount used, might be sufficient to 

stimulate proliferation and survival. Thus, in future studies, 1ng/mL GM-CSF was used when 

culturing in LGDMEM/10% FBS/1% PenStrep.  
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Figure 4: GM-CSF Dose Response of Microglial Proliferation and Viability 

 
A.) Brightfield images of microglia plated on glass, or tissue-grade plastic, in the presence of 
GM-CSF 24hrs after plating in HN+ medium. Scale bars represent 10 µm. B.) Raw cell counts 
determined by Iba-1 immunolabeled coverslips of microglia cultures at 7 DIV. C.) MTT assay 
determined viability scores at 7 DIV. One way ANOVA determined no significance between 
groups in B or C (GraphPad Prism). Experiment conducted in triplicate. Error bars represent 1 
standard deviation 
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 The time in which microglia can survive in serum-free medium was determined by 

plating microglia in LGDMEM/10% FBS/1% PenStrep and converting the medium gradually to 

HN+ during media changes over 5 days: 1 DIV (25% HN+), 3 DIV (50% HN+), 5 DIV (100% 

HN+). Additional cultures were plated and maintained in LGDMEM/10% FBS/1% PenStrep and 

HN+ respectively for comparison (Figure 5 A-C). At 7 DIV, the cultures with differing media 

were fixed, permeabilized and immunolabeled for the microglia specific ionized calcium-binding 

adapter molecule I, Iba-1. There was no observable change in the morphologies or plating 

densities between media groups. Viability assays conducted on these cultures indicates that there 

was no difference in viability between media types (Figure 5 E). Use of cultures converted to a 

serum-free media is comparable to cultures maintained in serum-positive media, therefore we 

continued with cultures plated in LGDMEM/10% FBS/1% PenStrep and converted over 5 days 

to HN+. 

Cultures plated in LGDMEM/10% FBS/1% PenStrep were converted to HN+ as outlined 

above. Starting at 5 DIV, cultures were maintained without media change for 24, 48, and 72 hrs 

in 100% HN+ and assayed for viability. There was no significant reduction in viability between 

24, 48 and 72 hrs in HN+ media (Figure 5 D). However, in subsequent studies we utilized 

microglia and microglia conditioned medium within the first 24 hrs of their full conversion to 

HN+ medium.  
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Figure 5: Microglia Viability in Serum-Free Medium Conditions 
A-C) Microglia cultures immunolabeled with Iba-1 (green) A) Cultures maintained in 
LGDMEM/10% FBS/1% PenStrep. B) Cultures maintained in HN+. C) Cultures plated in 
LGDMEM/10% FBS/1% PenStrep and transitioned HN+ over 5 days. D) MTT assay results for 
microglia converted from LGDMEM/10% FBS/1% PenStrep to HN+ medium over 5 DIV. 
Cultures were maintained in HN+ for 24 (6 DIV), 48 (7 DIV), and 72 hrs (8 DIV) with viability 
assayed on each day. E) Viability assay results comparing microglia cultured in various media 
conditions. LGDMEM, HN+, and 50/50 columns were plated in indicated media and cultured for 
24hrs prior to assay, LGDMEM-> HN+ was transitioned over 5 days and cultured in HN+ for 
24hrs prior to assay. D-E.) One way ANOVA with Tukey’s post hoc test determined significance 
between groups.  *p < 0.05,  was determined to be statistically significant. ***p<0.001.. Groups 
in E determined to be non-statistically different as determined by GraphPad Prism. Experiment 
conducted in triplicate. 
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Cultured microglia could now be treated with factors to activate them to a 

proinflammatory state. We first selected to test hemin, which we thought might be toxic to 

neurons at the high concentrations used for microglia activation and thus wanted to be able to 

remove it from the conditioned medium so that any effect in survival or rod formation in the 

treated neuronal cultures would come from microglia-secreted factors in response to the 

activating agent, and not the activating agent itself. The disparity between the molecular masses 

of the anticipated secreted chemokines and cytokines ((TNFα, 17 kDa; IL-1β, 17.5 kDa 

(proteolytically cleaved); IL-6, 23.7 kDa; IFNγ, 15-25 kDa).) and hemin (0.6 kDa) we selected 

desalting spin columns as an easy way to separate out the hemin. The concentration step would 

remove some hemin; however, the desalting would trap hemin along with other low molecular 

weight molecules.  

The method for removing the hemin from microglia conditioned media is summarized in 

Figure 6. Microglia-conditioned medium was collected and processed individually from each 

well to be applied respectively to a single well of neurons (Figure 6 step 1).  HN+ medium (1 

mL) was added to microglia (activated with 100 mM hemin) for 24hrs and removed and 

concentrated on 3 kDa MWCO concentrators for 20 minutes at 10,000 x g at 4°C in a benchtop 

centrifuge (Figure 6 step 3). This resulted in about a 2x concentration of the components with 

higher mass.  The concentrated medium of about 0.5 ml was then passed through a 7 kDa 

MWCO desalting column placed in a 15 ml conical sterile tube that was preequilibrated by 3 x 1 

mL washes (1000 x g for 2 min) at 4o C with HN medium without N21 Max supplements Figure 

6 step 5).  

