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Abstract 
Alzheimer’s disease (AD) is a neurodegenerative disease that is characterized by cognitive 
decline in memory and behavior. Targeting the common pathologies associated with AD 
(amyloid-beta (Aβ) plaques and intraneuronal neurofibrillary tangles (NFTs)) have yielded little 
success in improving cognition in AD patients. Research has turned to exploration of other AD 
pathologies, including neuroinflammation caused by chronically activated microglia. In the 
following studies, decreasing microglial activation through modulation of the anti-inflammatory 
Mas receptor of the Renin-Angiotensin system (RAS) in the brain was explored. First, using an 
AD mouse model, mice were treated with Mas receptor agonists (the native ligand angiotensin 
(1-7), in addition to two small molecules, RASRx1902 and RASRx1911). Expression of 
hippocampal RAS receptors and microglial activation markers was explored using RT-qPCR. Mas 
receptor expression was found to be positively correlated to expression of both the pro-
inflammatory RAS receptor At1r-1b and the microglial activation marker Cd68. Cd68 expression 
was negatively correlated to novel object recognition (NOR) score. These results indicate a 
possible relationship among Mas receptor expression, microglial activation, and cognition that 
will be explored further in future studies. Next, the HMC3 cell line was used as an in vitro model 
of human microglia, and the resting and activated states of the cells were characterized by 
measuring the microglial activation markers CD68, HLA-DR, CD11b, reactive oxygen species, and 
cell size. After activating the cells with IFN-gamma, they were treated with RASRx1902 and a 
significant decrease in microglial activation occurred. These results indicate that RASRx1902 
might be effective in decreasing neuroinflammation caused by microglial activation in AD. 
Lastly, in preparation for future experiments to study signaling pathways modulated by the Mas 
agonists, efforts to overexpress the Mas receptor in cell lines were made. CHO-K1 cells were 
transfected with human Mas, and the cells were selected with an antibiotic and cloned. Using 
RT-qPCR, it was found that the cells overexpressed human Mas RNA; however, when cells were 
stained with antibodies and viewed with flow cytometry, immunofluorescence imaging, and 
western blot, no protein was found. Current work on overexpressing the Mas receptor in HMC3 
cells is also described. Overall, it was found that decreasing microglial activation using Mas 
receptor agonists has promise to be an effective treatment of neuroinflammation in AD. 
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Introduction 
Alzheimer’s disease 

Alzheimer’s disease (AD) is a neurodegenerative disease, with characteristic symptoms of 
cognitive decline in areas of memory, learning, thinking, and behavior.  (Alzheimer’s 
Association, 2020). The brain is affected in many ways, including neuronal death, 
neuroinflammation, and atrophy in many regions, most notably in the hippocampus and 
cerebral cortex (Drew et al., 2018; Alzheimer’s Association, 2020). It is predicted that around 47 
million people have AD worldwide, and the number of cases is increasing (Polanco et al., 2018). 
The majority of cases are sporadic and affect older patients, but AD is not just normal aging. 
Initial symptoms are usually mild and do not affect normal activity; this stage is normally called 
mild cognitive impairment, or MCI, due to Alzheimer’s disease. As the disease advances, 
patients’ memory, thinking, and behavioral symptoms worsen, and they begin to lose the ability 
to perform many daily tasks, beginning the stage called dementia due to Alzheimer’s disease. 
As AD becomes progressively worse, patients have increased confusion about where they are 
and what they are doing. Patients can become anxious, depressed, suspicious, and agitated; 
their personalities and behavior become completely different. Their ability to make decisions 
and to communicate is impaired, and they forget words and names, struggle with dates and 
times, and bathing and dressing become increasingly arduous. At some point as patients are 
along the continuum of moderate to severe dementia due to AD, they will require the help of a 
caregiver. Severe dementia due to AD involves brain damage so great that it leads to difficulty 
moving and swallowing. These conditions often result in blood clots, infections, pneumonia, 
and other serious effects, resulting in death. AD is currently considered to be the sixth main 
cause of death of Americans, but due to the way deaths are recorded, that ranking may actually 
be higher (Alzheimer’s Association, 2020). 
  
The number of older Americans with AD is estimated to be 5.8 million in 2020, and that number 
is expected to greatly increase. In 2030, the number of patients with AD is expected to grow 50 
percent to 8.5 million Americans. By 2050, approximately 13.8 million Americans will have AD, 
an increase of almost 140 percent from today’s numbers. The cost of healthcare and caregivers 
for AD patients in the United States in 2019 was valued around 290 billion dollars, and that 
number is projected to increase to 1.1 trillion dollars in 2050. The rising number of patients is 
believed to be in part due to the fact that the proportion of the population that is over age 65 is 
increasing. With the aging baby boomer population and medical advances increasing life 
expectancies, in 2030 it is predicted that 20 percent of Americans will be over age 65 
(Alzheimer’s Association, 2020). The projected increased prevalence of AD may also be due to 
the fact that there is no cure. The cause of AD is still largely unclear and debated, and drugs 
aimed to reverse the disease have failed. Current treatments are aimed at managing symptoms, 
but none stop neuronal damage and death, and none permanently improve cognition 
(Alzheimer’s Association, 2020). Current approved treatments are rivastigmine, galantamine, 
and donepezil, which are cholinesterase inhibitors that increase cognition for short periods of 
time, and memantine, which is a glutamatergic NMDA receptor antagonist that prevents 
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neuronal damage (van Marum, 2009; IQWiG, 2017; Alzheimer’s Association, 2020). 
Antipsychotics are sometimes used if symptoms are severe enough and unresponsive to AD 
treatment, but they may cause strokes and death in dementia patients (Alzheimer’s 
Association, 2020). 
  
Common AD pathologies: The pathologies most often associated with AD are aggregation of 
extracellular amyloid-beta (Aβ) protein and intracellular hyper-phosphorylated tau protein in 
the brain (Alzheimer’s Association, 2019). While the cause of AD is unknown, a large portion of 
AD drug research assumes that protein aggregation causes and worsens AD, in that they hinder 
the functions of neurons and synapses and can ultimately cause neuron death (Polanco et al., 
2018; Alzheimer’s Association, 2019). 
  
Aβ is formed by cleavage of amyloid precursor protein (APP), which is located in the membrane 
of neurons. Beta and gamma secretases cleave off portions of APP to form insoluble Aβ, which 
then is released into the extracellular space (Masters et al., 2015). The role of normal Aβ is not 
completely known, but seems to be involved in synaptic activation, plasticity, and cholesterol 
transport (Polanco et al., 2018). However, when too much Aβ accumulates, it will begin to 
aggregate and form plaques. Aβ can be cleaved into various lengths, the most common being 
Aβ40. The amount of Aβ42 may be increased in the AD brain and is more prone to aggregation. 
However, both Aβ40 and Aβ42 aggregate in AD (Schmidt et al., 2009; Polanco et al., 2018). The 
connection between Aβ plaques and AD has been driven by the fact that mutations in the APP 
gene induce AD in both humans and transgenic mice (Liu et al., 2019). How Aβ plaques cause 
toxicity that eventually leads to AD is unknown. However, there are a few hypotheses, some of 
them being that Aβ plaques may cause oxidative stress; they may attach to parts of synapses 
and prevent transmission; they may cause pores in cell membranes, causing Ca2+ toxicity; 
and/or they may disrupt mitochondrial function. These all appear to end in neuronal death 
(Rajasekhar et al., 2015). 
  
Tau protein is a microtubule-associated protein (MAP) whose normal role is microtubule 
stabilization (Kinney et al., 2018). Tau function is controlled by post-translational modifications. 
For example, tau can be temporarily phosphorylated and is then able to detach from 
microtubules to enable microtubule transport to occur. However, when tau becomes 
abnormally phosphorylated, called hyperphosphorylation, tau is removed from microtubules 
more permanently, generating an increased amount of soluble free tau (also called misfolded 
tau) in the neurons. This hyperphosphorylated free tau tends to aggregate into insoluble 
oligomers, eventually forming intraneuronal neurofibrillary tangles (NFTs) (Kinney et al., 2018; 
Laurent et al., 2018). Free tau can also move to other neurons through synapses, which causes 
a greater amount of free tau and NFTs to form (Drew, 2018). Hyperphosphorylated free tau and 
NFTs cause microtubule network instability and changes in protein trafficking and cellular 
morphology (Polanco et al., 2018; Kinney et al., 2018). Many studies have found that the brains 
and cerebral spinal fluid (CSF) of AD patients have higher levels of both phosphorylated tau and 
total tau protein, but how NFTs contribute to the development and degeneration of AD is not 
known (Masters et al., 2015). It is believed that their aggregation dislocates intracellular 



 8 

organelles and weakens cellular function, damaging the neuron and synapse and ultimately 
causing cell death (Drew, 2018; Kinney et al., 2018; Polanco et al., 2018; Pooler et al., 2013). 
  
While Aβ plaques and NFTs are often associated with AD, it is unclear if targeting these proteins 
would cure AD. The presence and amount of Aβ plaques and NFTs are not indicative that a 
person has or will develop AD; cognitively normal patients can have high levels of aggregation, 
and AD patients can have lower levels. While some studies show that NFTs may be directly 
related to neurodegeneration, other conflicting studies demonstrate evidence that NFTs might 
not cause but actually be an effect of AD injury, and NFTs usually only appear after Aβ plaques 
form (Nelson et al., 2012; Kinney et al., 2018). Some evidence also indicates that Aβ might 
activate the kinases that cause tau hyperphosphorylation (Tiwari et al., 2019). Additionally, no 
drugs that target prevention or removal of Aβ plaques or NFTs have been successful in 
increasing cognition in humans (King, 2018). The path forward from all these failures is unclear 
and heavily debated. Some believe that these drug failures are due to the lack of translatability 
of transgenic animal models (King, 2018). Another idea is that treatments to remove 
aggregated proteins need to be started before symptoms of cognitive decline are seen because 
damage caused by Aβ plaques and NFTs may be irreversible. A third idea is that Aβ plaques and 
NFTs are not the only pathologies at play in AD, but that there may be one or more mechanisms 
that are also involved in AD development and neurodegeneration (Kinney et al., 2018). Many 
possible mechanisms are being studied, including hypotheses involving acetylcholine and other 
neurotransmitters, mitochondrial function, calcium levels and glutamatergic NMDA receptors, 
vascular dysfunction, lymphatic vessel dysfunction, and chronic neuroinflammation (Liu et al., 
2019). 

Neuroinflammation 

Chronic neuroinflammation has been discovered to be a significant component of many 
neurodegenerative and age-related diseases, including Parkinson’s disease, amyotrophic lateral 
sclerosis (ALS), multiple sclerosis (MS), and AD. This abnormal inflammatory response has been 
found to be involved in both the onset and deterioration of AD (Kinney et al., 2018; Newcombe 
et al., 2018). Increased inflammation has been found in the brains of AD patients and preclinical 
AD models (Kinney et al., 2018). Many inflammatory cells and cytokines have been found near 
Aβ plaques in the brains and CSF of AD patients (Zheng et al., 2016; Kinney et al., 2018). 
  
Acute neuroinflammation: In a healthy brain, inflammation is a protection from infection, 
injury, and disease. Microglia, the main immune cells of the central nervous system (CNS), are 
found throughout the brain. Normally, microglia are in an inactive or resting state, where they 
are stationary and use several receptors and signaling pathways to continually scan their 
environment for pathogens and other stimuli, communicate with other cells, support and 
maintain synapses and tissues, and assist with neurogenesis. When microglia identify a threat 
to the CNS, they become activated. This involves the microglia changing morphology and 
moving to the site of injury or disease. The microglia work to remove the threat and reestablish 
homeostasis by accumulating more microglia, presenting antigens, and inducing phagocytosis 
and clearance mechanisms. This is all done with a careful balance of pro-inflammatory and anti-
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inflammatory factors. When the CNS threat is mitigated, extra microglia move from the area or 
are apoptosed to once again institute a healthy brain with resting microglia cells (Heneka et al., 
2018; Kinney et al., 2018; Newcombe et al., 2018). 
  
Chronic neuroinflammation in AD: While inflammation is an important physiological process, 
when it becomes sustained and chronic, damage can occur. This is the case with chronic 
neuroinflammation in AD (Heneka et al., 2018; Kinney et al., 2018; Newcombe et al., 2018). 
Acute inflammatory responses have been found to be neuroprotective during early stages of 
AD, reducing pathology and slowing development with microglia becoming activated by, 
moving to, and phagocytosing Aβ (before they can form plaques) and NFTs (Hickman et al., 
2008; Carnevale et al., 2012b; Kinney et al., 2018; Alzheimer’s Association, 2020). Astrocytes 
can also be activated by Aβ and may be involved in microglial activation (Polanco et al., 2018; 
Madore et al., 2020). When inflammation persists and becomes chronic, increasing numbers of 
microglia continue to surround the plaques and tangles and express pro-inflammatory 
cytokines, but they are no longer able to take in and phagocytose Aβ or tau, ultimately causing 
increased Aβ plaques and NFTs (Hickman et al., 2008). As microglia become more dysfunctional, 
macrophages from the periphery may be mobilized to the CNS to attempt to clear Aβ, further 
increasing neuroinflammation (Kinney et al., 2018). The inability to phagocytose Aβ and tau 
appears to be due to a decreased number of Aβ-binding receptors, including scavenger 
receptor A (SRA), CD36, and receptor for advanced-glycosylation endproducts (RAGE), in 
addition to decreased production of Aβ-degrading enzymes, including insulysin, neprilysin, and 
MMP9. This decreased expression may be attributed both to aging and to the activated 
microglia’s continued expression of pro-inflammatory cytokines; increased TNF-alpha has been 
found to decrease production of receptors that bind and degrade Aβ (Hickman et al., 2008). 
Proinflammatory cytokines produced by activated microglia have been also found to affect Aβ 
production. Increased TNF-alpha and IFN-gamma cause increased beta secretase expression, 
thereby promoting APP cleavage (Yamamoto et al., 2007). Increased TNF-alpha, IL-1β, and IFN-
gamma promote MEKK1 and JNK signaling pathways that stimulate gamma-secretase function, 
which increases the second step of APP cleavage into Aβ (Liao et al., 2004). Studies that 
decreased TNF-alpha in mouse AD models found lower Aβ aggregation and tau phosphorylation 
(Walters et al., 2016). During this stage of chronic neuroinflammation, the number of microglia 
migrating to the Aβ increases at about the same rate as AD worsens (Hickman et al., 2008). An 
increased risk of AD has been linked with mutations in microglia components, including the 
Triggering Receptor Expressed on Myeloid Cells 2 (TREM2), and with diseases with immune 
components, including cardiovascular diseases and diabetes (Heneka et al., 2018; Kinney et al., 
2018). 
  
These findings indicate that neuroinflammation and microglial activation may have a “dual-
function” or be a “double-edged sword.” Microglial activation begins by being neuroprotective 
but becomes neurodegenerative as microglia cease to function correctly (Hickman et al., 2008; 
Kinney et al., 2018). In addition, not only do Aβ induce chronic neuroinflammation and high 
levels of cytokine production, but neuroinflammation can also decrease Aβ clearance and 
increase Aβ production, indicating that neuroinflammation can both be a cause and an effect of 
AD. This continual cycle could also explain why there is a progressive worsening of the disease, 
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but it is not known if neuroinflammation is the earliest or only driving force behind Aβ 
overproduction (Newcombe et al., 2018). Decreasing neuroinflammation may be a plausible 
treatment to halt the progression of AD. The treatment needs to be timed correctly (treatment 
should occur during the late, harmful inflammation and not during the earlier, protective 
inflammation), or the treatment needs to prevent chronic neuroinflammation by targeting 
activated microglia to decrease pro-inflammatory cytokine expression but maintain Aβ 
phagocytosis (Hickman et al., 2008). 
  