Desalting columns removed the majority of hemin and the same volume of medium that 

was loaded is collected in the flow-through which should contain the majority of starting protein 
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components of the HN+ medium but in a smaller volume of a 1X solution of HN medium low 

molecular weight components plus microglia secreted factors (chemokines and cytokines, all 

>8kDa) (Figure 7 A &B).  To improve the protein recovery, two 100 µL washes (1000 g for 2 

min) of the spin column using HN were performed in tandem (Figure 6 step 6). The flow-

through plus washes was reconstituted back to the original medium volume by addition of the 

appropriate volume of the 50x stock of N21Max low molecular weight components (custom 

combination of 16 components from R&D Systems) and dilution to 1 ml with HN medium 

(Figure 6 step 7). The reconstituted medium is kept on ice and 20 µL is removed for measuring 

osmolarity, which is adjusted to the desired range with sterile water (Figure 6 step 10). The 

reconstituted medium is then added to neuronal cultures for 24 hrs at 37° C in 5% CO2 until 

fixation. 
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Figure 6: Media Fractionation of Low Molecular Weight Components 

Outlined is the basic protocol used to culture, treat, and remove hemin from the media for the 
hemin activation experiments. Cultures are plated in LGDMEM, 10% FBS, 1 ng/mL GM-CSF 
and converted over 5 days to serum free HN+ media supplemented as outlined in methods. 
Microglia cultures are treated for 24 hrs with activating agents and RAP drugs. Media is 
concentrated via centrifugation, passed through a column, then diluted back to 1x for osmolarity 
testing and adjustment. Finally, the neuron-appropriate media can be added back to neuronal 
cultures for 24 hrs prior to the beginning of imaging or fixation. Graphic created with 
BioRender. 
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After flowing through the desalting column, the sample had an increased osmolarity 

compared to un-fractionated HN+. Additionally, repeated experiments determined that 

osmolarity may be causing substantial cell death before immunostaining could be done (data not 

shown). To combat this, we tested the osmolarity and adjusted it with sterile water to match un-

fractionated HN+. This seemingly remedied some of the neuronal viability issues and was 

continued to be used as best practice for fractionation.  

We verified that the sample volume before and after the desalting step was identical 

(Figure 7 B & C). Although there was a visible decline in the hemin content of the HN+ media 

before and after the spin column fractionation (Figure 7 C) not all of the hemin was removed 

(Figure 7 B).   
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Figure 7: Removal of Hemin from Media via Fractionation 

 
A) Hippocampal neuronal cultures on 24 well plate. Control: 3 wells containing HN+ media; 
hemin:  3 wells containing HN+ medium treated for 24 hrs with 100 µM hemin; Spin: 3 wells 
treated same as middle column but fractionated to remove hemin prior to addition to the neurons. 
B-C) Size-exclusion desalting columns with the flow-through to be tested for osmolarity. B) 
Left: water run through the column; Right: 100 µM hemin in water run through the column.  C) 
Left: HN+ media run through a column equilibrated with HN media; Right: 100 µM hemin in 
HN+ media run through a column equilibrated with HN media. D) 100µM hemin in water before 
fractionation. 
  

A. B. C. 

D. 



 
 

46 
 

 A small fraction of the neurons treated with reconstituted medium, prepared from hemin-

containing died, but not enough to be significant when compared to the control/untreated group. 

(Figure 8 G), suggesting death was unrelated to hemin-induced toxicity. This was confirmed by 

finding that direct addition of the same concentration of hemin to the neurons without any 

fractionation had little if any toxicity resulting in cell death (Figure 8 G). Thus, some other 

imbalance in the medium fractionation/reconstitution protocol seemed to be at fault.  
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Figure 8: Neuronal Health following Direct Hemin Application or Fractionation 

A-F) Representative immunolabeled images of hippocampal neurons obtained at 20x. DAPI 
(blue), immunolabeled cofilin (Alexa 488, green), immunolabeled neurofilament H (Alexa 564, 
red).  A) Untreated 7 DIV hippocampal neurons. B) Blow up of green inset box from A. C) 
Hippocampal neurons treated on 6 DIV with 100 µM hemin and fixed on 7 DIV. D) Blow up of 
green inset box from C. E) Coverslip stained after media fractionation according to Figure 4. F) 
Blow up of green inset box from E. G) Comparison of cell counts for hippocampal cultures that 
were either untreated (A) or treated with microglia-conditioned media after the hemin removal 
protocol (Hemin Removed) (E)  or with 100 µM hemin directly applied (C).  Error bars 
represent 1 standard deviation. Experiments conducted in triplicate. 
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Although the columns’ manufacturer claims >95% protein recovery of samples above 

8.6kDa we measured this directly (Figure 9 A). There was about an 80% recovery of the protein 

when we assayed HN+ using a filter paper dye-binding assay that is not subjected to much 

interference by non-protein components which are washed away before dye binding. However, 

although there were some significant changes in protein content before and after fractionation of 

microglia conditioned medium with or without hemin, some of these shown an increased protein 

content after fractionation suggesting that on average, the protein recovery from the spin 

columns is quite high.  This was confirmed by another comparison of hemin containing medium 

before and after fractionation along with fractionation of a BSA standard, the main carrier 

protein found in HN+ (Figure 9 C). These data indicate that there may be something vital for 

survival being removed from the media upon fractionating. 
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C.   D.                                                                        

 

 

 

 

 

 

 

 

Figure 9: Protein Quantification of Medium Before and After Fractionation  

A) Protein concentrations of medium at different steps of the hemin-conditioning, removal, and 
reconstitution protocols as measured with the filter paper dye-binding assay, whose standard 
curve is shown in C. MG: microglia  B) Comparison of protein recovery of hemin-containing 
medium before and after fractionation on desalting column and between a BSA solution before 
and after desalting column fractionation using filter paper protein assay whose standard curve is 
shown in D. Results in A and B analyzed by one way ANOVA with Tukey’s post hoc test. 
Experiment conducted in triplicate. No significance between groups in B. 
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The N21Max supplement supplies insulin for neuronal cultures, and since it has a 

molecular mass of <6 kDa it below the cut off for gel exclusion on the desalting column. Thus, 

re-addition of insulin to the samples post-fractionation might be beneficial for neuronal survival; 

however, due to the proprietary nature of component concentrations in N21Max, we needed to 

test a range of added back insulin concentrations (Figure 10).  Adding insulin from 5 nM to 1 

mM to neurons cultured in HB+ medium had no statistically significant effect on survival 

although 1 μM re-addition provided a higher viability than the control medium.  Neurons 

cultured in fractionated/reconstituted medium show a modest decline in neuronal viability and 

the add back of 5 nM insulin was too little to correct the significant (p< 0.05) viability loss. 