Previous and current studies to treat neuroinflammation: Several treatments aimed at 
targeting neuroinflammation have been tested in clinical trials. Inflammatory drugs make up 
about 5 percent of the over 2100 trials that were focused on AD treatments (Liu et al., 2019). 
Nonsteroidal anti-inflammatory drugs (NSAIDs) have been studied in several trials because a 
link was found between long-term use in rheumatoid arthritis and decreased AD incidence. 
NSAIDs are believed to reduce pro-inflammatory factors in the microglia and systemically by 
suppressing cyclo-oxygenase 1 and 2 (COX-1 and COX-2) activity and activating peroxisome 
proliferator-activated receptor gamma (PPARγ) (Walters et al., 2016). NSAIDs decreased Aβ 
accumulation and increased cognition in mouse models (Ardura-Fabregat et al., 2017). One trial 
showed a decreased incidence of AD in cognitively normal people. However, when given to AD 
patients, several clinical trials showed no significant improvement in cognition and a higher 
incidence of side effects and death, especially with selective COX-2 inhibitors. NSAIDs might be 
inhibiting Aβ phagocytosis, which would explain why they were unsuccessful (Walters et al., 
2016). 
  
Three treatments targeting TNF-alpha, etanercept (a TNF-alpha inhibitor), thalidomide (a TNF-
alpha inhibitor), and infliximab (an anti-TNF-alpha antibody), have been used in early preclinical 
and clinical trials (Walters et al., 2016). Etanercept is a rheumatoid arthritis drug that, like 
NSAIDs, was linked to decreased AD incidence. Two studies with etanercept showed AD 
patients retained cognition, especially verbal learning and memory, and that the drug was safe; 
however, it should be noted that the sample sizes were small, the study was open-label, and 
one of the trials did not have a placebo group (Walters et al., 2016; Ardura-Fabregat et al., 
2017). Studies with etanercept have ceased because Pfizer believes that large clinical trials will 
be unsuccessful, partly because the drug will not cross the BBB and must be given through 
perispinal injections. However, some researchers and people in the media believe that studies 
ceased because Pfizer’s patent for etanercept is ending, so the company decided it would not 
be cost effective for them to continue (Walters et al., 2016; Rowland, The Washington Post, 
2019). Thalidomide demonstrated positive effects in mouse studies, with decreased Aβ 
plaques, decreased tau phosphorylation, and increased cognition (Walters et al., 2016). 
However, patients in early clinical trials had many side effects and no change in cognition, so 
trials ceased (Decourt et al., 2017). Infliximab is a drug approved for Crohn’s disease, ankylosing 
spondylitis, and rheumatoid arthritis. Studies in mouse models had positive results in terms of 
Aβ and tau pathology and cognition (Walters et al., 2016; Ardura-Fabregat et al., 2017). 
  
PPARγ agonists, a diabetes treatment, have been found to decrease neuroinflammation and Aβ 
along with increasing cognition in AD mouse models. Two PPARγ agonist drugs, pioglitazone 
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and rosiglitazone, have been used in trials targeting mild AD. Results have been both positive 
and negative in terms of incidence rates and cognitive decline, and trials are still in progress 
(Walters et al., 2016; Ardura-Fabregat et al., 2017). Other drugs, like cannabinoids, minocycline, 
nicergoline, and tyrosine kinase inhibitors, are also being studied in their abilities to decrease 
neuroinflammation and increase cognition in AD (Walters et al., 2016). 
 
Table 1: A summary of some of the previous and current drugs that have been studied to treat 
neuroinflammation (Parachikova et al., 2010; Olmos-Alonso et al., 2016; Walters et al., 2016; 
Decourt et al., 2017; Ardura-Fabregat et al., 2017).  

Drug Action Results 
NSAIDs Suppresses COX-1 

and COX-2, activates 
PPARγ 

In mice: Decreased Aβ accumulation, 
increased cognition 
In humans: decreased incidence of AD; did 
not improve cognition in AD patients 

Etanercept 
(rheumatoid arthritis 
treatment) 

TNF-alpha inhibitor 
(rheumatoid arthritis 
drug) 

In humans: two small studies indicated drug 
was safe and AD patients retained cognition 

Thalidomide TNF-alpha inhibitor In mice: decreased Aβ and tau pathology 
and neuroinflammation, increased cognition 
In humans: no change in cognition, many 
side effects 

Infliximab (Crohn’s 
disease, ankylosing 
spondylitis, and 
rheumatoid arthritis 
treatment) 

Anti-TNF-alpha 
antibody 

In mice: decreased Aβ and tau pathology 
and TNF-alpha, increased cognition 

Pioglitazone and 
rosiglitazone 
(diabetes treatments) 

PPARγ agonists In mice: decreased neuroinflammation, 
neurotoxicity, and Aβ, increased cognition 
In humans: small trials had positive results in 
mild AD patients; large trial indicated no 
change in cognition with rosiglitazone 
treatment 

Cannabinoids 
 

Activates CB2 
receptors, which may 
have higher 
expression in 
microglia activated 
by Aβ plaques 

In mice: decreased Aβ-caused 
neuroinflammation, possibly by activating 
PPARγ 
In humans: only behavioral effects have 
been studied in AD, not changes in cognition 

Minocycline Appears to target 
pro-inflammatory 
species produced by 
microglia 

In mice: decreased inflammatory species 
(including TNF-alpha, IL-1β, and iNOS) and 
Aβ pathology, increased cognition, no 
change in tau pathology 
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GW2580 Tyrosine kinase 
inhibitor and CSF1R 
inhibitor (prevents 
microglial 
proliferation) 

In mice: increased anti-inflammatory 
cytokines, increased memory, Aβ pathology 
not affected 

 
Chronic neuroinflammation, Aβ plaques, and NFTs appear to be highly connected, and carefully 
targeting neuroinflammation has a lot of promise to be a successful treatment strategy. A novel 
approach to targeting neuroinflammation in AD may be to modulate the protective axis of the 
Renin-Angiotensin System (RAS). 

Renin-Angiotensin System 

The Renin-Angiotensin System (RAS) is involved in many processes throughout the body. The 
original or “classical” view of the RAS is that it is a systemic or endocrine system that controls 
cardiovascular, circulatory, hemodynamic, and renal functions, specifically by regulating blood 
pressure, renal sodium homeostasis, and hydroelectrolyte and fluid balance (Lavoie et al., 2003; 
Zhuo et al., 2013; Sparks et al., 2014; Yang et al., 2017; Jackson et al., 2018; Santos et al., 2018). 
Dysfunction of the classical RAS can lead to cardiovascular diseases (like hypertension, cardiac 
hypertrophy, heart failure, atherosclerosis, myocardial infarction, and diabetes) and renal 
diseases (like nephropathy) (Brunner, 2007; Sparks et al., 2014). Drugs aimed at inhibiting or 
blocking the RAS are commonly used to control these diseases, especially hypertension 
(Brunner, 2007). 
  
Our knowledge of the RAS has expanded beyond this classical view, and the RAS has been 
found to influence most systems throughout the body (Sparks et al., 2014). Components of the 
RAS are not only expressed in the systemic circulation (called the “classical” RAS), but also in 
many tissues throughout the body (called the “local” RAS) (Jackson et al., 2018). RAS receptors 
and peptides are expressed in the brain, adrenal gland, kidney, heart, vasculature, adipose 
tissue, gonads, pancreas, and placenta, and the RAS is involved in inflammation and immune 
responses, oxidative stress, cellular growth and replication, cell survival and differentiation, 
longevity, and more (Lavoie et al., 2003; Brunner, 2007; Sparks et al., 2014; Yang et al., 2017; 
Jackson et al., 2018). Specifically in the brain, the RAS regulates inflammation through 
production of free radicals and expression of cytokines and chemokines (Labandeira-Garcia et 
al., 2018; Jackson et al., 2018; Satou et al., 2018; Gong et al., 2019; Abiodun et al., 2020). The 
role of the RAS in neuroinflammation will be discussed in depth later in this introduction. 
            
Several peptides and G protein-coupled receptors are involved in the modulation of the RAS 
(Lavoie et al., 2003). Many studies have found the receptors located on the cell surface; 
however, they have also been found to be expressed intracellularly in the mitochondria and 
nucleus, including in cells in the brain (Sparks et al., 2013; Jackson et al., 2018). The main 
receptors discussed in this paper are the Mas receptor (MasR), the angiotensin II type 1 
receptor (AT1R), and the angiotensin II type 2 receptor (AT2R). Other receptors have also been 



 13 

identified but have not been studied as extensively, such as Mas-related-G-protein coupled 
receptors (MRGPRs) and AT4R (Zhuo et al., 2013; Jackson et al., 2018).  
  
AT1R and AT2R: The original receptors to be associated with the RAS are the AT1R and AT2R 
receptors, with their native ligand angiotensin II (A-II). The peptide A-II is formed by cleaving 
angiotensinogen with the enzyme renin to form angiotensin I (A-I), which is then cleaved by the 
angiotensin-converting enzyme (ACE) to form A-II (Santos et al., 2018). A-II acts on both AT1R 
and AT2R; however, each receptor is connected to different signaling pathways which cause 
mainly opposite effects (Navar et al., 2011; Lavoie et al., 2013; Sparks et al., 2015). Both 
receptors have been found to be expressed in many different tissues, but they often have 
different expression levels (Lavoie et al., 2003). For example, AT1R has higher expression than 
AT2R in the endocrine tissues, liver, gallbladder, and adipose tissue, while AT2R has increased 
expression over AT1R in the lungs and muscle tissues (Uhlén et al., 2015). AT2R also has 
elevated expression during fetal development (Lavoie et al., 2003; Sparks et al., 2015). Both 
receptors have been found to be upregulated with disease; for example, increased 
inflammation and increased AT1R and AT2R expression have been seen together in activated 
microglia cells (Jackson et al., 2018). Increased ACE expression appears to be connected with 
AT1R agonism and disease, especially with vasoconstriction and in brain diseases, even though 
A-II can interact with both AT1R and AT2R (Jackson et al., 2018; Abiodun et al., 2020). 
  
Activation of the AT1R receptor (ACE/A-II/AT1R axis) causes vasoconstriction, inflammation, 
oxidative stress, and cell death (Lavoie et al., 2003; Sparks et al., 2013; Jackson et al., 2018). Its 
activation is linked to several signaling pathways, including: NADPH oxidase 2 and 4 (NOX2 and 
NOX4), which produce higher levels of reactive oxygen species (ROS) and cause oxidative stress 
and increased expression of pro-inflammatory cytokines; phospholipase C and inositol 
triphosphate (IP3), causing higher intracellular Ca2+ levels; the Janus kinase and signal 
transducer and activator of transcription activation (JAK/STAT) pathway; and activation of 
extracellular signal-regulated kinases (ERK) through β-arrestin-dependent pathways (Sparks et 
al., 2015; Jackson et al., 2018). Activation of the AT2R receptor (ACE/A-II/AT2R axis) produces 
vasodilation, natriuresis, decreased inflammation, antioxidant effects, cell survival, and synaptic 
maintenance; AT2R is part of what is commonly called the protective axis of the RAS (Lavoie et 
al., 2003; Jackson et al., 2018). Agonism of this receptor causes cell signaling in the following 
ways: increased production of bradykinin and cGMP; eNOS phosphorylation to increase nitric 
oxide; prevention of phospholipase D signaling; SHP-1/PP2A signaling to decrease STAT 
phosphorylation; ERK 1/2 phosphorylation through hydroxy-eicosatetraenoic acids (HETEs); 
decreased epoxyeicosatrienoic acid synthesis and NF-kB activation to reduce inflammation-
caused organ damage; reduced NOX-caused ROS; and increased expression of anti-
inflammatory cytokines and phagocytic receptors (Sparks et al., 2015; Jackson et al., 2020). 
  
MasR: Since the discovery of AT1R and AT2R, a third receptor has been discovered to play a 
major part in the RAS: MasR. MasR, like AT2R, is part of the protective axis of the RAS. Similar 
to AT2R, activation of MasR works opposite AT1R and mitigates many of its effects by causing 
increased vasodilation, decreased hypertension, increased antioxidant and anti-inflammatory 
outcomes, cell survival, and diuresis/natriuresis (Zhuo et al., 2013; Sparks et al., 2015; Jackson 
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et al., 2018). MasR is expressed in many tissues throughout the body, with higher levels in the 
brain, blood, reproductive tissues, bone marrow, lymph nodes, skeletal muscle, and skin (Uhlén 
et al., 2015). 
  
The native ligand of MasR is angiotensin (1-7), or A(1-7). A(1-7) is typically formed in the 
following process: angiotensinogen is cleaved by the enzyme renin to form A-I; A-I is cleaved by 
ACE to form A-II; A-II is cleaved by the angiotensin-converting enzyme 2 (ACE2) to form A(1-7). 
A(1-7) can also be formed from angiotensinogen by several other pathways with other 
enzymes; however, the process outlined above has the highest catalytic efficiency (Santos et al., 
2018). When A(1-7) was first discovered in 1968, it was believed to be only an output of the 
breakdown of A-I and A-II. However, in the late 1980s, several research groups found evidence 
that A(1-7) may be an important and active part of the RAS, but that idea was not widely 
recognized until it was shown to be formed by ACE2 in 2000 and that it binds and activates the 
MasR in 2003 (Santos et al., 2003; Santos et al., 2018). While A(1-7) acts mainly on MasR, the 
peptide has been also found to interact to a lesser degree on other receptors. A(1-7) can bind 
to the RAS receptors AT1R, AT2R, ACE, and Mas-related G-protein-coupled receptor member D 
(MRGD) (Deddish et al., 1998; Tom et al., 2001; Santos et al., 2003; De Souza et al., 2004; Rice 
et al., 2004; Castro et al., 2005; Walters et al., 2005; Verrilli et al., 2009; Galandrin et al., 2016; 
Tetzner et al., 2016; Teixeira et al., 2017). A(1-7) has some effects on the bradykinin B2 
receptor, but it is unclear how it interacts with it (Santos et al., 2018). 
  
A(1-7) acting on the MasR has been found to affect several protective signaling pathways, 
including: increasing production of NO and cGMP through AKT pathways; activating FOXO1, 
which produces antitumor effects; phosphorylating GSK-3β and AS160, important insulin 
regulators; blocking MAPK (ERK1/2, p38, and JNK) pathways; decreasing TGF- β /NFkB-induced 
inflammation; blocking ROS production caused by NOX activation; and promoting arachidonic 
acid, phospholipase A2, and prostaglandin E2 production and activity (Zhuo et al., 2013; Sparks 
et al., 2014; Santos et al., 2018; Burghi et al., 2019). 
  
RAS involvement in neuroinflammation: AT1R, AT2R, and MasR are all expressed in the brain. 
They have been specifically found on neurons, astrocytes, and microglia in several areas of the 
brain, including the hippocampus, cortex, and basal ganglia, which are all affected in dementia 
and AD. These receptors, like those expressed peripherally, are involved in cell survival and 
inflammation. They have also been found to be involved in cognition and synaptic health. 
Expression of each RAS receptor is highly connected to the other receptors. Any of the 
receptors can form heterodimers with each other, which typically leads to decreased AT1R 
activation. Increased ACE2 expression decreases AT1R expression, and vice versa (Jackson et al., 
2018). A(1-7) and A-II are expressed in the brain, but peripherally made ligands can also interact 
with RAS receptors in the brain where there is no BBB or where the BBB has broken down 
(Abiodun et al., 2020). AT1R and AT2R are not expressed in healthy, resting microglia, but their 
expression increases as microglia become activated and produce a pro-inflammatory response. 
MasR, however, is found in both resting and activated microglia, but previous studies have not 
measured whether its expression increases in activated microglia (Jackson et al., 2018). 
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RAS activity in the brain affects microglia polarization. AT1R agonism leads to NOX and toll-like 
receptor 4 (TLR4) activation, which causes microglial activation and produces pro-inflammatory 
species, including reactive oxygen species (ROS) and cytokines, leading to chronic 
neuroinflammation, cell death, and cognitive decline (Labandeira-Garcia et al., 2017; Jackson et 
al., 2018). Previous studies have shown that use of AT1R and ACE antagonists in microglia 
caused reduced ROS production, reduced pro-inflammatory cytokine expression, and increased 
phagocytosis (Jackson et al., 2018). TNF-alpha production is highly connected to AT1R and NOX 
activation, and use of AT1R antagonists decreased TNF-alpha expression in microglia cells. AT1R 
antagonists have also been found to activate PPARγ to decrease pro-inflammatory cytokine 
production (Labandeira-Garcia et al., 2017). Several studies have found a link between 
increased ACE expression in brain areas (including the hippocampus and frontal cortex) and AD, 
and based on brain autopsies, ACE expression appears to be directly related to the amount of 
Aβ plaques. Some of the commonly used RAS antihypertensives, ACE inhibitors (ACE-Is) and 
angiotensin receptor blockers (ARBs), have been studied in dementia and AD patients. It was 
found that RAS drugs that were able to cross the BBB would act on the brain’s RAS and cause 
increased cognition, decreased inflammation, and reduced Aβ plaques in some studies, 
especially in cases of early cognitive decline; however, a few studies did not find any change in 
cognition (Rygiel, 2016). Modulating the RAS has promise to be an effective AD treatment, as it 
has been shown to decrease pro-inflammatory cytokines while increasing phagocytosis of Aβ, 
which appear to be necessary to remove Aβ and other AD pathologies. 
  
Besides inhibiting AT1R activation, another potential way to treat AD by modulating RAS is to 
activate the protective axis, AT2R or MasR. Normally, increased activation of AT1R appears to 
cause increased AT2R and A(1-7) expression, most likely to counteract the inflammation caused 
by AT1R. However, this AT2R and A(1-7) compensatory expression does not appear to occur in 
aged patients and in dementia patients (Jackson et al., 2018). ACE2 expression has also been 
found to be decreased in AD, and it is inversely related with increased Aβ plaques and NFTs 
(Kehoe et al., 2016). Treatment with A(1-7) could therefore be a promising AD therapy to treat 
neuroinflammation. Some studies indicate that ACE-Is increase A(1-7) expression, and A(1-7) 
may also inhibit ACE in addition to acting on MasR, indicating that some of ACE-Is effects on 
cognition may be due to A(1-7) (Tom et al., 2003). In several regions and cell types in the brain, 
activating MasR or increasing ACE2 levels had many anti-inflammatory effects and was found to 
improve cognition and prevent cell death (Jackson et al., 2018). Specifically in microglia, A(1-7) 
appears to decrease the migration of activated microglia to sites of injury in ischemic stroke 
(Regenhardt et al., 2013). In rat primary microglia cells from the hypothalamus, A(1-7) 
decreased the expression of the pro-inflammatory cytokines IL-1β and TNF-alpha and increased 
the expression of the anti-inflammatory cytokine IL-10 (Liu et al., 2016). 
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Overview of Specific Aims 
Hypothesis: RAS receptors are involved in microglial activation, and RASRx1902, a small 
molecule orally bioavailable presumed MasR agonist, can reduce neuroinflammation by 
decreasing microglial activation. 
  
Specific Aim 1: Determine the relationship of hippocampal RAS receptor expression and 
microglial activation in a mouse model of AD. This aim was performed by using RT-qPCR to 
measure the expression of various hippocampal genes from mice who had undergone TAC 
surgery and were treated with saline, A(1-7), RASRx1902, or RASRx1911. Expression of RAS 
receptors and microglial activation markers were compared and correlated to each other and to 
cognitive data (Novel Object Recognition). 
  
Specific Aim 2: Determine if RASRx1902 can reduce neuroinflammation by decreasing 
microglial activation. This aim was tested by using HMC3 cells as a model of microglia. Because 
HMC3 cells are an immortalized cell line and are different from primary microglia, various 
stimuli were tested in the cells in order to determine which stimuli could consistently and 
significantly activate cells. Several antibodies for microglial activation markers were used to 
more fully characterize resting and activated HMC3 cells versus primary microglia. Activated 
HMC3 cells were treated with various concentrations of RASRx1902 and stained with microglial 
activation markers. 
  
Specific Aim 3: Create a cell line that overexpresses the Mas receptor to use in future 
signaling pathway experiments. We predict RASRx1902 interacts with the Mas receptor, but 
this will need to be confirmed. One way to study this is through signaling pathways. Creating a 
cell line that overexpresses the Mas receptor will make studying cell signaling easier. CHO-K1 
cells were used in this aim, because they typically produce high levels of protein. A HMC3 cell 
line that overexpress the Mas receptor is currently being created. 
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Specific Aim 1: RAS Receptor Expression in TAC Mice 
Hippocampus 

Introduction 

Sporadic/late-onset Alzheimer’s disease (LOAD) affects patients over age 65 (at an average age 
of 80) and constitutes the vast majority of AD cases. The cause of LOAD is unknown. Early-
onset/familial Alzheimer’s disease (FAD) is very rare, and symptoms begin around age 45 
(Masters et al., 2015). FAD appears to be caused by heritable autosomal dominant gene 
mutations that may be linked to amyloid-beta formation (with mutations in genes encoding the 
amyloid-precursor protein (APP) and presenilin 1/2 (PSEN1 and PSEN2)) and tau formation 
(with mutations in genes encoding tau, including MAPT) (Polanco et al., 2018). 
 
Besides humans, no animals have been found that develop AD. As a result, transgenic mouse 
models were developed to recapitulate the disease. These models contain one or more FAD-
related gene mutations, which cause the mice to acquire many symptoms of AD, including Aβ 
plaques, NFTs, and cognitive dysfunction, that seem to be very human-like (King, 2018). These 
transgenic mice have been used to study both FAD and LOAD, as symptoms, progression, 
biomarkers, and histology appear to be very similar between FAD and LOAD (Masters et al., 
2015; Polanco et al., 2018). Many drugs aimed at removing plaques from the brain have been 
tested in these mouse models, and many of the drugs have successfully removed plaques and 
improved cognition. However, when tried in humans, some drugs have removed plaques from 
the brain, but no drugs have been successful in improving cognition and memory (King, 2018). 
Up to 2019, 2173 clinical trials related to AD have been performed and only 4 drugs have been 
approved and are on the market today (Liu et al., 2019). This lack of translatability is believed to 
be due to biological differences between humans and the transgenic mice. Mice do not develop 
AD on their own, and most transgenic mouse models develop AD symptoms at a very young 
age. Some models develop cognitive dysfunction before Aβ plaques form (King, 2018). AD 
models are also mainly focused on development of Aβ plaques and NFTs, which are the primary 
hallmarks of AD that so far haven’t been proven to be the causes of AD. 
 
More recent studies are now indicating that LOAD is caused by a combination of a variety of 
genetic, lifestyle, health, and environmental factors, and as a result, these risk factors are 
beginning to become more widely used as a way to study AD as they might parallel human AD 
more fully. Genome-wide association studies (GWAS) have found many genes that are 
expressed at different frequencies in the population that appear to be associated with different 
levels of risk of developing AD, including APOE ε4 (Yamazaki et al., 2016). The NIH created the 
MODEL-AD consortium, with an aim to better model AD, especially LOAD, in mice by creating 
new transgenic mouse models with several AD risk factor genes found in the GWAS studies 
(Reardon, 2018; King, 2018). Lifestyle factors, like diet, physical activity, sleep, and education 
level, and health factors, like brain injury, vascular disease, and metabolic conditions, have 
been found to have possible associations with AD risk (Madore et al., 2020; Blennow et al., 
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2006; Wu et al., 2015; NIH, 2019). Many studies have found that inducing some of these risk 
factors in mice, sometimes in combination with a transgenic model, have led to AD-like 
symptoms. These mice might more closely imitate human LOAD than previous models used 
(Zyśk et al., 2019; Gao et al., 2013; Kimura et al., 2016; Rollins et al., 2019; Carnevale et al., 
2012b). 
 
In particular, vascular function is connected to the central nervous system (CNS). Vascular 
output fuels the CNS and helps preserve homeostasis (Carnevale et al., 2012b). AD was once 
thought to be non-vascular in origin, but cardiovascular risk factors, including 
hypercholesterolemia, atherosclerosis, coronary heart disease, and hypertension, have all 
found to be AD risk factors (Gentile et al., 2009; NIH, 2019). In particular, hypertension has 
been found to be a significant risk factor for not only Vascular Dementia, but AD (Carnevale et 
al., 2012b). Patients who have hypertension decades before AD symptoms begin have an 
increased probability of developing AD. Hypertensive patients also have higher levels of Aβ 
plaques and NFTs than non-hypertensive patients. Finally, both patients with AD and patients 
with hypertension have a similar decrease in cerebral blood flow (Farkas et al., 2000). 
 
Performing transverse aortic constriction or coarctation (TAC) surgery in mice is a model of 
hypertension. TAC surgery is performed by tying a suture “around the transverse aorta,” which 
“limits left ventricular (LV) outflow and thereby creating pressure overload in the LV.” This 
increased pressure causes heart hypertrophy, which briefly increases contractions, but 
ultimately causes heart failure (Richards et al., 2019; deAlmeida et al., 2010). This model has 
high surgery survival rates, high reproducibility, and progressively develops hypertension and 
heart failure over time (de Almeida et al., 2010). 
 
Mice who have TAC-induced hypertension have AD-like changes in the cortex and 
hippocampus. TAC mice have increased blood-brain barrier permeability in addition to 
increased levels and possible deposition of Aβ plaques into these areas of the brain by about 
four weeks post-surgery (Gentile et al., 2009; Carnevale et al., 2012b). TAC surgery also caused 
cognitive dysfunction in these mice, as measured by the Morris Water Maze (MWM) and Novel 
Object Recognition (NOR) tests (Carnevale et al., 2012b). 
 
Some evidence indicates that inflammation might be the connection between hypertension and 
AD, as inflammation is a common trait of both. Hypertension alters blood flow throughout the 
body, which may affect the neurovascular unit and activate microglia. This hypothesis was 
tested in TAC mice, and microglial activation (measured by CD68 and Iba-1) was increased in 
the hippocampus and cortex even before Aβ plaques appeared and remained amplified after 
significant levels of Aβ plaques formed. However, they were not able to establish whether 
microglia had a causal relationship in Aβ plaque formation (Carnevale et al., 2012a). 
 
Previously, our lab performed TAC surgery on mice, in addition to a sham surgery. TAC mice 
were treated S.Q. daily with saline, the Mas receptor agonist A(1-7), or one of the small 
molecule Mas agonists RASRx1902 or RASRx1911 starting one week after surgery, with the goal 
of increasing cognition and decreasing neuroinflammation. NOR was performed eight weeks 
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post-surgery, and necropsy occurred 12 weeks after surgery. NOR data revealed significant 
cognitive improvement with RASRx1902 and RASRx1911 treatment compared to saline, with no 
change with A(1-7) treatment (figure 1-1A). A single-cell suspension was obtained from the 
brain at necropsy and stained for several pro- and anti-inflammatory cytokines before being 
measured with flow cytometry. Pro-inflammatory cytokines, including IFN-gamma, TNF-alpha, 
IL-6, and IL-1β, were decreased in TAC mice treated with Mas agonists, compared to saline-
treated TAC mice. There was no difference between sham surgery and saline-treated TAC 
surgery mice, possibly due to increased inflammation from the sham surgery (figure 1-1B). 
There was also a decrease in anti-inflammatory cytokines, including IL-4, IL-5, and IL-10, in 
RASRx1902- and RASRx1911-treated mice compared to saline-treated TAC mice and sham 
surgery mice (figure 1-1C). Overall, the small molecule Mas agonists were successful in 
decreasing neuroinflammation and improving cognition as measured by cytokine levels and 
NOR. 
 

 
Figure 1-1: Laboratory data (unpublished). Measurement of cognition and neuroinflammatory 
cytokines of sham mice and TAC mice treated with saline, A(1-7), RASRx1902, or RASRx1911. (A) 
NOR scores. (B) Pro-inflammatory cytokines. (C) Anti-inflammatory cytokines. 
Mean with SEM. Two-tailed unpaired t test compared to saline: * P < 0.05, ** P < 0.01, *** P < 
0.001, **** P < 0.0001 
 
Because mice were given daily treatments of the Mas agonists for eleven weeks, there was 
concern that the agonists may have caused the MasR to internalize and downregulate. The 
MasR has been found to internalize upon addition of A(1-7) in a cell line (Gironacci et al., 2011). 
Our hypothesis in this experiment was that A(1-7), RASRx1902, and RASRx1911 would not 
affect MasR expression because treatment was given only once a day and we expected the 
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treatments would be metabolized before they would cause MasR internalization. To test this, 
reverse-transcriptase, real-time quantitative polymerase chain reaction (RT-qPCR) was 
performed to measure the expression of the MasR in the hippocampus of sham and TAC mice 
from each treatment group. The hippocampus was chosen as it is a brain region that is 
consistently affected in AD; also, changes in neuroinflammation in the hippocampus have been 
seen in previous studies (Carnevale et al., 2012a; Drew et al., 2018; Alzheimer’s Association, 
2020). We were also interested in measuring changes in expression of all of the RAS receptors 
(Mas1, At1r, and At2r) to see if the modulation in neuroinflammation from the different 
treatments affected the expression of these pro- and anti-inflammatory receptors. Expression 
of the MasR has been shown to be increased in several injury states, but it has not been studied 
in AD (Silveira et al., 2010; Jadhav et al., 2013; Jarajapu et al., 2013; Lu et al., 2013; Forte et al., 
2016; Chang et al., 2018; and Foulquier et al., 2019). At1r has two homologs in mice, At1r-1a 
and At1r-1b, which were both measured (Herrera et al., 2013). Finally, we also measured 
markers of microglial activation, Cd68 and Mhc-ii, to look for changes in neuroinflammation 
specifically from microglial activation among the treatment groups, in addition to looking for a 
connection between microglial activation and receptor expression. Human CD68 and MHC-II 
are both upregulated in AD (Hopperton et al., 2018). In humans, CD68 is expressed in activated 
microglia involved in phagocytosis. MHC-II is a protein involved in antigen presentation to 
helper T-cells, and it appears to more associated with chronically active microglia and is 
expressed in microglia surrounding Aβ plaques. Both have been found to have increased 
expression in activated microglia cells and can be found in several microglia phenotypes; 
however, they are not often co-expressed, so both were measured in this study (Hendrickx et 
al., 2017; Hopperton et al., 2018). This expression data was also analyzed with the NOR 
obtained in the study, to ultimately look for relationships among RAS receptor expression, 
microglial activation, and cognition. We ultimately wanted to learn if RAS receptor expression 
correlates to microglial activation and disease severity. 
 
The TAC surgery, treatment of mice, NOR data collection and analysis, necropsy, RNA extraction 
and purification, and RNA sequencing were executed by members of the Rodgers lab. They 
graciously let me use their RNA samples in the following RT-qPCR experiments, along with using 
the NOR scores, RNA-seq data, and RNA-seq analysis program as part of my analysis. 