However, re-addition of insulin to 1 μM to 1 mM restored viability such that it was not 

significantly lower than pre-fractionated control medium. These data suggest that there may be a 

lower limit for insulin levels in media for maintenance of healthy neuronal cultures but that up to 

1 mM, insulin is not toxic.  
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Figure 10: Insulin Addition Before or After Media Fractionation 

Quantification of cell numbers before and after the hemin removal protocol was performed and 
insulin was added to cultures. Cells on coverslips were quantified 24 hrs after the media 
fractionation and insulin add back Cell counts were performed on cells after immunolabeling for 
neurofilament-H (red). One-way ANOVA followed by Tukey’s post hoc was performed using 
GraphPad Prism. Experiment conducted in triplicate. 

  



 
 

54 
 

 In summary, these studies suggest that with careful fractionation and readjustments, it is 

possible to utilize small molecules to modify microglia behavior and then to remove them from 

the medium when assaying the effects of microglia-produced factors on neurons. One of our 

goals is to be able to look at the effects of small molecule antagonists of the CXCR4 and CCR5 

receptors on microglia activation and separate these from the microglia released protein factors 

that stimulate the neuroinflammatory response (Figure 6) . This system for fractionation should 

allow us to carry forward that work.  

 Although hemin activation of microglia is well established in the literature, the optimal 

concentration for activation varies between studies. We tested the effects at 24, 48 and 72 hrs of 

hemin at concentrations between 12.5-200 µM on microglia viability and spreading. Coverslips 

were immunolabeled with Iba-1 a microglial specific-ionized calcium binding adapter molecule 

frequently used in general staining of microglia (Davies et al., 2017). The optimal concentration 

of hemin for maintaining the highest microglia number and the percentage of coverslip area 

covered by the cells occurred at 100 μM and was significant in both measures over untreated 

cultures (Figure 11). The less than 2-fold increase in cell number coupled with a 3-fold increase 

in coverslip area, strongly suggests a large increase in cell spreading, which accompanies 

microglia activation to a  pro-inflammatory, proliferative state. Thus, 100 μM was selected for 

continuing with this work. studies. The decline in area and cell number following treatment with 

200 µM hemin suggests toxicity at this higher concentration.  
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Figure 11: 100µM Hemin Stimulates Microglia Proliferation and Spreading, Parameters 

Associated with their M1 Activation State 

A) P0-1 mouse microglia cultures 5 DIV were untreated or hemin-treated (upper left to lower 
right) and were fixed and immunolabeled on DIV 6.  DAPI (blue), Iba-1 (Alexa 564, red). Scale 
bar: 100 µm. B) Cell counts based on Iba-1 immunolabeling of microglia. Error bars represent 1 
standard deviation. C) Average percentage of the coverslip covered by microglia immunolabeled 
for Iba-1 positive cells. Error bars represent 1 standard deviation from control. 3-4 
coverslips/condition.  
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There is also disparity in the literature on the length and persistence of microglia 

activation after initial exposure to activating agents (Goshi, et al., 2020) To test these parameters 

for hemin, we applied 100 µM hemin to cultures for 24, 48, and 72 hrs and assayed for microglia 

viability with a MTT (Figure 12). The results confirm those in Figure 5, indicating that hemin 

lose viability over time in HN+ medium, but the loss is not due to hemin addition per se (Figure 

12).  We did see a significant reduction in viability at the 48hrs timepoint, but when compared to 

the 24hrs control value, this was non-significant (Figure 12 A). To minimize effects of 

neurotoxic factors released from dying microglia, we opted for a maximal activation period of 24 

hrs.  
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Figure 12: Microglia Viability in Response to Hemin Stimulation 

A) MTT assay of microglia cultures treated with 100 µM hemin for 24 hours (24 hrs Treated), 48 
hours (48 hrs Treated), or 72 hours (72 hrs Treated) compared with timepoint matched control 
applications of saline. Data shown in terms of raw viability scores. Error bars represent 1 
standard deviation from respective control. B) Individual comparisons at each activation time 
point (24, 48, and 72hrs) compared with saline-treated matched control. Replotting of the data in 
A. Unpaired T test was performed and the asterisk (*) indicates statistically significant 
differences. Experiments conducted in triplicate. 
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 Neurons directly treated with hemin showed no visible neurite blebbing which is often 

seen in dying neurons. There was also no segmentation of processes or discontinuous staining of 

neurofilament-H along neurites exposed to 12.5-100 µM hemin (Figure 13 A-E), but in one 

experiment (Figure 13 F) there was a dose-dependent loss of neurons of about 50% at 100 μM 

hemin. However, this result is not consistent between different hemin preparations and may 

depend on batch-to-batch variability in hemin solubilization by titration of the hemin suspension 

using HCl. For example, in comparing the neurotoxicity of hemin by direct addition to neurons 

versus its removal from microglia conditioned medium of hemin (Figure 2.6 G), direct addition 

of 100 μM hemin appears to result in greater survival than in controls (although not significant) 

whereas applying the hemin removal protocol significantly decreased the neuronal viability.  
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Figure 13: Neuronal Viability in Response to Hemin Stimulation 

Immunolabeled images of rat hippocampal neurons fixed on 7 DIV. No visible blebbing, 
discontinuous staining, or other visual indicators of stress are observed. A) 0 µM hemin, B) 12.5 
µM hemin, C) 25 µM hemin, D) 50 µM hemin, E) 100 µM hemin. Scale bar: 10 µm. Neurons 
were stained with DAPI (blue), and immunolabeled for cofilin (Alexa 488. green), and 
neurofilament H (Alexa 564, red). F) Neuronal viability to various amount of hemin when 
applied directly to neurons for 24 h. Left: trial with hemin stock 1. Right: trial with hemin stock 
2. Error bars represent 1 standard deviation. Experiments conducted in triplicate.  
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 Because we observed reasonable neuronal survival after 24 hrs of direct exposure to 100 