Materials and Methods 

TAC mice: surgery, treatment, NOR, and necropsy: TAC surgery was performed as outlined in 
deAlmedia et al., 2010 and Carnevale et al., 2012a using a 27-gauge needle and 7.0 nylon 
suture to ligate the aorta. 24 mice underwent TAC surgery. 6 mice underwent sham surgery, 
which was an identical surgery but without aorta ligation. One week after surgery, TAC mice 
were treated S.Q. daily with saline, 0.5 mg/kg A(1-7), 2 mg/kg RASRx1902, or 2 mg/kg 
RASRx1911 (n = 6 per group). NOR was performed 8 weeks post-surgery, and NOR scores were 
calculated by dividing the time spent exploring the novel object by the time exploring both the 
novel and familiar objects. Animals were euthanized 12 weeks post-surgery. The brains were 
removed, and the hippocampus was isolated. They were snap frozen using liquid nitrogen and 
stored at -80 oC until RNA extraction.  
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RNA extraction and purification: The following protocol was obtained from Shang et al., 2020. 
50 to 100 µL of RNase-free silicon beads were added to 50 to 100 mg of frozen brain tissue. To 
every 20 to 30 mg of tissue, 0.5 to 0.6 mL TRIzol Reagent (Invitrogen 15596026) was added, and 
the tissues were homogenized with The Bullet Blender. TRIzol was added to the lysed tissue and 
incubated for 5 minutes at room temperature. For every 0.5 mL TRIzol, 0.1 mL chloroform was 
added, and the tubes were shaken for 15 seconds before incubating 2 to 3 minutes at room 
temperature. The tubes were centrifuged at 12,000 xg for 15 minutes at 4 oC, and the top phase 
of each sample was moved to new tubes. A 1:1 ratio of 70% ethanol was added, the sample was 
mixed, and the sample was moved to a spin cartridge. The following steps were performed 
using the PureLink RNA Mini Kit (Invitrogen 12183020) and PureLink DNase (Invitrogen 
12185010). The samples in the spin cartridges were centrifuged at 12,000 xg for 15 seconds at 
room temperature, and the flow-through was discarded. 350 uL of Wash Buffer I was added 
onto the Spin Cartridge and the sample was centrifuged at the same parameters. The Spin 
Cartridge was put into a new Collection Tube. The PureLink DNase mixture was made by 
adding, for each sample, 8 µL of 10x DNase I Reaction, 10 µL of Resuspended DNase, and 62 µL 
of RNase Free Water. 80 µL of the PureLink DNase mixture was added onto the Spin Cartridge 
and incubated for 15 minutes at room temperature. 350 µL Wash Buffer I was added onto the 
Spin Cartridge and the sample was centrifuged at the same parameters as above. The Spin 
Cartridge was put onto a new Collection Tube. 500 µL of Wash Buffer II with ethanol was then 
added onto the Spin Cartridge, which was again centrifuged at the same parameters. Wash 
Buffer II was added a second time and centrifuged again. The Spin Cartridge was centrifuged at 
12,000 xg for 1 minute at room temperature to dry the membrane. The Spin Cartridge was put 
onto a RNase-free tube. RNase-free water was added to the Spin Cartridge (30 to 50 µL for 30 
to 50 mg tissue, or 80 to 100 µL water for 50 to 100 mg tissue) and incubated for 1 minute at 
room temperature. The sample was centrifuged at 12,000 xg for 2 minutes. RNA concentration 
was found using a Nanodrop. 
 
RT-qPCR sample and plate preparation: Samples were prepared using the Verso SYBR Green 1-
Step qRT-PCR Low ROX Kit (Thermo Scientific AB4106). The following methods were adapted 
from the kit documentation. Primers used are listed under Primer design and sequences. Table 
1-1 is the sample preparation for one well or replicate. Samples were kept cold during 
preparation. After loading the samples into the 96-well plates (Genesee Scientific 24-301W), 
the plates were covered with an airtight seal with ThermalSeal RTS Sealing Films (Excel 
Scientific TSS-RTQ-100). Plates were centrifuged at 1000 RPM for 3 minutes at 4 oC to remove 
bubbles and to make sure the entire sample was in the bottom of the well. Plates were either 
immediately ran on the QuantStudio 6 Flex instrument or stored at -20 oC until they could be 
run. 
 
Table 1-1: RT-qPCR sample preparation for one well/replicate. 

 Volume or amount 
Verso Enzyme Mix 0.25 µL 
2X 1-Step qPCR SYBR Low ROX Mix 12.5 µL (1X final concentration) 
RT Enhancer 1.25 µL 
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Forward primer (1 uM) 5 µL (200 nM final concentration) 
Reverse primer (1 uM) 5 µL (200 nM final concentration) 
RNA 100 ng 
Water, nuclease-free Up to 25 µL 
Total Volume 25 µL 

 
Sample preparation was scaled up for the assay as follows: Each sample/gene pair were run in 
triplicate. For each sample, the volumes of Verso Enzyme Mix, 2X 1-Step qPCR SYBR Low ROX 
Mix, RT-Enhancer, RNA, and water from table 1-1 were multiplied by the number of wells to be 
ran plus 1, and combined. 45 µL of the mixture was aliquoted out to several tubes (one tube for 
each primer set), and 15 uL of each of the appropriate primers (forward and reverse) were 
added to the respective tubes. The mixtures were aliquoted out into wells in the plates (23 µL 
per well). 
 
No enzyme controls (NEC) were ran by preparing samples the same as above, except removing 
Verso Enzyme Mix and RT Enhancer. Extra water was added to a final volume of 25 µL. No 
template controls (NTC) were set up the same as above, except removing RNA and adding extra 
water to a final volume of 25 µL. 
 
Primer design and sequences: Mouse primer sequences that were tested are shown in tables 1-
2 and 1-3. Primers chosen to be used in the assay are bolded. Primers were ordered through 
ThermoFisher (A15611 or A15612), except for Mas1_6, which was ordered from Integrated 
DNA Technologies. The wet primers were 100 µM. The dry primers were reconstituted with 
nuclease-free water to a concentration of 100 µM. All primers were diluted 1:100 in nuclease-
free water to 1 µM. 
 
All primers were validated by running the sequences against the mouse genome with the NCBI 
Nucleotide Blast tool to verify that the primers would not amplify any mRNA sequences besides 
the desired genes. The primers were also tested by evaluating amplification plots (low standard 
deviation between replicates), threshold cycle (Ct) values (more than 30 cycles was considered 
low or no expression), and melting curves (clean, one peak) obtained in RT-qPCR experiments. 
Multiple primers were designed for some genes (i.e. Mas1) because not all primers passed 
validation testing. The analyses are discussed in more detail in the results and discussion 
sections.  
 
Table 1-2: Housekeeping primers tested in primer validation. Primers chosen to be used in the 
assay are bolded. 

Gene Primer sequences (5’-3’) Amplicon 
length (bp) 

%GC 
content 

Ywhaz* 
 

F: TAGGTCATCGTGGAGGGTCG 
R: GAAGCATTGGGGATCAAGAACTT 

165  60 
44 

Gus* F: CCGACCTCTCGAACAACCG 
R: GCTTCCCGTTCATACCACACC 

169  63 
57 
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Gapdh† F: ACAACTTTGGCATTGTGGAA 
R: GATGCAGGGATGATGTTCTG 

133  40 
50 

The primer sequences were obtained from the following sources: 
* Xu et al., 2018. 
† Jadhav et al., 2013. 
 
Table 1-3: Primers tested in primer validation. Primers chosen to be used in the assay are 
bolded. 

Gene Primer set 
number 

Primer sequences (5’-3’) Amplicon 
length (bp) 

%GC 
content 

Mas1 
ID: 17171 
NM_008552 

1† F: AGGGTGACTGACTGAGTTTGG 
R: GAAGGTAAGAGGACAGGAGC 

174 
456-629 

52 
55 

2‡ F: CGGTCTACATTACCCACTTGTC 
R: CCCGTGTTGTAGCCAAATAGA 

157 
1142-1298 

50 
48 

3‡ F: GGGTGTAGAGCAGTGACATTTA 
R: GCATCCAGGAGATAGTGGAATC 

124 
3826-3949 

45 
50 

4‡ F: AGGAACGGGCATGTTTAAGG 
R: GGTGGCATCGTTAGTCAGTTAG 

161 
660-820 

50 
50 

5‡ F: CTGAAGGAACAGGACGGAGG 
R: CAGGAATTCCAGCCCACACT 

126 
188-313 

60 
55 

6§ IDT proprietary sequence  Exon 2-3 
 

 

At1r-1a/Agtr1a 
ID: 11607 
NM_177322 

1† F: GGAAACAGCTTGGTGGTGAT 
R: ACATAGGTGATTGCCGAAGG 

171 50 
50 

2‡ F: GTCAGGAGCTGGATGGATTT 
R: GGGAACTGAGCAGAACAAGTA 

162 50 
48 

3‡ F: GAGACCAACTCAACCCAGAAA 
R: GTAGATGACGATCACCACCAAG 

189 48 
50 

At1r-1b/Agtr1b 
ID: 11608 
NM_175086 

1† F: TACGCCAAGGAATGATGACA 
R: GTCCACTACGTCCGCAATTT 

151 45 
50 

At1r 
(amplifies both 
types) 

1† F: GTGTTCCTGCTCACGTGTCT 
R: GATGATGCAGGTGACTTTGG 

1a: 108 
1b: 108 

55 
50 

At2r/Agtr2 
ID: 11609 
NM_007429 

1† F: GAAGCTCCGCAGTGTGTTTA 
R: TGGCTAGGCTGATTACATGC 

147 50 
50 

Cd68 
ID: 12514 
NM_001291058 

1¶ F: ACTTCGGGCCATGTTTCTCT 
R: GCTGGTAGGTTGATTGTCGT 

138 50 
50 

2# F: CCAATTCAGGGTGGAAGAAA 
R: TTGCATTTCCACAGCAGAAG 

301 45 
45 

Mhc-ii/H2-Ab1 
ID: 14961 

1‡ F: GTGTGCAGACACAACTACGA 
R: CTTTGATCTTGGCTGGGTAGAA 

157 50 
46 
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NM_207105 2‡ F: AGACGCCGAGTACTGGAA 
R: AGAGTGTTGTGGTGGTTGAG 

180 56 
50 

The primer sequences were designed or obtained from the following sources: 
† Jadhav et al., 2013. 
‡ Designed with the PrimerQuest Tool (Integrated DNA Technologies) using NCBI mouse mRNA 
sequences. 
§ PrimeTime Predesigned qPCR Assay (Integrated DNA Technologies, Assay ID: 
Mm.PT.58.21948507, qPCR primers (intercalating dyes, primers only)). 
¶ Volat et al., 2012. 
# Li et al., 2013. 
 
RT-qPCR QuantStudio 6 Flex instrument setup: The QuantStudio 6 Flex instrument (Applied 
Biosystems 4485692) with the QuantStudio Real-Time PCR Software v1.3 were used to run the 
RT-qPCR experiments. The plates were run using the Fast 96-well Block (Applied Biosystems 
4453544). The targets (primers) and samples were defined (with SYBR Green as the reporter 
and ROX as the passive reference) and assigned to wells on the plates, and the run method was 
set up with 25 µL reaction volume and the thermal cycling and melting curve programs outlined 
below (tables 1-4 and 1-5). 
 
RT-qPCR thermal cycling and melting curve programs: These programs were adapted from the 
Thermo Scientific Verso SYBR Green 1-Step qRT-PCR Low ROX Kit documentation and from the 
QuantStudio software melting curve program. An annealing temperature of 60 oC was tested 
and found to be ideal. Primers designed with the IDT PrimerQuest Tool were designed to have a 
melting temperature (Tm) of 62 oC. Documentation that came with the ordered primers 
included experimentally found primer melting points, which indicated Tms that were in the 
range from 50 to 65 oC. Other annealing temperatures (53, 55, 57.5 oC) were tested with several 
samples and primers, but 60 oC worked consistently well with all samples and primers. 
 
Table 1-4: Thermal cycling program for QuantStudio 6 Flex instrument. 

 Temperature (oC) Time Number of cycles 
cDNA Synthesis 50 15 minutes 1 
Thermo-Start activation 95 15 minutes 1 
Denaturation 95 15 seconds  

40 Annealing 60 30 seconds 
Extension 72 30 seconds* 

* Thermo-Start DNA Polymerase will extend DNA at about 1000 base pairs per minute, so an 
extension time of 30 seconds more than allows for complete extension of the DNA as all 
amplicon lengths were between 124 and 301 base pairs. 
 
Table 1-5: Melting curve program. The default melting curve program on the QuantStudio 6 Flex 
was used as follows. 

Step Ramp rate (oC/s) Temperature (oC) Time 
1 1.6 95 30 seconds 
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2 1.6 60* 1 minute 
3 (Dissociation) 0.05 95 15 seconds 

* The temperature for step 2 was set the same as the annealing temperature in the 
thermocycling program. 
 
Relative reaction efficiencies: RT-qPCR experiments were run with three RNA amounts (50 ng, 
100 ng, and 200 ng) of the sample C11-5 with the primers. The samples, plate, and QuantStudio 
6 Flex were set up according to the methods above. The Ct value of each gene was subtracted 
by the Ct value of Gapdh (resulting in a ΔCt value). Each ΔCt value was plotted against the 
amount of RNA, and slope and R2 values were calculated. It was determined that the reactions 
for each gene were efficient and no corrections needed to be made when calculating fold 
change values. 
 
Calculations and data analysis: Baselines were adjusted automatically by the QuantStudio 
RealTime Flex software v1.3, and the threshold was set at a Delta Rn of 1.5. The threshold was 
set at 1.5 because all samples were in the log-linear phase of the curve at this delta Rn value 
(Caraguel et al., 2011). Threshold cycle (Ct) values were exported from the software. The 
average Ct value of the replicates for each sample/gene pair was used for calculating the fold 
change of the gene. If a sample/gene pair had a replicate that was an outlier (defined as a 
replicate that caused the standard deviation to be greater than 0.200), that replicate was 
usually excluded from the average. Fold change was first calculated as follows: 
 

∆𝐶𝑡 = 𝐶𝑡!"# − 𝐶𝑡$%  
∆∆𝐶𝑡 = ∆𝐶𝑡&'()&(* −	∆𝐶𝑡+,)-	,)01	 

𝐹𝑜𝑙𝑑	𝑐ℎ𝑎𝑛𝑔𝑒 = 22∆∆4& 
 
Delta Ct values (∆𝐶𝑡) were calculated by subtracting the Ct value of each gene of interest 
(𝐶𝑡!"#) by the Ct value of the housekeeping gene for that sample (𝐶𝑡$%). Delta delta Ct values 
(∆∆𝐶𝑡) were initially calculated by subtracting the delta Ct value of each treated sample 
(∆𝐶𝑡&'()&(*) by the average delta Ct value of the untreated sample (∆𝐶𝑡+,)-,)01). However, 
because the QuantStudio 6 Flex instrument was found to be out of calibration, the ∆∆𝐶𝑡 was 
calculated in the following results by subtracting each ∆𝐶𝑡&'()&(*  by the ∆𝐶𝑡+,)- on the same 
plate (there was low variation among samples on the same plate, and higher variation among 
samples among plates). The fold change (22∆∆4&) was calculated to find the relative expression 
of each gene in the treated mice versus the untreated or sham mice. 
 
RNA sequencing analysis: RNA sequencing (RNA-seq) data was previously obtained by the lab 
using the same hippocampal RNA samples that were used for the RT-qPCR experiments. The 
data was analyzed in this study with a program designed by Jason Giles, which used Salmon 
(Patro et al., 2017) and mouse cDNA and ncDNA files from Ensembl (Yates et al., 2020) to 
measure the relative abundance of transcripts in transcripts per million (TPM) for genes of each 
mouse. 
 



 26 

Statistics for RT-qPCR and RNA-seq data: Fold change values (for RT-qPCR data) and relative 
abundance (for RNA-seq data) of each receptor in each treatment group were averaged. 
Significance testing among groups was performed using unpaired two-tailed t tests using 
GraphPad Prism version 8.0.2 for Mac OS X. Simple linear regression of the correlation plots 
was performed with GraphPad Prism version 8.0.2 and MathWorks MATLAB R2019b for Mac OS 
X. Significance level was considered 5%. Bar plots show the mean +/- standard error of the 
mean (SEM), and correlation plots show the best-fit linear regression line with 95% confidence 
interval bounds. 

Results 

RT-qPCR validation of housekeeping genes and primers: Three potential housekeeping genes 
(table 1-2) were tested to make sure they had stable, high expression among the different 
treatment groups. In addition, the primers selected from the housekeeping genes were tested 
to make sure they did not bind to any other sequences besides the housekeeping genes. 
 
The primers were run through the NCBI Nucleotide Blast against the mouse genome to ensure 
that the primers would not amplify any sequence except the respective housekeeping gene. 
The primers were then run with one sample from each treatment group with RT-qPCR. The 
resulting amplification curves, Ct values, and melting curves were analyzed. The amplification 
curves and Ct values of Ywhaz and Gapdh indicated higher expression of these genes, while Gus 
was expressed at a much lower amount, which might be too low for experiments because fold 
change calculations require housekeeping genes to have higher expression than experimental 
genes (figure 1-2A). The melting curves of Ywhaz and Gapdh only had one peak, indicating that 
the primers only bound to the respective housekeeping genes. The melting curve of Gus, 
however, had a few smaller peaks in addition to the main peak, so the primers either bound to 
other gene sequences or formed a primer dimer (figure 1-2B). Because the expression of 
housekeeping genes should be relatively the same throughout the treatment groups, the 
standard deviation of the Ct values for each housekeeping gene among one sample from each 
treatment group was calculated (table 1-6). The standard deviation of all of the genes among 
the samples were low, but Gus had one treatment group that had different expression than the 
others. Because of the low expression, melting curve, and differing expression among 
treatment groups, Gus was not used as a housekeeping gene for this study. Gapdh and Ywhaz 
both appeared to be suitable housekeeping gene options, but Gapdh was used as the 
housekeeping gene for the assay. 
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Figure 1-2: Primer validation of potential housekeeping genes, Ywhaz, Gapdh, and Gus. (A) 
Amplification plots and (B) melting curves of the genes among one sample from each treatment 
group. 
 
Table 1-6: Ct values of the three housekeeping genes ran on one plate with one sample from 
each treatment group. The mean and standard deviation of the Ct values of the treatment 
groups are shown. Samples were all ran on one plate. 

Gene Sham-1 Saline-1 A(1-7)-2 1902-1 1911-1 Ct Mean Ct SD 

Ywhaz 17.258 17.495 17.268 17.049 16.901 17.194 0.228 

Gapdh 19.395 19.192 18.881 18.966 19.390 19.165 0.237 

Gus 26.602 26.745 27.439 26.944 26.761 26.898 0.326 

 
RT-qPCR primer validation of genes of interest: Several primers, listed in table 1-3, were tested 
and validated as to whether they would accurately measure the expression of each gene. All 
primers were first run through the NCBI Nucleotide Blast against the mouse genome to ensure 
that they would bind to and amplify only the gene of interest. The primers were then run with 
several samples to verify consistent amplification curves among replicates and clean melting 
curves (indicating they only bound to the sequence of interest and no primer dimers formed).  
 
Primers for Mas1 went through several iterations, but Mas1_2 primers were determined to be 
the best set of primers that were obtained because they amplified a region in the coding region 
of the gene, had low variation in amplification curves among replicates, and had clean melting 
curves (figure 1-3). 
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Figure 1-3: Validation of potential Mas1 primers. (A) Amplification plots and (B) melting curves 
of potential primers 1 through 6. 
 
Several primers were tested for At1r-1a, and the primer set At1r-1a_1 was found to have low 
variation among the replicates and clean melting curves (figure 1-4). Only the primer set At1r-
1a_1 amplified a sequence within the coding region of the gene. 
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Figure 1-4: Validation of potential At1r-1a primers. (A) Amplification plots and (B) melting 
curves of the potential primers. 
 
Primers for At1r-1b and At2r were verified by checking for consistent expression among 
replicates and clean melting curves (figure 1-5). The primers that were initially obtained were 
found to be suitable, so no other primers were tested. 
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Figure 1-5: At1r-1a and At2r primer validation. Amplification plot and melting curves of (A) At1r-
1b and (B) At2r primers. 
 
A primer set that amplified regions in both the At1r-1a and At1r-1b genes was tested, but 
ultimately primers that targeted each gene individually were used in order to measure the 
expression of each gene separately (data not shown). 
 
Several primers were also tested for the microglial activation markers, Cd68 and Mhc-ii, and 
Cd68_1 and Mhcii_2 were used for subsequent experiments. Cd68_1 had a more consistent 
and lower Ct value than Cd68_2, in addition to having a cleaner melting curve (figure 1-6). 
Mhcii_1 and Mhcii_2 both had about the same Ct value, but Mhcii_2 had a cleaner melting 
curve (figure 1-7). 
 

 
Figure 1-6: Validation of potential Cd68 primers. (A) Amplification plots and (B) melting curves 
of potential primers. 
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Figure 1-7: Validation of Mhc-ii primers. (A) Amplification plots and (B) melting curves of 
potential primers. 
 
No transcript control (NTC) experiments were performed to ensure that the primers and 
reaction mixes were free of contamination and the primers did not form primer dimers (figure 
1-8A). Most reactions showed no contamination or primer dimers. Mas1_2 and Gapdh both had 
a small amount of amplification, but the Ct values were 35 or greater so it was considered to be 
random, nonspecific amplification. NTC experiments were ran periodically to ensure no 
contamination was introduced. No enzyme control (NEC) experiments using Gapdh primers 
were used to measure genomic DNA contamination in the samples. The resulting amplification 
curves had Ct values above 30, and so the samples were considered to have very little to no 
DNA contamination (figure 1-8B). Reaction efficiency experiments were run to ensure that the 
housekeeping gene and each gene of interest had the same efficiency. This was critical to know, 
as the fold change calculations rely on the idea that as the amount of RNA in a sample 
increases, the Ct values of the housekeeping gene and each gene of interest will decrease to 
the same amount, yielding the same ΔCt value regardless of the amount of RNA (ThermoFisher: 
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Real-time PCR handbook). When plotting the ΔCt values against the amount of RNA in the run, 
it was found that the resulting curves were very linear and had slopes less than 0.02, which 
were close enough to zero to consider that reaction efficiencies were equal between Gapdh 
and each of the genes of interest (figure 1-8C and 1-8D). 
 

 
Figure 1-8: Control experiments for RT-qPCR experiments. (A) No template control (NTC) 
experiments for each primer set. (B) No enzyme control (NEC) experiments using Gapdh primers 
for the RNA samples. NEC experiments were run all samples, but only some are shown. (C) 
Primer efficiency plots, ΔCt values versus RNA amount, for sample C11-5. (D) Slopes and R2 
values of primer efficiency plots. 
 
When comparing samples in the same treatment groups, there appeared to be a lot of variation 
among ΔCt values of each gene. For example, in the saline-treated group, ΔCt values of the 
Mas1 gene (CtMas1 – CtGapdh) ranged from 0.8358 to 3.9382, with a standard deviation of 1.4205. 
Different gene expression among the animals in the same treatment groups may have been due 
to differences in animals; while theoretically performed the same, the surgeries were 
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performed different in each mouse, and each mouse had a different response to the surgery. 
However, there was some concern over the performance of the QuantStudio 6 Flex instrument. 
It was discovered after all runs had been performed that the instrument was long overdue for 
calibration. It appeared that there was less variation among samples that were run on the same 
plate, and more variation when samples were compared across plates. To test this observation, 
the saline-treated group samples were run on the same plate with the Mas1 and Gapdh primers 
(figure 1-9). When compared to the ΔCt values of the same samples ran previously (which were 
ran on separate plates), the ΔCt values appeared to be very different. The standard deviation of 
the ΔCt values of the saline samples ran on the same plate was 0.1901, which was much smaller 
than the standard deviation of the samples ran on separate plates (1.4205). Statistically, the 
ΔCt values of the samples ran on one plate versus different plates were not significantly 
different; however, there still appeared to be a problem with the calibration. The best way to 
correct for this would be to calibrate the QuantStudio instrument and rerun the RT-qPCR 
samples. However, because the samples were unable to be rerun at the current time, an 
attempt to correct for the calibration errors was made. The calibration appeared to measure 
samples ran on separate plates different, but measured samples on the same plate the same. 
Instead of calculating the fold change using the average ΔCt value of the sham samples as the 
comparator, the sham sample on each plate was used as the comparator of the samples on that 
plate. The resulting fold change values had a lot of variation in the groups, probably due to the 
differences of the individual sham mice used for calculations, and also the fact that the 
calculations were imperfect due to the calibration issues. It was hypothesized that rerunning 
this data on a calibrated instrument would produce similar results with lower variances. The RT-
qPCR data was also compared to RNA-seq data previously collected in the lab to test whether 
the results obtained and calculated were accurate. 
 

 
Figure 1-9: Comparison of ΔCt (Mas1_2 – Gapdh) values of saline treatment group samples run 
on one plate or on five different plates (saline-2 and saline-4 were run on the same plate). (A) 
Plot of ΔCt values. Mean with SEM. Two-tailed unpaired t test: no significance. (B) ΔCt values of 
each sample. Mean and standard deviation of ΔCt values ran on one plate versus different 
plates. 
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RT-qPCR gene expression of RAS receptors: From the RT-qPCR results, RAS receptor expression 
was found by calculating the fold change expression of genes of the mice treated with saline, 
A(1-7), RASRx1902, and RASRx1911, compared to mice that underwent sham surgery (figure 1-
10). According to what was found about plate to plate variation due to lack of instrument 
calibration, each treatment sample was compared to the sham sample run on the same plate in 
order to attempt to correct for the variation. The results indicated that there was no significant 
decrease in expression of the MasR or any of the other receptors with treatment, indicating 
that A(1-7), RASRx1902, and RASRx1911 did not cause the receptors to down-regulate. 
However, there was a lot of variation among mice in the same treatment groups, so very few 
treatment groups showed significant changes in any receptor expressions. Only At1r-1a 
expression was significantly increased in A(1-7)-treated mice and RASRx1911-treated mice, 
compared to sham. Some of the groups appeared to have higher receptor expression compared 
to sham that was not significant; for example, saline-treated mice appeared to have somewhat 
increased MasR expression. 
 

 
Figure 1-10: RAS receptor expression (fold change values, from RT-qPCR experiments) among 
treatment groups, compared to the sham group. N = 6 per group. Mean with SEM. Two-tailed 
unpaired t test compared to sham of the respective receptor: * P < 0.05 
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Because of the high variation in expression among the mice, the expression levels of the 
receptors of individual mice (fold change compared to sham) were compared to try to more 
fully understand what was going on with the system (figure 1-11). A correlation was found 
between At1r-1b and Mas1 expression; as an individual mouse’s At1r-1b expression increased, 
its Mas1 expression level also appeared to increase (figure 1-11A). This had a fairly high R2 
value, and its p-value indicated it was significant. This relationship could indicate that the 
expression of these two genes are highly connected to each other in this disease state. It could 
also mean that when the pro-inflammatory At1r-1b expression increases in surgery and disease, 
the anti-inflammatory MasR expression may increase in response to fight that inflammation.  
However, more experiments would need to be performed to test this hypothesis, because the 
correlation data does not give any evidence of a cause/effect relationship. When the other RAS 
receptors were compared, there was a small amount of correlation seen. However, while the p-
values were significant, the R2 values were low (figure 1-11B, 1-11C, 1-11D, 1-11E, and 1-11F). 
This indicated that the relationship in expression was specific to the At1r-1b and Mas1 genes. 
The connection was not seen with the other RAS receptors, even though At1r-1a and At2r are 
pro-inflammatory and anti-inflammatory receptors, respectively, also. 
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Figure 1-11: Correlations of RAS receptor expression (from RT-qPCR experiments) among all 
groups. Fold change values with best-fit linear regression lines with 95% confidence interval 
bounds. (A) Fold change values of At1r-1b versus Mas1 genes. (B) Fold change values of At1r-1a 
versus Mas1 genes. (C) Fold change values of At2r versus Mas1 genes. (D) Fold change values of 
At1r-1a versus At2r genes. (E) Fold change values of At1r-1b versus At2r genes. (F) Fold change 
values of At1r-1b versus At1r-1a genes. 
 
RT-qPCR gene expression of microglial activation markers: Relative microglial activation 
marker expression was found by calculating the fold change expression of the mice in the 
various treatment groups compared to sham surgery mice (figure 1-12). The variance of Cd68 
expression in each of the treatment groups was much lower than the variation seen with RAS 
receptor expression, probably because two sham samples were run on most of these plates and 
so the fold change of the samples could be calculated with two rather than one sham sample. 
TAC mice treated with saline, A(1-7), and RASRx1902 had significantly upregulated Cd68 
expression compared to sham mice, while RASRx1911 expression was lower than the other 



 37 

treatment groups. This indicated that the TAC mice hippocampi had increased microglial 
activation, and that it was only significantly decreased with treatment with RASRx1911. Mhc-ii 
expression had a lot of variability among mice and there was no significant change compared to 
the sham group. 
 

 
Figure 1-12: Microglial activation marker expression (fold change values, from RT-qPCR 
experiments) among treatment groups, compared to the sham group. N = 6 per group. Mean 
with SEM. Two-tailed unpaired t test compared to sham of the respective gene: * P < 0.05, ** P 
< 0.01 
 
To look for a relationship between Cd68 expression (because it was the microglial activation 
marker that appeared to change with treatment) and RAS receptor expression, the relative 
expression levels of individual mice were compared. Figure 1-13 shows the results of the linear 
regression tests. Mas1 and At1r-1b expression each appeared to have a positive correlation 
with Cd68 expression; as each of those receptors increased in expression, Cd68 also increased 
(figure 1-13A and 1-13B). A hypothesis was that Mas1, At1r-1b, and Cd68 influence each other’s 
expression, but further experiments would be needed to test this. The R2 values were quite low 
for the correlations, indicating that other factors may have also been involved in the 
relationship. At2r and At1r-1a had no relationship to Cd68 expression, indicating that 
neuroinflammation in this system may be specific to only a couple of the RAS receptors (figure 
1-13C and 1-13D). No correlation between RAS receptor expression and Mhc-ii expression was 
seen (data not shown). There was also no relationship between Cd68 and Mhc-ii expression 
(data not shown). 
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Figure 1-13: Correlations of Cd68 versus RAS receptor expression (from RT-qPCR experiments) 
among all groups. Fold change values with best-fit linear regression lines with 95% confidence 
interval bounds. (A) Fold change values of Cd68 versus Mas1 genes. (B) Fold change values of 
Cd68 versus At1r-1b genes. (C) Fold change values of Cd68 versus At2r genes. (D) Fold change 
values of Cd68 versus At1r-1a genes. 
 
NOR versus RT-qPCR gene expression of RAS receptors and microglial activation markers: NOR 
data of individual mice was compared to gene expression to look for a relationship among RAS 
receptor expression, microglial activation, and cognition in the mice (figure 1-14). Only a 
correlation between NOR and Cd68 expression was found (figure 1-14A). NOR score decreased 
as Cd68 expression increased, indicating mice had decreased cognition with increased 
microglial activation. However, the correlation was weak; the R2 value was low, even though 
the p-value of the linear regression was significant. No relationship between NOR and any of 
the RAS receptors, including Mas1 and At1r-1b, were found (figure 1-14B and 1-14C). 
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Figure 1-14: Correlations of NOR versus gene expression (from RT-qPCR experiments) among all 
groups. NOR scores versus fold change values with best-fit linear regression lines with 95% 
confidence interval bounds. (A) NOR versus Cd68 fold change values. (B) NOR versus Mas1 fold 
change values. (C) NOR versus At1r-1b fold change values. 
 