μM hemin, we quantified the effects of various concentrations of hemin on cofilin-actin rod 

induction (Figure 14).  Again, the variability of neuronal survival to hemin is evident in the large 

loss of neurons at and above 25 μM hemin (Figure 14 E). Although some spontaneously formed 

rods are observed in neurons cultured under control conditions, hemin at 100 μM appears to have 

an elevated number of rod-like inclusions when rod index is calculated by dividing the rod 

numbers by the neuron numbers (Figure 14 G).  Although interpreting results from an 

experiment in which 95% of cells are lost is not very meaningful, the higher percentage of rods 

in surviving neurons could be interpreted to mean that rod formation might be initially 

neuroprotective, as was suggested by a previous study (Bernstein et al., 2006). 
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Figure 14: Hemin Application to Neurons Increases the Rod Index Score 

A-D) E16.5 hippocampal rat neurons, treated with hemin on 6 DIV, and fixed and 
immunolabeled/stained on 7 DIV. DAPI (blue), immunolabeled cofilin (Alexa 488, green), 
immunolabeled Neurofilament H (Alexa 564, red). Red circles outline cofilin:actin rods. A) 
Cofilin immunolabeled rod in neuron treated with 12.5 µM hemin. B) Same field as A. but in 
green/blue channel. C) Cofilin immunolabeled rod in neuron treated with 50 µM hemin. D) 
Same field as C. but in green/blue channel. E) Raw neuronal cell counts for each concentration 
of hemin applied to neurons directly F) Raw data of rod numbers for each concentration of 
hemin applied to neurons directly. G) Rod index score for same coverslips as E-G. Error bars 
represent 1 standard deviation. Experiment conducted in triplicate. 
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 S100B is a physiological activator of microglia that is secreted by astrocytes to initiate 

microglia activation. Studies with S100B applied to microglia generally use 0.2 ug/ml or less for 

prevention of proinflammatory activation and 2 ug/ml for full activation without toxicity (Xu et 

al., 2016).  We tested both 0.2 and 2 μg/ml for effects on microglia proliferation over 48 hrs 

(Figure 15). There were no significant differences between the untreated control and the S100B-

treated groups; however, observable morphological changes towards the M1 phenotype were 

observed in brightfield images of the 2 μg/ml-treated cultures at 48 hrs (Figure 16 B). Upon 

direct application to neuronal cultures there was no significant cell death observed in the cultures 

treated with 2 µg/mL S100B for up to 48 hrs and observed with NeuO labeling (Figure 15 B). 

After 48 hrs of direct exposure to S100B, neurons still displayed healthy branching and no signs 

of blebbing. Our results therefore indicate that S100B is a less neurotoxic microglia-activating 

agent than hemin at the concentrations outlined in this chapter. 
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Figure 15: Effects of direct application of S100B on neuronal and microglia viability  

A) Microglia response to S100B after a 24 hrs exposure as quantified by Iba-1 positive 
immunolabeling. B) Neuronal response to S100B over 48 hrs tracked with NeuO dye. C) Rod 
index score of neurons treated with S100B for 24 hrs prior to fixation and scoring. D) 0 hrs 
image of NeuO positive cells. E) Same NeuO-labeled field of neuronal culture as (D) after 24 hrs 
exposure to 2 µg/mL S100B. F) Same NeuO-labeled field of neuronal culture as (D) after 48 hrs 
exposure to 2 µg/mL S100B. 20x magnification. Error bars represent 1 standard deviation. 
Groups determined to be non-significant (A-C) by one-way ANOVA followed by a Tukey’s 
post-hoc test. Repeated in triplicate.  
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Figure 16: Brightfield Images of Morphological Changes in Microglia treated with S100B 

A-D) Microglia cultures were imaged in brightfield at 20x and followed for 4 hrs. Left-most 
images: insets of 0min and 1hr microglia indicated by colored triangles. A) Untreated. B) 
Treated with S100B (2µg/mL) C) Treated with RAP310 (1x10-10M) D) Treated with RAP310 
and S100B. Scale bars = 100 µm. Orange triangles follow cells that undergo a morphological 
change associated with the M1 phenotype. Blue triangles follow a cell that remains ramified 
(M0). 
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 To begin the testing of RAP inhibition of microglia-mediated neurotoxicity, we treated 

microglia with 2 µg/mL S100B in the presence or absence of RAP310 and observed 

morphological changes over 4 hrs via brightfield. More amoeboid, M1, microglia were observed 

in the S100B and S100B + RAP310 treated wells. Minimal amoeboid cells were observed in the 

RAP310 treated wells alone. Further studies will continue to investigate the effects of the RAPs. 

Prior to looking at the effect of RAPs, we wanted to ensure that the RAP-targeted chemokine 

receptors are present on the microglia in our cultures. To do so microglia converted to HN+ 

media and cultured for 7 DIV were immunolabeled to show X4 and R5 distribution. Cells were 

permeabilized, therefore, staining shows that both receptors are present based on 

immunolabeling. Cultures treated with only the secondary antibodies showed only background 

fluroescence, indicating any immunolabeling is fairly specific (Figure 17). 
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Figure 17: Staining of X4 and R5 Receptors in Primary Mouse Microglia 

A-D.) 7DIV microglia imaged at 20x, in a 7x7 stitched array and immunolabeled A) Magnified 
image of a stitched array showing CXCR4 (green) and DAPI (blue). B) Inset image from A. C) 
Magnified image of a stitched array showing CCR5 (green) and DAPI (blue). D) Inset image 
from C. 
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 In preparation of the co-culturing assays performed later in this chapter, primary neuronal 

cultures were cultured for 7 days and treated with sodium azide at 10mM in either PBS or HN+ 

medium to elicit cell death, or untreated and followed for 48 hrs using the neuronal specific dye, 