RNA sequencing gene expression data: RNA sequencing (RNA-seq) relative transcript 
abundance data (taken from the same hippocampal RNA samples as above) was used to 
analyze expression of the RAS genes and microglia markers (figure 1-15). The data is shown in 
transcripts per million (TPM). The only RAS receptor that had any significant change in 
expression among the groups was Mas1; the TAC mice treated with saline, A(1-7), RASRx1902, 
and RASRx1911 had significantly increased relative transcript abundance compared to sham 
mice (figure 1-15C). The other RAS receptors had no significant change in expression compared 
to sham mice (figure 1-15A, 1-15B, and 1-15D). Several mice had no At1r-1b expression (1-15B). 
The microglial activation markers Cd68 and Mhc-ii had no significant change in expression 
among the treatment groups (figure 1-15E and 1-15 F).  
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Figure 1-15: RAS receptor and microglial activation marker expression (relative transcript 
abundance, measured in TPM, from RNA-seq data) among treatment groups from RNA-seq 
experiments. (A) At1r-1a relative abundance. (B) At1r-1b relative abundance. (C) Mas1 relative 
abundance. (D) At2r relative abundance. (E) Cd68 relative abundance. (F) Mhc-ii relative 
abundance. 
Mean with SEM. Two-tailed unpaired t test compared to sham of the respective gene: * P < 
0.05, ** P < 0.01 
 
Relative transcript abundances of the various RAS receptors of individual mice were compared 
to look for correlations in gene expression (figure 1-16). No correlations were found among any 
of the receptors. Correlation of the relative abundances of At1r-1a and At1r-1b had a significant 
p-value, but the R2 value was so low that it would be difficult to draw any conclusions based on 
their relationship (figure 1-16). 
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Figure 1-16: Correlations of RAS receptor expression (from RNA-seq data) among all groups. 
Relative abundance (measured in TPM) with best-fit linear regression lines with 95% confidence 
interval bounds. 
 
The relative abundances of the various RAS receptors of individual mice were compared to the 
relative abundances of Cd68 and Mhc-ii (figure 1-17). Most of the resulting plots were found to 
have no linear correlation. However, three of the correlations were found to have significant p-
values. Cd68 versus At2r expression and Mhc-ii versus At1r-1b expression had significant p-
values, but the R2 values were very low (figure 1-17D and 1-17F). The linear regression of Mhc-ii 
versus At1r-1b also appeared to be weak because many mice had no At1r-1b expression (figure 
1-17F). The relative abundances of Mhc-ii and At1r-1a had a fairly strong correlation; the p-
value was significant and the R2 value was higher than any of the other correlations (figure 1-
17E). Because the R2 value was somewhat strong, more exploration into the relationship of 
Mhc-ii and At1r-1a will be needed to draw any conclusions. Expression of Mhc-ii and Cd68 were 
found to have no correlation (figure 1-17I). 
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Figure 1-17: Correlations of microglial activation markers versus RAS receptor expression (from 
RNA-seq data) among all groups. Relative transcript abundance (measured in TPM) with best-fit 
linear regression lines with 95% confidence interval bounds. (A), (B), (C), and (D) Relative 
abundances of Cd68 versus the RAS receptors. (E), (F), (G), and (H) Relative abundances of Mhc-
ii versus the RAS receptors. (I) Relative abundances of Mhc-ii versus Cd68. 
 
When NOR scores were compared with RAS receptor and microglial activation marker relative 
transcript abundances, no correlation between NOR score and gene expression was found 
(figure 1-18). 
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Figure 1-18: Correlations of NOR versus gene expression of RAS and microglial activation 
markers (from RNA-seq data) among all groups. NOR scores versus relative abundance 
(measured in TPM) with best-fit linear regression lines with 95% confidence interval bounds. 

Discussion 

RT-qPCR experiment design and validation: While RT-qPCR is a very sensitive measure of 
mRNA expression, the design, setup, and analysis of RT-qPCR experiments need to be validated 
and carefully performed to ensure accurate results (Bustin et al., 2004). In this study, one-step 
RT-qPCR reactions were run using SYBR green dye for detection. Both two-step and one-step 
reactions are commonly used in RT-qPCR experiments. Two-step reactions convert mRNA into 
cDNA with reverse transcriptase in one tube, and qPCR is executed in a second tube. One-step 
reactions do both steps in one reaction tube (New England BioLabs, Inc.: Choice of One-Step 
RT-qPCR or Two-Step RT-qPCR). A one-step reaction was chosen for this study because setup 
and runtime were faster and required less sample handling, resulting in less possibility of 
contamination and pipetting errors (Wacker et al., 2005; New England BioLabs, Inc.: Choice of 
One-Step RT-qPCR or Two-Step RT-qPCR.; ThermoFisher: One-Step vs Two-Step Real-Time PCR). 
SYBR green works as a measure of RT-qPCR amplification because it increases its fluorescence 
1000 times when it binds to double-stranded DNA (dsDNA). As the amount of dsDNA increases 
throughout the PCR cycles, there is a corresponding increase in fluorescence. An issue that 
could arise with use of SYBR green in RT-qPCR is non-specific binding; because SYBR green will 
bind to any dsDNA, using reactions and primers that were not tested and validated could yield 
incorrect results due to non-specific dye binding. However, it has been shown that reactions 
using SYBR green that were optimized will yield efficient, specific results similar to TaqMan 
probes that are DNA sequence specific (Tajadini et al., 2014). The following is a discussion of 
how the RT-qPCR reactions were set up, validated, and optimized to ensure accurate results. 
 
As a note, another option to measure the levels of the RAS receptors and microglial activation 
markers could have been to use antibodies to measure protein expression. However, that was 
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not done because there is not a good antibody for MasR. A previous study aimed at validating 
MasR antibodies found that antibodies towards different domains of the MasR showed variable 
amounts of staining in samples and in some cases high staining in negative controls (Burghi et 
al., 2017). Because MasR is the main receptor we wished to study, due to it being targeted by 
the treatments, mRNA was instead measured for all of the receptors and microglial activation 
markers. 
 
Housekeeping genes, or reference genes, are used in RT-qPCR experiments to standardize the 
amount of RNA originally in each sample. The expression of these genes must be stable among 
all samples to make them comparable; the expression cannot differ from mouse to mouse, with 
surgery, with disease, with treatment, or with cell type (Mane et al., 2008; Panina et al., 2018). 
There are several housekeeping genes that are considered “standard” because their expression 
typically does not change with different conditions, but others can be used as long as their 
expression is constant among samples (Panina et al., 2018). Some common housekeeping genes 
have been found to have unstable expression in different conditions, so the chosen gene(s) 
need to be validated prior to use in studies in which they have not been previously measured. 
There were several studies performed that evaluated housekeeping genes in mice with specific 
brain injuries, diseases, and ages in different brain regions, and the housekeeping genes with 
the most stable expression appeared to differ for each condition (Boda et al., 2008; Kang et al., 
2018; Kouadjo et al., 2007; Timaru-Kast, R., 2015; Xu et al., 2017). No paper has been published 
that has used RT-qPCR to look at gene expression in the brain of mice having undergone TAC 
surgery, so there are no established housekeeping genes reported. 
 
The housekeeping gene used in the present study is Gapdh (glyceraldehyde-3-phosphate 
dehydrogenase). Gapdh is involved in many cellular processes, including glycolysis (Colell et al., 
2009). Gapdh was chosen and validated as a housekeeping gene in the following ways. Three 
potential housekeeping genes were initially chosen to be tested. Two of them, Gus (β-
glucuronidase) and Ywhaz (14-3-3 protein zeta), were chosen based off of a study by Xu et al., 
where they compared several housekeeping genes in different regions of the brain and 
throughout stages of development, aging, and certain types of injury (2017). This study aimed 
to look at housekeeping genes in a systematic and robust way so that results could be used as a 
starting point in a variety of brain studies, and it found Gus and Ywhaz to be the most stable 
genes throughout age and injury. Gapdh was chosen because it was successfully used as a 
housekeeping gene in the brain in a previous lab study, even though the Xu et al. paper 
considered it unstable in the particular experimental conditions they used (2017). These three 
housekeeping genes were run through the NCBI Nucleotide BLAST against the mouse genome 
to ensure that the primer sequences would not amplify any other genes, which they did not. A 
RT-qPCR plate was then run with each primer against one sample from each group (sham, 
saline, A(1-7), RASRx 1902, and RASRx 1911) in triplicate. The resulting Ct values and expression 
among the housekeeping genes was checked to ensure that the gene had high enough 
expression. Ideal housekeeping genes should have a lower Ct value (meaning higher expression) 
than is predicted for any of the genes of interest. Ywhaz and Gapdh seemed to have fairly high 
expression (Ct values of approximately 17 and 19, respectively); however, Gus had a late Ct 
value (approximately 27), and it was predicted to have lower expression than any of the genes 
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of interest. The melting curves of each housekeeping gene with the samples were also checked. 
A clean melting curve was considered to consist of a single large peak, with no other large 
peaks and with very little to no other signals, indicating that only the desired gene was 
amplified and measured. Other peaks would indicate other genes were amplified or primer 
dimers formed (Joseph, 2010). Ywhaz and Gapdh both had very clean melting curves, but Gus 
had a couple small peaks in addition to the main peak. Lastly, the Ct values of each 
housekeeping primer should be relatively the same between sham and TAC mice, and among 
the treatment groups. The Ct values that were compared were from samples from each 
treatment group ran on the same plate (to eliminate any changes that would occur because of 
the instrument calibration) and with samples with approximately the same amount of RNA 
loaded (so that the Ct values would not differ much due to changes in template amount). Ct 
values of the Ywhaz and Gapdh genes had smaller standard deviations (0.228 and 0.237, 
respectively) than Gus (0.326) among the various treatment groups. The standard deviation of 
the groups ran with Gus was fairly small, but the A(1-7) sample had a larger Ct value than the 
other samples. This might be just a random outlier, or may be due to a pipetting error, but it 
could also indicate that treatment with A(1-7) changes the expression of Gus. Ultimately, Gus 
was not chosen as a housekeeping gene based on primer validation experiments. Gapdh and 
Ywhaz both appeared to the be best housekeeping gene choices because they had high, stable 
expression among sham and TAC surgery mice and among all treatment groups, and they each 
only bound to the desired gene. Gapdh was chosen as the housekeeping gene for this study, as 
it had been previously used successfully for other studies in our lab. However, Ywhaz was 
expected to work just as well as Gapdh. Ywhaz and Gapdh could have both been used as 
housekeeping genes for the study because the use of two housekeeping genes is common for 
RT-qPCR experiments, as obtaining the same results using both genes would confirm that both 
genes have consistent expression and add more confidence and resolution to the study results 
(Kozera et al., 2013). 
 
Primers for the genes of interest were validated in several ways. Similar to the housekeeping 
genes, these primers were checked against the mouse genome with NCBI BLAST to ensure they 
would only amplify the particular gene. The melting curves were also analyzed and the chosen 
primers for each gene only had one peak, confirming amplification of only one gene and no 
formation of primer dimers. The chosen primers had low variation of the Ct values in replicate 
wells of each primer/sample pair, which was important to ensure that the primers acted 
consistently and only bound to the gene of interest. It was also found to be important to design 
and choose primers that were located in the coding region of the mRNA of the gene to ensure 
accurate expression measurements. The amplification curves measured with the 6 Mas1 
primers were different due to the primers amplifying sequences throughout the entire mature 
mRNA sequence and not just the coding region. Regions within and outside of the coding region 
yielded very different expression levels. Ultimately, the Mas1_2 primer set was chosen because 
it was the only set within the mRNA coding region, and so its Ct value was considered to be the 
most accurate representation of gene expression. Two of the primers designed for At1r-1a 
(At1r-1a_2 and At1r-1a_3) were also outside of the coding region in the mature mRNA, but 
there appeared to be little difference in the amplification curves between these primers and 
the pair that targeted the coding region (however, the non-coding region primers had more 
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variation in replicates than the coding region primers). The At1r-1a primers probably yielded 
similar results to each other because all of the primers were located on the same exon as the 
coding region, while different results among the Mas1 primers were seen because some of the 
primers were located on exons that did not contain the coding region. Primers were also 
designed to overlap two exons, if possible, to ensure the sequence amplified was specifically 
from processed mRNA and not from unprocessed or genomic DNA (Padhi et al., 2020). 
However, some of the coding regions of the genes were within only one exon, and so multiple 
exons were not overlapped in these primers. However, based on the NEC results, very little 
genomic DNA was expected to be amplified. Both the At1r-1a and At1r-1b receptors were 
measured individually in this study, as rodents (but not humans) have two homologs of the At1r 
gene. The receptors, which have 91 percent RNA sequence homology in their coding regions, 
appear to both bind to the ligand A-II, activate the same signaling pathways, and produce the 
same effects, and they are considered to be pharmacologically identical. They are 
distinguishable from each other in their expression patterns; in the mouse genome, At1r-1a is 
found on chromosome 13 and At1r-1b is found on chromosome 3. Each have distinct 
promoters that affect expression (Bogdarina et al., 2009; Herrera et al., 2012). Both are highly 
expressed in the adrenal cortex, and AT1R-1a also has high expression systemically (NCBI). 
Because of their high sequence homology, At1r-1a and At1r-1b could be measured with a set of 
primers that would amplify sequences in both genes. A set of primers that hit both homologs 
was tested and appeared to only bind to the desired sequences on both genes; however, 
primers that were specific for each individual At1r receptor were used instead to measure 
which of the two genes was expressed and involved in the system. Cd68 and Mhc-ii primers 
were also tested, and primers that consistently amplified only the gene of interest were chosen. 
 
NTC and NEC experiments were run to check for primer contaminations, primer dimer 
formation, and genomic DNA contamination. Samples and primers tested in these experiments 
that had Ct values over 30 cycles were considered to pass the control experiments. Any 
amplification over 30 cycles is usually considered to be non-specific expression, indicating that 
there was no contamination or primer dimer formation (Caraguel et al., 2007). Reaction 
efficiency curves were also created to check that Gapdh and the genes of interest had the same 
efficiency, meaning that an increase in RNA would increase the genes’ Ct values to the same 
amount (ThermoFisher: Real-time PCR handbook). Because the slopes of the curves for 
different amounts of RNA were very close to zero, the efficiencies were determined to be equal 
and no correction needed to be made during fold change calculations. 
 
Comparing ΔCt values between plates showed evidence of high levels of variation in expression 
in the same treatment groups. Some of this variation among the samples was due to 
differences in individual mice, as a surgery mouse model was used instead of a transgenic 
mouse model. However, more variation than would be caused by surgery alone was found. 
Comparing ΔCt values (from Mas1 and Gapdh genes) obtained for the saline-treated TAC mice 
showed evidence of variation among plates. The saline samples ran on a single plate yielded 
very close ΔCt values with little variation. However, when saline samples were run on separate 
plates, the ΔCt values obtained were different than the ΔCt values obtained on the single plate 
and there was a lot of variation among the samples. Ultimately, it was found that the 
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QuantStudio instrument was overdue for calibration, causing different plates to not be 
comparable. The QuantStudio will need to be calibrated and the samples rerun in order to 
obtain the most accurate results possible, but for the purpose of the current study, the fold 
change calculations were altered slightly to attempt to correct for plate to plate variation. 
Instead of subtracting each treated sample by the average sham ΔCt, each treated sample was 
subtracted by the sham sample on the same plate. The idea was that the sham sample and the 
treated samples on the same plate were measured the same, because the saline-treated 
samples appeared to be measured the same in the test experiments. Because the resulting fold 
change was not an absolute value, but was relative to the sham sample, it seemed like this 
should correct for the calibration problems. There was one sham sample per plate when the 
treated samples were run with RAS primers, and two sham samples per plate when the samples 
were run with the microglial activation marker primers (the average of the two sham samples 
on each plate were used as the comparator for those plates). However, it is important to note 
that the gene expression of each of the treated samples are now relative to one sham or two 
sham samples, and the treated samples were calculated with different sham samples as a 
different sham sample or samples were on each plate. If any of the sham samples were greatly 
different from the others, this would have affected the fold change values calculated with those 
samples. Because the ΔCt values among plates were not comparable, it was impossible to 
determine if any of the sham samples were outliers. As a result, while correcting with the sham 
sample(s) on the same plate as the treated samples should help remove some of the calibration 
problems, error was introduced with the use of one or two sham samples as the comparators in 
the calculations.  
 
The assay development should still hold up in future experiments with a calibrated instrument. 
For example, the efficiencies of the genes were found within a single plate, so the efficiency 
should not change after calibration. Also, primers were validated with melting curves and close 
replicates in an individual plate, which should not change either. 
 
Fold change values, relative to the sham samples, of each gene of interest were calculated and 
compared among the treatment groups. Ct values were determined using a threshold of 1.5 
because all sample/gene pairs were found to be in the log-linear phase of the curve at this delta 
Rn value (Caraguel et al., 2011). The fold change values were calculated by first correcting the 
Ct values of the RAS and microglial activation genes of each sample with the Ct values of the 
housekeeping primer, Gapdh, for the same sample. The resulting ΔCt values of the treated 
samples are normally subtracted by the average ΔCt value of the comparator or calibrator 
samples (in this study, those are the sham samples). However, because of the variation 
between plates, the ΔCt values of the treated samples were subtracted by the ΔCt of the one 
sham sample or the average of the two sham samples on the same plate. This ΔΔCt value was 
taken 2-ΔΔCt, which is the fold change value (ThermoFisher: Real-time PCR handbook). Each fold 
change value indicated how many folds greater or smaller each mouse expressed the particular 
receptor compared to the sham mice. A fold change of 1 indicated no change, while 0.5 meant 
the gene expression decreased by half and 2 meant the gene was expressed twice as much 
(Livak et al., 2001). The fold change values of the sham samples were considered to be 1. 
Normally, they would be calculated by subtracting the ΔCt of each sham sample by the average 
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ΔCt of all the sham samples. However, because each sample was corrected by the sham sample 
on the same plate, this would mean that each sham sample would be subtracted by itself, 
making the fold change equal 1. 
 
RAS receptor expression from RT-qPCR: The fold change values of each RAS gene in each 
treatment group were not significantly decreased compared to the fold change value of the 
genes in the sham group, indicating that surgery or treatment with A(1-7), RASRx1902, or 
RASRx1911 did not significantly decrease expression of Mas1, even though they were MasR or 
presumed MasR agonists. This indicated that the receptors were not internalized and/or 
downregulated with daily treatment. At1r-1a, At1r-1b, and At2r expression were also not 
significantly decreased upon surgery or treatment. There was high variation among mice in the 
same treatment groups, most likely due to differences in individual mice and variation due to 
the use of only one sham mouse as the comparator for each treatment sample and the sham 
mouse being different for different samples. It was predicted that repeating these experiments 
on calibrated equipment in the future would have similar results with lower variation, because 
the average gene expression of the sham mice could be used as the calibrator. 
 
Out of all of the genes and treatment groups, only expression of the pro-inflammatory receptor 
At1r-1a was significantly increased in TAC mice treated with A(1-7) and RASRx1911, compared 
to sham. RASRx1902-treated mice did not have significantly different At1r-1a expression 
compared to sham, possibly indicating that the reduction in neuroinflammation caused by 
RASRx1902 could have been in part produced by decreased At1r-1a expression, while A(1-7) 
and RASRx1911 acted differently to bring about their effects. However, while the saline-treated 
group appeared to have slightly increased At1r-1a expression over the sham group, it was not 
significant, even though changes in At1r expression would be predicted in this group because of 
the increased production of inflammatory cytokines seen in earlier experiments with saline-
treated mice (figure 1-1). Saline-treated mice may not have had significantly increased At1r-1a 
expression due the high variation of expression in the samples. 
 
Mas1 and At2r expression among treatment groups appeared to be increased compared to the 
sham samples; however, the increased expression was not significant. Comparing this data to 
RNA-seq relative transcript abundance and repeating this experiment on calibrated equipment 
should make the results clearer and allow for more confident conclusions to be made. For 
example, because Mas1 expression has been found to increase in other disease and injury 
states, it is expected it would increase in the brains of the TAC mice. It was not significant here, 
but expression appeared to be increasing in saline and drug treated TAC mice compared to 
sham mice. Using RNA-seq data and rerunning the RT-qPCR experiments should remove some 
of the variation and aid in discovering if Mas1 is actually increased with TAC surgery. 
 
Another consideration with this data was how many of the samples had gene amplification with 
Ct values around or over 30 cycles. Ct values over 30 could mean very low to no expression of a 
gene. Over 30 cycles can also be tricky because non-specific binding could be occurring 
(Caraguel et al., 2007). As a result, samples with high Ct values can often have nonreproducible 
results (Karlen et al., 2007). A common solution to lower the cycle numbers is to increase the 
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amount of RNA added to the reaction, thereby adding more RNA template to be amplified and 
decreasing the cycle number. Because the Ct value of the housekeeping gene will also decrease, 
the resulting ΔCt value will still accurately show the gene expression. If the Ct value is 
successfully lowered, it makes it clear that the gene was expressed and it was not just non-
specific binding. In this experiment, the samples were run with the highest amount of RNA 
recommended for the reagents (100 ng). However, even with high RNA content, some 
sample/gene combinations still resulted in high Ct values. Most of the samples had low 
expression of At1r-1b, with Ct values over 30. Some samples had lower At1r-1a and At2r 
expression also. All samples had high Mas1 expression with Ct values below 30. This may 
indicate that At1r-1b, and At1r-1a and At2r in some of the samples, may have not be expressed 
because a high amount of RNA template was unable to separate the genes from the non-
specific noise. Because there was variation of Ct values among plates due to the uncalibrated 
instrument, it was impossible to really compare the Ct values of the genes between samples. As 
a result, it was difficult to truly determine which samples should be considered non-expressers. 
Analysis of the melting curves of samples with At1r-1b primers found that most contained only 
one peak with very little noise, indicating that only the At1r-1b gene was amplified, despite the 
risk of non-specific binding occurring with its Ct values being greater than 30. Comparing this 
data with RNA-seq data and future RT-qPCR data should help determine the gene expression of 
these samples. 
 
To look for patterns in RAS receptor expression levels despite the variance seen in the 
treatment groups, the fold change values of the receptors of the individual mice were 
compared with each other. The RAS receptors measured in each mouse were all measured on a 
single plate, and the fold change values were corrected with the same Gapdh Ct values and the 
same sham sample, so an individual mouse’s receptor expression levels were considered to be 
comparable and not subject to the calibration problems. Because some of the variation was 
also probably due to differences among the mice (because the mouse model was surgery 
based, not transgenic), looking for a relationship among the genes in individual mice could help 
us see beyond the variation and to find how gene expression affects the system. Because the 
treatment groups were small (n = 6), and because there was high variation within treatment 
groups, all groups were combined and used to look for expression correlations. The purpose of 
looking at receptor relationships here was considered to be a hypothesis builder. We hoped 
that analyzing the correlations between receptor expression levels would illuminate possible 
gene expression relationships that could be used to build future experiments. 
 
The RAS receptor expression levels were compared in all the TAC mice, and a strong correlation 
was found between a mouse’s At1r-1b and Mas1 expressions. It appeared that as a mouse’s 
At1r-1b expression increased, so did its Mas1 expression. However, because of the high 
variability of the results, it was unclear how much the expression actually increased or if it was 
just due to plate-to-plate variation. However, the two genes appeared to be correlated; the 
correlation had a fairly high R2 value and a significant p-value, indicating that there was a 
relationship to be explored in these receptors’ expressions. It could indicate that the expression 
of one of the receptors induced expression of the other; for instance, the TAC surgery could 
have caused increased expression of the pro-inflammatory At1r-1b, and the anti-inflammatory 
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MasR increased as a response to try to reduce inflammation and return the brain to 
homeostasis. However, more experiments would need to be run to confirm the relationship 
between the receptors and to find how the receptors are actually connected. There appeared 
to be no pattern of what mice had increased At1r-1b and Mas1 receptor expression; all of the 
treatment groups had various levels of receptor expression. 
 
Upon comparison of the fold change values of the other receptor pairings, only very small 
amounts of correlation were seen. While p-values were significant, the R2 values of these 
correlations were fairly low and the trends did not appear to have as strong of a relationship as 
At1r-1b and Mas1. Because the R2 and p-values were not in sync, no conclusions were made 
from the other receptor pairings so as not to make assumptions that may just be based on 
statistical artifacts. It appeared that the only RAS receptors that were related in expression to 
each other were At1r-1b and Mas1, even though At1r-1a is also a pro-inflammatory receptor 
like At1r-1b and At2r is an anti-inflammatory receptor like Mas1. 
 
Microglial activation marker expression from RT-qPCR: Fold change values of two microglial 
activation markers in the hippocampus were calculated and compared among the treatment 
groups. TAC mice treated with saline, A(1-7), and RASRx1902 had significantly higher Cd68 
expression compared to sham mice. The standard deviations of Cd68 fold change values among 
mice in each treatment group were also much lower than what was seen with RAS values, 
probably because two sham samples were run on most plates and so the fold change values 
could be calculated with the average of the two instead of just one sham sample. This also 
indicates that eliminating the variation between plates with a calibrated instrument, allowing 
us to use an average of all of the sham samples as the comparator, will lower the standard 
deviation among samples in treatment groups. Increased Cd68 expression in saline-treated TAC 
mice indicated that hippocampal microglia become activated as a result of surgery, and of the 
treatments, only RASRx1911 was found to lower Cd68 expression back to sham levels. Even 
though A(1-7), RASRx1902, and RASRx1911 are all predicted to have similar effects, this data, 
along with previous lab studies, have indicated that they do not work exactly the same and 
experiments have been and are being performed to compare the drugs to find which produces 
the most ideal anti-inflammatory effects. 
 
Because Cd68 is an indicator of phagocytosis, increased expression of Cd68 may indicate that 
Aβ plaques are being phagocytosed, and so higher levels of Cd68 may actually be 
neuroprotective in this study (Hendrickx et al., 2017; Hopperton et al., 2018). Measurement 
and comparison of Aβ plaque levels in the CSF of mice in the different treatment groups may 
help reveal whether the treatments cause phagocytosis of Aβ and whether this is related to 
microglial activation. 
 
There was no significant change in Mhc-ii expression in any of the treatment groups compared 
to sham mice. Unlike Cd68, the fold change values had higher variation among mice in each 
treatment group, despite having two sham samples for the calibrator of each TAC mouse. 
Levels and patterns of expression of microglial activation markers are dependent on the current 
phenotype of the microglia. In humans, CD68 and MHC-II genes are typically not co-expressed, 
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so it is understandable why only one of the two genes appeared to have its expression affected 
with surgery and treatment while the other stayed about the same (Hendrickx et al., 2017). 
Because human MHC-II appears to have higher expression in chronically active microglia, not 
having increased mouse Mhc-ii expression in this study could indicate that the TAC mice 
hippocampal microglia are still in the acute inflammatory stage, and treating the mice to 
prevent the inflammation from becoming chronic may be a viable treatment option. Low Mhc-ii 
expression in groups with higher Cd68 expression may also mean that the microglia are in a 
state where they are able to improve cognition by phagocytosing Aβ plaques (Hendrickx et al., 
2017; Hopperton et al., 2018).  
 
When comparing RAS receptor expression with Cd68 expression, the only genes that had any 
sort of relationship with Cd68 were Mas1 and At1r-1b. Cd68 versus At1r-1a and Cd68 versus 
At2r had no correlations; these R2 values were very low and the p-values were not significant. 
This strengthens the idea that Mas1 and At1r-1b may have been correlated, because they 
individually had a relationship with Cd68. However, while the p-values for both genes were 
significant, the R2 values were relatively low, indicating that the correlation may not have been 
very strong. This might be because the hippocampal RNA sample contained many cell types, not 
just microglia cells. Cd68 is normally found in immune cells, especially microglia and other 
macrophages, while Mas1 and the other RAS receptors are found throughout the brain on 
several cell types, including microglia, neurons, and astrocytes (Chistiakov et al., 2017; Jackson 
et al., 2018). As a result, Cd68 expression found mainly in microglia was being compared with 
Mas1 and At1r-1b expression found in many cells, weakening the correlation because Cd68 and 
the receptors may not have had a connection outside of the microglia cells. Mas1, At1r-1b, and 
Cd68 could have somehow induced expression of each other. TAC surgery could have increased 
At1r-1b expression, which could have induced microglial activation and caused increased Cd68 
expression, while Mas1 expression was elevated as a response to reduce the inflammation. The 
genes could also have increased expression because of common factors caused by the TAC 
surgery (but not actually influence each other directly). Because At2r and At1r-1a expression 
did not appear to have a relationship to Cd68 expression, it appeared that neuroinflammation 
in this system and disease-state may be specific to only the Mas1 and At1r-1b receptors. 
However, as was stated above, more experiments are needed to confirm the relationship and 
learn more about the connection. 
 
NOR scores versus gene expression from RT-qPCR: To look for a relationship among RAS 
receptor expression, microglial activation, and cognition, NOR scores of individual mice were 
plotted with gene expression fold change values. The only gene whose expression was found to 
be correlated with NOR scores was Cd68. As Cd68 increased in expression, NOR score 
decreased (which indicated a decrease in cognition). This may indicate that, although higher 
expression of Cd68 could have meant that phagocytosis of Aβ was occurring, in the case of this 
study, Cd68 may be a negative factor and indicate increased microglial activation and harmful 
neuroinflammation, because its presence appears to be linked to a decrease in cognition. 
However, the correlation was weak; despite having a significant p-value, the R2 value was low. 
This made it difficult to draw conclusions about the relationship. Changes in cognition in AD 
have not been found to be linked to just one pathology; connections have been found between 
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cognition and neuroinflammation, Aβ plaques, NFTs, acetylcholine, mitochondrial function, 
glutamatergic NMDA receptors, lymphatic vessel dysfunction, and many other factors (Liu et al., 
2019). Because neuroinflammation is not the only pathology affecting cognition, many other 
factors probably also influenced cognitive decline in these mice, thereby weakening the 
correlation between Cd68 and NOR score. 
 
No relationships between NOR and RAS receptor expression were found, including no 
relationship with Mas1 and At1r-1b. Because Mas1 and At1r-1b were correlated with Cd68 
expression, and Cd68 expression was correlated with NOR, it would have been expected that 
Mas1 and At1r-1b were correlated with NOR. The correlation between the receptors and NOR 
may have been lost due to the weak in-between correlations. The whole system had many 
more working parts and factors (beyond those that were measured) that influenced gene 
expression, neuroinflammation, and cognition. Mas1 and At1r-1b are involved in other brain 
systems besides neuroinflammation, and microglial activation is influenced by not only RAS 
receptors but by other components of AD, like Aβ plaques and NFTs. Likewise, NOR is 
influenced by more than just microglial activation. As a result, the observable correlation 
between Mas1 and At1r-1b expression and NOR might have been lost due to all of the moving 
parts between RAS gene expression and cognition. The overall results do still support the 
possibility that RAS receptors were involved in microglial activation in the TAC mice, and that 
microglial activation was involved in cognition. 
 