NeuO (Figure 18). Cultures were treated with NeuO 24 hrs and 2 hrs prior to introduction of the 

sodium azide. As observed by fluorescent images, there was reduction in the intensity of the 

NeuO labeling by 24 hrs with the sodium azide treated cells. The untreated wells retained higher 

amounts of dye for longer, but also exhibited a decrease in fluroescence intensity over the 48 hrs 

observation (Figure 18 D). These data assure that use of NeuO in live imaging assays aimed at 

determining neuronal viability in a 24 hrs window are feasible and dying neuronal cells display 

reduced fluroescence by this time point. Therefore, dying cells are less likely to be counted in the 

automated analysis pipeline used for obtaining cell counts from live imaging captures. We 

believe that use of NeuO will yield a valid indication of neuronal viability for the experiments 

outlined in the remainder of this chapter.  
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Figure 18: NeuO Intensity of Neuronal Cultures Over 24hrs with Sodium Azide to Induce 

Death 

A-C) Neuronal cultures labeled twice with NeuO 24 & 2 hrs prior to image acquisition A) 
Untreated neuronal cultures B) Sodium azide (10mM in PBS) treated neuronal cultures C) 
Sodium azide (10mM in HN+ media) treated neuronal cultures. Images acquired at 20x of a 
single field in NeuO. Scale bars represent 50µm. D) Relative intensity of NeuO staining over 24 
hrs. Experiments done in triplicate. 
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Our next experiment aimed to better understand the effect of microglia-secreted factors, 

and potentially neurotoxic factors, stimulated by hemin on neurons over time. Secondly, we 

sought to determine if the treatment of neurons with RAP310 simultaneously with the addition of 

hemin-activated microglia-conditioned medium changed the outlook on neuronal viability. To do 

so, we cultured 3 plates of neurons and 3 plates of microglia for 7 days. The microglia were 

converted to HN+ media (Figure 5), and treated with hemin for 24, 48, or 72 hrs. The media 

from the microglia (untreated, hemin) was then applied to neuronal cultures with or without the 

addition of RAP310 at time of media application (Figure 19). Hemin was not fractionated out of 

the microglia conditioned media and therefore was applied to the neurons with the conditioned 

media. The viability of the neuronal cultures was followed for 48 hrs post microglia-conditioned 

media application via live imaging with NeuO. Experimental setup detailed in Table 1. 

With 24 hrs microglia conditioned media there was no significant difference between the 

treatments (untreated, hemin, RAP310, hemin & RAP310) at each timepoint. However, there 

was a significant decrease in viable neurons treated with hemin-containing microglia-conditioned 

media and RAP310 at the 48 hrs point (Figure 19 A). 

Data with 48-72 hrs microglia conditioning in HN+ media likely recapitulate what was 

observed in Figure 5, effects of the microglia on neuronal viability were minimal as determined 

by viability tracking with NeuO over 72 hrs. The 48 hrs microglia conditioned media 

demonstrated no difference between treatments at each timepoint; but a significant reduction in 

viable neurons at 24 and 48 hrs when compared to 0-2 hrs. Wells treated with RAP310 and 

RAP310 with hemin were non-significantly different from untreated controls (Figure 19 

B).Wells treated with 72 hrs microglia conditioned media showed no change in NeuO labeled 
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cells over time or in response to hemin activated microglia conditioned medium, or addition of 

RAP310 at day 8.  

We then sought to determine if S100B had similar effects when used in place of hemin in 

the same experimental design as Figure 19.  Again, 3 plates of microglia and 3 plates of neurons 

were set up and cultured for 7 days. Microglia were converted to HN+ media and exposed to 

S100B (2 µg/mL) for 24 (7 DIV) or 48 hrs (6 DIV). Following the S100B-microglia incubation, 

8 DIV the microglia-conditioned medium (untreated, S100B) was added to NeuO labeled 

cultures with or without R103 (Figure 20). Experimental setup detailed in Table 2. 
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Table 1: Experimental Setup for Figure 19 

 

(Green rows) Microglia treated with activating agent, hemin, for 24 hrs prior to addition to 
neuronal cultures. NeuO labeled-neuron cultures were or were not treated at time of media 
change with microglia-conditioned media with RAP310. (Red rows) Same as green rows but 
microglia were treated with activating agent, hemin, for 48 hrs prior to addition to neuronal 
cultures (with or without RAP310). (Blue rows) Same as green rows but microglia were treated 
with activating agent, hemin, for 72 hrs prior to addition to neuronal cultures (with or without 
RAP310). 

  

Microglia 

Treatment 

Length of 

Microglia 

Treatment (hrs) 

Neuronal 

Treatment  

Length of 

Neuronal 

Treatment (hrs) 

Label in 

Figure 19 

Untreated 24hrs Untreated  48hrs Control 
Untreated 24hrs RAP310 48hrs RAP310 
Hemin 24hrs Untreated (hemin 

added with media 
change) 

48hrs Hemin 

Hemin  24hrs RAP310 (hemin 
added with media 
change) 

48hrs Hemin & 
RAP310 

Untreated 48hrs Untreated  48hrs Control 
Untreated 48hrs RAP310 48hrs RAP310 
Hemin 48hrs Untreated (hemin 

added with media 
change) 

48hrs Hemin 

Hemin  48hrs RAP310 (hemin 
added with media 
change) 

48hrs Hemin & 
RAP310 

Untreated 72hrs Untreated  48hrs Control 
Untreated 72hrs RAP310 48hrs RAP310 
Hemin 72hrs Untreated (hemin 

added with media 
change) 

48hrs Hemin 

Hemin  72hrs RAP310 (hemin 
added with media 
change) 

48hrs Hemin & 
RAP310 
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Figure 19: Neuronal Response to Media Conditioned by Microglia Exposed to Hemin & 

RAP310 

 

A-C) Neuronal cultures were maintained for 7 days, with addition of RAP310 and hemin-
activated microglia-secreted medium at 8 DIV. A) Live imaging over 72 hrs of neuronal cultures 
labeled with NeuO and treated with microglia conditioned media where the microglia were 
incubated with nothing, hemin, RAP310, or hemin and RAP310 for 24 hrs (A), same as A where 
microglia were incubated with agents for 48 hrs. B), same as A, where microglia were incubated 
with agents for 72 hrs. C). Error bars indicated 1 standard deviation. Non-significance values are 
not indicated. Treatments conducted in duplicate. MG: microglia. 
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S100B had a greater effect on the ability of microglia to produce neurotoxic substances 

than did hemin (Figure 20 A). The RAP310-treated neurons showed a significantly increased 

survival at in the 24 hrs conditioned medium than any of the other treatments which led to an 

almost complete toxicity of the neurons, and by 48 hrs virtually all neurons were dead in every 

treatment group, including controls, which confounds the interpretation of the results.  Potential 

reasons for the cell death are addressed in the discussion. Better survival of neurons occurred in 

all groups that received the 48 hrs microglia conditioned medium, again perhaps suggesting the 

loss of the neurotoxic cytokines/chemokines following death of the microglia (Figure 20 B).For 

every treatment there was a progressive decline in viability over time except for the 48 hrs time 

point with RAP310 addition, which showed no significant change from 24 hrs and indeed was at 

or above neuronal survival in the control cultures (48 hrs Control bar) (Figure 20 B).  There 

appeared to be neurotoxicity with the S100B treated cultures at 48 hrs of neuronal exposure 

(Figure 20 B); however, in the group treated with RAP310 and the S100B-microgila conditioned 

media there was a distinct protective effect. Additionally, the RAP310 treated wells were 

comparable to control. Finally, there was a reduction in viable cells between RAP310 and S100B 

& RAP310 treated cells, but the S100B & RAP310-treated wells were significantly increased 

compared to just S100B-treated wells, and non-significantly different from control. Therefore, 

RAP310 may have a beneficial effect on neuron viability after 48 hrs-exposure to microglia-

conditioned media activated with S100B.Although the neurotoxicity of the microglia conditioned 

medium seen in Figure 20 A was disappointing, the possible neuronal protection by RAP310 was 

intriguing and we wanted to determine if this would show up in experiments in which microglia 

were cultured directly with neurons.     
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Table 2: Experimental Setup for Figure 20 

(Green rows) Microglia treated with activating agent, S100B, for 24 hrs prior to addition to 
neuronal cultures. NeuO labeled-neuron cultures were or weren’t treated at time of media change 
with microglia-conditioned media with RAP310. (Red rows) Same as green rows but microglia 
were treated with activating agent, S100B, for 48 hrs prior to addition to neuronal cultures (with 
or without RAP310).  

  

Microglia 

Treatment 

Length of 

Microglia 

Treatment (hrs) 

Neuronal 

Treatment  

Length of 

Neuronal 

Treatment (hrs) 

Label in 

Figure 20 

Untreated 24hrs Untreated  48hrs Control 
Untreated 24hrs RAP310 48hrs RAP310 
S100B 24hrs Untreated 

(S100B added 
with media 
change) 

48hrs S100B 

S100B 24hrs RAP310 
(S100Badded 
with media 
change) 

48hrs S100B & 
RAP310 

Untreated 48hrs Untreated  48hrs Control 
Untreated 48hrs RAP310 48hrs RAP310 
S100B 48hrs Untreated 

(S100Badded 
with media 
change) 

48hrs S100B 

S100B 48hrs RAP310 
(S100Badded 
with media 
change) 

48hrs S100B & 
RAP310 
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Figure 20: Neuronal Response to Direct Addition of RAPs and S100B or Microglia 

Conditioned Media + S100B and R103  

A) Live imaging over 72 hrs of neuronal cultures labeled with NeuO and treated with microglia 
conditioned media where the microglia were incubated with nothing, S100B, RAP310, or S100B 
and RAP310 for 24 hrs (A), and 48 hrs (B). Error bars indicated 1 standard deviation. * indicates 
p < 0.05, ** indicates p < 0.005 Comparison between treatments at same timepoint for A & B 
were non-significantly different. Non-significant differences between treatments at each 
timepoint not shown for A-B. Experiment conducted in triplicate. 
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Neurons were plated on 24-well glass-bottom dishes coated with PDL. Microglia were 

separately plated in LGDMEM in T-25 flasks with or without RAPs as a pre-treatment. 

Microglia were then converted to HN+ media from LGDMEM/ 10% FBS/1% PenStrep 1 ng/mL 

GM-CSF over 5 days. Neurons were labeled with NeuO on  DIV 5 and 6 and imaged as a 

baseline for cell counts following the second labeling on DIV 6 (0 hrs on Figure 21 B). 2 hrs 

after NeuO labeling of neurons, microglia were added in co-culture and allowed to settle for 24 

hrs. At 6 DIV co-cultures were treated with activating agents and/or RAPs as a co-treatment. 

Images were taken again at 24 and 48 hrs, followed with fixation and immunostaining. There 

was no difference between groups of S100B treated neurons with or without RAP pre- or co-

treatment. Some wells were treated with the known neurotoxic dimer/trimer species of Aβ as a 

positive control; however, these cultures behaved comparable to the control and S100B-treated 

cultures with regard to viable neuronal counts.  
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Figure 21: Co-culture Response to S100B and Pre-treatment or Co-Treatment with RAPs 

A) Experimental timeline for co-culturing of microglia and neurons. RAPs are added either to 
the microglia at time of plating or to the neurons with the treatment of microglia conditioned 
media on 6 DIV. Neurons are labeled with NeuO on 5 DIV, and 6 DIV immediately before the 
treatment with conditioned media and/or RAPs. B)Neuronal counts determined by NeuO 
labeling of neurons and treatment with/without S100B and RAP310 or R103 as a pre-treatment 
or co-treatment followed for 48 hrs. Error bars represent 1 standard deviation. No significant 
difference between groups. Experiment conducted in triplicate. Graphic created by BioRender. 
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 Discussion 

 

Although our laboratory has extensive experience in neuronal culture, microglia culture 

was not previously performed.  We utilized a modified version of a published method to harvest 

and culture primary microglia from mouse pups. We further established a method for making 

frozen stocks of these cells which could be used for up to 6 months and thus supplied the cells 

for the majority of work contained in this thesis. Conditions for culturing were shown to be 

versatile, as microglia can adhere, proliferate, and maintain a resting state as determined by 

morphology when plated on glass, glass coated with PDL, tissue culture plastic, and tissue 

culture plastic coated with PDL. Microglia did not grow well on Matrigel. To stimulate 

proliferation in culture, GM-CSF was added (Bhattacharya et a., 2015) and we explored the 

potential cytotoxicity as well as the minimal concentration needed for this cytokine. There was 

no significant difference on culture growth or microglial viability between 1 and 50 ng/ml of 

GM-CSF, although there was a trend toward poorer survival at the highest level (50 ng/ml) 

(Figure 4 B & C). For this reason, the lowest concentration tested, 1ng/mL, was chosen for future 

assays. 

Like many proliferative, mitotic cells, microglia require serum in medium especially at 

time of plating. However, rodent neuronal cultures are generally performed in the absence of 

serum or with very low (e.g. 2%) FBS whereas microglia prefer growth in 10% FBS. Thus, 

finding a method that allowed us to culture microglia in which the medium could be transferred 

directly to neurons to deduce effects of cytokine and chemokine secretion was a major goal of 

our initial research. Our primary microglia cultures demonstrated remarkable ability to retain 

viability in the several medium types tested (Figure 5 D). Studies requiring microglia-

conditioned media were limited to 24 and 48hrs for microglia conditioning to combat the effects 
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on viability seen in Figure 5 D. We did not test whether use of 2% serum will prolong microglia 

viability as well as support neuronal health, but this is something that should be pursued since 

microglial responses to activation factors might be declining during the first 24 hrs in serum-free 

medium. 

 The media fractionation protocol outlined here is a relatively quick, and effective way to 

remove specific agents below a certain molecular weight threshold. With modifications after 

fractionation to the osmolarity and insulin concentrations (Figure 6 A & 10), minimal reductions 

are observed in viability when this medium is reconstituted and applied to neurons in culture. 

Although methods such as buffer exchange, dialysis, chelating columns, etc. could be another 

avenue to purify samples or remove iron-centered proteins from solution, the associated time 

investments for each were too extensive to explore here. Additionally, the desire to maintain a 

1:1 well to well transfer between microglia and neurons limited the volumes for which we 

wanted to fractionate to 1 mL. Such a low volume is not feasible for many fractionation methods. 

Other commercially available desalting columns did not offer molecular weight cut offs in the 

desired range for our sample volumes.   

Although we have successfully established a method for hemin removal from the 

microglia-conditioned medium and medium reconstitution in a manner that is viable for neuronal 

survival, along the way we also discovered that hemin addition directly to neurons is not toxic.  

Promising preliminary data (Figure 8 G) suggests that the effect of hemin on neurons might be 

mostly microglia mediated. Hemin is produced in vivo during traumatic brain injury or 

intracerebral brain hemorrhaging and tagged-hemin release/uptake profiles (Chen-Roetling et al., 

2014) suggest that neurons, while expressing the correct receptors for hemin uptake, may not do 

so (Robinson et al., 2009). This may be why we saw very little cell-death with hemin directly 
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applied to neurons, as they do not have the means to produce the ROS necessary to mediate 

cytotoxicity. The mechanism for hemin uptake by microglia remains largely unknown. It has 

been suggested that serum albumin may complex with hemin to prevent its uptake by neurons or 

astrocytes, however this was not directly tested by our experiments (Robinson et al., 2009).  

 Although the results presented here suggest that this fractionation method could be 

applied to removal of low molecular weight medium components from microglia conditioned 

medium, a desire to be able to skip the fractionation procedure has changed our focus.   

We tested the ability of our selected microglia-activating agents to stimulate proliferation 

and alter morphology in vitro associated with activated microglia. We determined 100 µM hemin 

and 2 µg/mL S100B to be suitable working concentrations for microglia activation in cell culture 

(Figure 13 & Figure 15 A).  

To determine if hemin itself influenced neuronal viability or rod formation, we performed 

direct addition of hemin to neurons (Figure 13). In addition, we also tested for direct 

neurotoxicity with one well established potent microglia activator of higher molecular mass 

(14.5 kDa), S100B (alarmin), which would not be removed by the spin column method. Direct 

addition of hemin appeared to induce a dose-dependent decline in neuronal survival as 

determined from neurofilament positive immunolabeled cultures. However, there was no 

observed blebbing, discontinuous staining, or other indications of neuronal toxicity and death in 

the cultures treated directly with hemin (Figure 13). Furthermore, some variability in response to 

hemin can be attributed to the difficulty in solubilizing and adjusting the pH of hemin solutions 

and thus results in different neuronal responses to different preparations. Since some direct 

addition of 100 μM hemin to neurons gave no decrease in survival, we feel that hemin is non-

toxic to neurons at this concentration.  Thus, we felt confident that we can treat co-cultures of 
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neurons and microglia with hemin and toxic effects will most likely be from microglia produced 

factors. 

S100B demonstrated an ability to adequately activate microglia to a proliferative state, 

and minimal neurotoxicity when applied to neuronal cultures (Figure 15). Given these data, we 

continued with S100B as a less toxic and physiologically relevant microglia-activating agent in 

our co-culturing assays. Although it did not yield the same increase in proliferation of microglia 

that was observed with hemin, there was a noticeable morphological change in brightfield 

images of S100B-treated microglia consistent with literature identification of M1 activation. 

 We aimed to determine the effects of RAPs on neuronal cultures treated with microglia-

secreted factors. Rather than relying on the fractionation method for isolating the effect of these 

secreted factors, we sought to more co-culture microglia with neurons as a means for directly 

facilitating this interaction. Immunolabeling revealed the existence in generous quantities the X4 

and R5 receptors on our microglia, indicating that treating the microglia with the RAPs prior or 

following activation may be a feasible route for neuroinflammation intervention.  

 Our co-culturing assays depend upon the use of NeuO, when observing the effect of 

known poison and mitochondrial ATPase inhibitor, sodium azide, on our neurons we saw a 

decrease in fluroescence of dying cells primarily in the first 24hrs. The ability of dying neurons 

to retain NeuO labeling may present a source for unexplainably high neuronal cell counts when 

compared to alternative methods for quantifying cell death such as immunolabeling for a neuron-

specific marker such as NFH. However, we feel that given these data the NeuO viable neurons 

counts are fairly accurate to actual cell numbers. 
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 When following neuronal cultures with NeuO that were treated with hemin-activated 

microglia-conditioned media over 48 hrs, there seemed to be little effect of hemin overall on cell 

viability. The mild effect seen with media that was conditioned by microglia for 24 hrs may have 

been due to the inability of the microglia to produce cytokines and chemokines in such a quantity 

as to elicit an effect in the neuronal cultures. Therefore, any effect of the RAPs protective against 

cell death would be unobservable. Optimal response for induced cell death/reduction in viability 

was observed with media conditioned by microglia treated with hemin for 48 hrs. Likely, this 

was ample time to produce signaling molecules in high enough amounts to be effective on 

neurons when applied to cultures. However, previous results indicated that microglia begin to die 

in HN+ medium past 24 hrs, driving us to consider co-cultures as a future direction. Although 

Figure 11 demonstrates microglia can be activated after 24 hrs hemin exposure, the cells may 

have not been able to secrete in vitro relevant amounts until the 48 hrs mark. Alternatively, the 

mild effect seen with the 72 hrs microglia conditioned media group may have been exposed to 

hemin for too long. These cells may have experience activation, and secretion by 48 hrs then 

when hemin levels lowered, and the microglia had proliferated in response to stimulation the 

relative activator concentrations were too low to sustain prolonged activation and the glia likely 

returned to a more quiescent state prior to addition to the neuronal cultures.  

 When applied to microglia for 48 hrs, S100B conditioned media caused significant 

neuronal death after just 48 hrs, an effect which was mitigated by the introduction of RAP310. 

We are led to believe that perhaps RAP310 has a protective effect on neurons which was 

demonstrated with the more toxic activator, S100B. This finding in conjunction with the data 

presented in Figure 15, pinpoint the microglia-neuronal signaling axis as a target for RAPs 

because S100B had no significant effect on either cell type when monocultured. The results for 
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24 hrs neuronal treatment with conditioned medium from S100B treated microglia demonstrated 

catastrophic cell death. We believe these data more reflect experimental set up errors than 

cellular responses. It is possible that these cells were poorly incubated with the stage adapter 

during live imaging, resulting in them cooling and dying. Replicates of these experiment are 

required to determine the effect of RAPs on neurons treated with S100B conditioned medium. 

 Co-cultures of neurons and microglia present a means to test the effects of RAPs where 

microglia secreted factors would be more locally concentrated on neurons and any proximal cell 

mediated signaling would be intact. Our aspirations for this assay are high, although our first 

round of testing shown in Figure 21 showed a lack of any effect of either the S100B conditioned 

medium or the RAPs. This assay warrants replicates to attempt to determine these effects in a 

more stream-lined manner than separate culturing methods. Rod indexes may determine if co-

culturing is a more suitable system for testing RAPs protective effects against rod formation in 

microglia.  

 Future directions for this work include replicating and recapitulating much of the work 

here. S100B presents a more robust activating agent than hemin and will likely be the focus of 

future work. We aim to determine if microglia could live past 24 hrs in HN+ with 2% serum to 

better test the timeline and secretion effects on neuronal cultures with longer microglia-activating 

agent incubation periods. Additionally, our lab possesses knockout mouse lines of the NOX 

subunit, p47. Previous work has identified NOX activity as essential to cofilin:actin rod 

formation, so we seek to determine if it is important in any elicited effects of the RAPs in this 

microglia-neuron system.  
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LIST OF ABBREVIATIONS 

 

 

 
αsyn: alpha synuclein 

Aβ (0/42): amyloid beta 
(oligomers/monomers) 

AD: Alzheimer’s Disease 

ADF: actin depolymerizing factor 

AMPA: α-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid 

APP: amyloid precursor protein 

BBB: blood brain barrier 

CNS: central nervous system 

CSF: cerebrospinal fluid 

DAPTA: D-Ala-peptide T-amide 

DIV: days in vitro 

DMSO: Dimethyl Sulfoxide 

ER: endoplasmic reticulum 

FBS: fetal bovine serum 

GM-CSF: granulocyte-monocyte colony 
stimulating factor 

GPI: glycosylphosphatidylinositol 

GWAS: genome wide association study 

HAND: HIV associated neurocognitive 
disorder 

HD: Huntington’s Disease 

HN+: homemade neurobasal (+: 
supplemented) 

HO1: hemeoxygenase 1 

ICH: intracerebral hemorrhage 

LGDMEM: low glucose Dulbecco’s 
Modified Eagle’s Media 

MG: microglia 

NFH: neurofilament heavy chains 

NO: nitric oxide 

NOX: NADPH oxidase 

PAMP: pathogen associated molecular 
pattern 

PBS: phosphate buffered saline 

PD: Parkinson’s disease 

PDL: poly-D-lysine 

PrPC: cellular prion precursor protein 

RAPs: receptor antagonist peptides 

ROS: reactive oxygen species 

TBI: traumatic brain injury 

TBS: tris buffered saline 

TLR: toll like receptor 

TREM2: triggering receptor expressed on 
myeloid cells 2 

RAGE: receptor for glycation end-products 

 

 

 