Comparison of RT-qPCR results with RNA sequencing data: RNA-seq is another way to analyze 
gene expression. Like RT-qPCR, it can be a powerful and sensitive technique to measure RNA in 
a sample. However, it can be prone to biases, especially during quantification and analysis. For 
this study, Salmon was used to obtain relative transcript abundance, which has been found to 
quantify gene expression fairly accurately (Patro et al., 2017). RNA-seq gene expression data 
was compared with the RT-qPCR data to try to confirm the results found above. The RNA-seq 
data was obtained from the same hippocampal RNA samples that were used for RT-qPCR, so 
the results were directly comparable. The relative transcript abundance, in transcripts per 
million, of each mouse was used as the measurement of gene expression. 
 
Out of the RAS receptors, Mas1 was the only receptor that had significantly different expression 
among the treatment groups in the RNA-seq dataset. TAC mice treated with saline or any of the 
MasR agonists had significantly higher expression of Mas1 than sham mice. These results 
indicate that hippocampal Mas1 may have increased due to disease caused by TAC surgery. In 
the RT-qPCR results, Mas1 expression looked to be increased in the TAC mice, especially in mice 
treated with saline; however, this increase was not significant, probably due to the high 
variation among the mice. The RNA-seq data appeared to agree and strengthen the RT-qPCR 
data in that Mas1 was upregulated with TAC-induced disease. Both data sets also indicated that 
Mas1 expression did not decrease upon treatment with the MasR agonists, indicating that the 
agonists and their dosing did not cause receptor internalization and downregulation. 
 
The other RAS receptors did not have any significant changes in gene expression among the 
groups, including in At1r-1a in the A(1-7) and RASRx1911 treatment groups like what was seen 
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in the RT-qPCR data. Because of the wide variation in expression in mice within the treatment 
groups, and because saline did not also have increased expression, At1r-1a expression in those 
two treatment groups may have been mistakenly found significant in the RT-qPCR data, 
possibly driven by outliers. 
 
Comparison of the TPM of Mas1 and At2r of the RAS receptors in the RNA-seq dataset showed 
that Mas1 was expressed much higher than At2r, indicating that MasR may have been the 
dominant RAS anti-inflammatory receptor in the hippocampus of TAC mice. At1r-1a and At1r-
1b also had lower TPM than Mas1. At1r-1b expression in the RNA-seq data showed that several 
mice throughout all the treatment groups had no At1r-1b expression. Because low expression 
of At1r-1b in the RT-qPCR data was also seen (with many Ct values over 30), these two analyses 
together may indicate that the At1r-1b receptor was not expressed in the hippocampus of 
these mice. Because the At1r-1a and At1r-1b receptors are homologous but have different 
expression profiles, it appeared that the At1r-1a receptor may have been the receptor that is 
expressed and active in the hippocampus (Bogdarina et al., 2009; Herrera et al., 2012). 
 
Because the RNA-seq analysis found that the high Ct values found in RT-qPCR may actually be 
due to no expression and not just low expression of At1r-1b, this could suggest that the 
correlation seen between Mas1 and At1r-1b was actually false. However, because both 
analyses found strong results (RNA-seq with 0 TPM of At1r-1b in many samples, and RT-qPCR 
with a strong correlation between Mas1 and At1r-1b), more experiments (starting with 
rerunning the RT-qPCR experiment on the calibrated instrument) will need to be performed to 
find how these results actually fit together. Other factors might have been in play that caused 
the correlation between Mas1 and At1r-1b, and the expression levels may not have been a 
direct cause and effect relationship. No other receptor pairs were correlated in the RNA-seq 
dataset, similar to the RT-qPCR dataset. 
 
Analyzing expression of microglial activation markers from the RNA-seq data showed no 
significant change in expression among the groups, compared to RT-qPCR, which found Cd68 
expression to be significantly increased in saline, A(1-7), and RASRx1902 treated mice 
compared to sham mice. It is unclear why the two techniques found different results; both 
appeared to yield expression values with close replicates, and so it is something that will need 
to be further explored. RNA-seq did not find any change in Mhc-ii expression among the 
groups, and there was lot of variation within the treatment groups. Because no change and high 
variation was also seen in the RT-qPCR data analysis, this data may further indicate that Mhc-ii 
was not involved in the current state of the microglia in this study. 
 
The RNA-seq analysis also lost the correlations of Cd68 with Mas1 and At1r-1b that were seen 
in the RT-qPCR analysis. It is unclear why the relationship with Mas1 was lost. The correlation 
with At1r-1b was probably lost due to having several TPM values of zero. While Mhc-ii versus 
the RAS receptors did not yield any correlations in RT-qPCR, Mhc-ii expression was found to be 
positively correlated with At1r-1a expression in the RNA-seq data. While the relationship was 
only somewhat strong, and while Mhc-ii was found to not be significantly increased overall, 
these results could mean that the mice with higher expression of the pro-inflammatory At1r-1a 
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receptor could have been moving into an activated microglia phenotype that expressed Mhc-ii, 
also meaning that the inflammation could be changing from acute to chronic (Hendrickx et al., 
2017; Hopperton et al., 2018). 
 
No relationship was seen between NOR scores and RAS, Cd68, or Mhc-ii gene expression in the 
RNA-seq analysis, compared to RT-qPCR which indicated a relationship between NOR and Cd68 
expression. This may be connected to the differences in significance seen in the Cd68 
expression levels measured with RNA-seq and RT-qPCR, and it is a major difference between 
the two analyses. 

Conclusions 

This specific aim was focused on developing hypotheses for future experiments to find how RAS 
receptor expression is related to activated microglia and cognition in an AD mouse model. 
Using RT-qPCR to measure expression of RAS receptors and microglial activation markers in the 
hippocampus, several correlations were found. Mas1 and At1r-1b expression were positively 
correlated, and they each were also positively correlated with Cd68 expression. Cd68 
expression was negatively correlated to NOR score. It appears that there are relationships in 
gene expression of Mas1 and At1r-1b with activated microglia, and activated microglia appears 
to be related to cognition. However, because some of the correlations were relatively weak, 
other unexplored factors are also probably involved in these relationships. In addition, no 
strong conclusions can be drawn from the results, but the possible relationships can be used to 
drive future hypotheses. 
 
The RT-qPCR data was compared with RNA-seq data obtained from the same TAC hippocampal 
samples. The correlations found in the RT-qPCR analysis were lost in the RNA-seq analysis, 
indicating that some of the correlations may have been false, possibly due to the need for 
instrument calibration. However, the RT-qPCR data did have some strong correlations, so the 
RT-qPCR data should be rerun prior to drawing conclusions.  
 
The effects of the MasR agonist treatments on receptor expression were also explored. Based 
on both RT-qPCR and RNA-seq results, it appeared that At1r-1a was the dominant At1r receptor 
expressed in the hippocampus. At1r-1a, At2r, and Mas1 did not appear to be downregulated or 
internalized with treatment. Mas1 actually appeared to increase in expression with TAC 
surgery, and it was increased in all of the treatment groups. MasR expression may therefore be 
increased in AD, which can be further analyzed in future experiments.  
 
Future directions: RT-qPCR experiments will be rerun on the calibrated QuantStudio 
instrument. Any confirmed correlations among RAS receptor expression, microglial activation, 
and NOR will be further explored in future TAC studies and in vitro experiments. 
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Specific Aim 2: Treatment of Activated HMC3 Cells with 
Mas Receptor Agonists 

Introduction 

MasR agonists, including RASRx1902, have been used in novel models of AD that use TAC-
surgery as a risk factor for dementia (see Aim 1). Mice treated with RASRx1902 had significantly 
improved cognition compared to saline-treated mice. These mice also showed significantly 
reduced neuroinflammation (figure 1-1). Many studies have indicated that neuroinflammation 
may have a significant effect on both the initiation and progression of AD (Heneka et al., 2018; 
Kinney et al., 2018). Because neuroinflammation in AD is believed to be caused by chronically 
activated microglia, we wanted to learn if RASRx1902 reduces neuroinflammation by acting on 
activated microglia. This aim explored the effects of RASRx1902, assuming it crosses the blood-
brain barrier (BBB). RASRx1902 may enter the central nervous system through a leaky BBB. The 
BBB breaks down in AD, and TAC mice have been found to have increased BBB permeability 
(Sweeney et al., 2018; Nation et al., 2019; Gentile et al., 2009; Carnevale et al., 2012b). It is 
important to realize that we do not know if RASRx1902 increased cognition and reduced 
neuroinflammation in TAC mice by crossing the BBB and acting directly on the brain, or if part 
of its effects were caused by reduction of systemic inflammation (Cunningham et al., 2015; Lim 
et al., 2015; Giridharan et al., 2019; Walker et al., 2019). In previous laboratory studies, 
RASRx1902 decreased production of pro-inflammatory cytokines to a greater extent in the 
hippocampus than systemically. 
 
This study used HMC3 cells as an in vitro model of microglia. Various stimuli (IFN-gamma, TNF-
alpha, PMA/ionomycin, and angiotensin-II [A-II]) were used to try to activate the cells. Activated 
cells were treated with various concentrations of RASRx1902. The cells’ responses to stimuli 
and RASRx1902 were measured by flow cytometry and immunofluorescence imaging with 
several markers of microglial activation (HLA-DR, reactive oxygen species (ROS), CD68, CD-11b, 
and cell size). 
 
The human microglial clone 3 cell line, or HMC3 cells, are an adherent immortalized cell line 
authenticated and distributed by the American Type Culture Collection (ATCC). They were 
originally taken from a human fetal brain and immortalized with SV40. Immortalized cell lines 
are useful in cell culture research; they are typically easy to maintain and use, and because the 
cells are homogeneous, assays performed with them produce consistent and reproducible 
reactions (Kaur et al., 2012). HMC3 cells were chosen for having these properties, in addition to 
being a human microglial cell line. However, one major critique of immortalized cells is that 
these cells do not always preserve many of the same functions and properties as primary cells, 
either as a result of immortalization, genetic drift that can occur as cells are kept for long 
periods of time, or contamination. This could cause immortalized cells to have different naïve 
properties and react differently than primary cells to stimuli or treatment, potentially causing 
assays to convey different results (Kaur et al., 2012). ATCC claims that HMC3 cells keep many 
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properties that closely resemble primary microglia. Some subsequent studies with these cells 
have reported a few differences between HMC3 cells and primary cells (Russo et al., 2018). 
 
The NADPH oxidase NOX4 isoform has constitutively high expression in HMC3 cells, but the 
other NOX isoforms (including NOX2) are not expressed at all, even with activation (Li et al., 
2009). In contrast, primary microglia has low expression of NOX2 in inactivated microglia and 
high expression in activated microglia. NOX4 is also expressed in primary microglia, but its 
expression profile is less defined (Nayernia et al., 2014). Constitutive NOX4 expression appears 
to cause increased ROS, H2O2, and IL-6 production in HMC3 cells (Li et al., 2009). 
 
HMC3 cells and primary cells also have some differences in protein expression. Resting primary 
microglia have very little to no expression of CD11b and CD68, but those are increased with 
activation. ATCC claims that this same expression pattern occurs in HMC3 cells. However, in 
reality the expression of these activation markers appears to vary by study when measured in 
HMC3 cells; expression levels in resting HMC3 cells have been reported to be low and high, and 
activation of the cells sometimes changed expression levels and sometimes did not. CD11b and 
CD68 expression levels may be dependent on the lot of cells received, handling procedures, and 
antibodies used. Because of the variation in expression, these activation markers were 
measured and compared in resting and activated HMC3 cells as part of the characterization of 
the cells used in this study. HMC3 cells and primary cells are reported to have similar 
constitutive IBA1 expression, in addition to low HLA-DR/MHC-II expression in resting cells and 
increased expression in activated cells (Li et al., 2009; Russo et al., 2018). The HMC3 cells will be 
characterized with various microglial activation markers, and the results will be compared to 
primary microglia cells and previous studies using HMC3 cells to more fully understand the 
limits to the results and the effects that cell lot, handling, and antibodies can have. 
 
Compared to HMC3 cells, human primary microglia keep many of the functions and properties 
that are sometimes lost when cells are immortalized. Brain tissue is available at brain banks, 
and the ability to obtain post-mortem AD brains (compared to HMC3 cells, which are derived 
from a fetal brain) make any results obtained more translatable (Timmerman et al., 2018). 
However, maintenance and assay development are often more difficult in primary human cells 
due to more variation, low proliferation, and a shorter lifespan. Microglia phenotypes can also 
easily change depending on the conditions of the donor and how long after death the microglia 
are isolated (Li et al., 2009; Timmerman et al., 2018). Primary microglia are dynamic and 
become differentiated when activated (causing changes in gene expression, morphology, and 
function) (Li et al., 2009). Because of this, there is really no one correct isoform of microglia. 
The HMC3 cell line allows for study of microglia function using a homogenous cell population, 
which can provide information that may be more difficult to find in a heterogenous primary cell 
line, because HMC3 cells will be easier to use and provide more consistent results. The 
conclusions made from HMC3 cells will be limited in their application to primary microglia, but 
HMC3 cells are easier to use, especially in assay development, and will provide consistent 
results for initial studies of RASRx1902’s effects on microglia. 
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There are other options besides immortalized and primary human cells lines to study microglia. 
Primary rodent microglia have the advantage that they are primary cultured cells, and they 
have been used in many previous studies and experiments to study microglia actions. However, 
distinctions in biochemical and pharmacological factors between humans and rodents limit the 
application of results obtained, so for this study, we decided to use a human cell line to 
increase the clinical validity (Russo et al., 2018). Another option to study human microglia is to 
differentiate induced pluripotent stem cells (iPSCs) into microglia. Several methods have been 
developed to do this in just a few weeks; however, they have high variation, like primary human 
cells, and there is some concern that they might act differently because they have never 
encountered a CNS environment (Timmerman et al., 2018). While HMC3 cells have many 
limitations of their own, we decided to use them for this study. Based on results from these 
experiments, we plan to perform future experiments in rat and human primary cells to confirm 
our hypotheses. 
 
IFN-gamma, TNF-alpha, PMA/ionomycin, and A-II, individually or in combination with each 
other, were added to the HMC3 cells to attempt to activate them. The goal was to find a 
stimulus that consistently and significantly activated the cells. IFN-gamma has been repeatedly 
used to activate HMC3 cells and is probably the most commonly used stimulus for these cells. 
TNF-alpha has also been successfully used to activate HMC3 cells (Russo et al., 2018). The 
combination of PMA and ionomycin as a stimulus has not been documented in HMC3 cells, but 
one or both have been successfully used in activating primary rat microglia and BV2, a murine 
microglial cell line (Khanna et al., 2001; Nguyen et al., 2017; Wang et al., 2019). Because the 
pro-inflammatory RAS receptor AT1R is connected to neuroinflammation, and because we 
believe RASRx1902 targets the anti-inflammatory MasR, we decided to try to activate the HMC3 
cells with A-II, an AT1R agonist (Jackson et al., 2018). 
 
The MasR is expressed in resting primary microglia (compared to the other RAS anti-
inflammatory receptor, AT2R, which is not found in resting microglia) (Jackson et al., 2018). 
Expression of the MasR has been shown to increase in several injury states, but it is unknown if 
it increases in microglia upon activation (Silveira et al., 2010; Jadhav et al., 2013; Jarajapu et al., 
2013; Lu et al., 2013; Forte et al., 2016; Chang et al., 2018; and Foulquier et al., 2019). How the 
expression profile of the MasR in HMC3 cells compares with primary microglia has not been 
previously elucidated. RASRx1902 is a presumed agonist of the MasR. In the TAC study, many of 
its effects were found to be similar to treatment with A(1-7) (figure 1-1). Previously, primary rat 
microglia cells from the hypothalamus were treated with several concentrations of A(1-7), 
which caused reduction in the expression of many pro-inflammatory cytokines (Liu et al., 2016). 
We hypothesize that treating microglia with RASRx1902 will have many of the same effects as 
A(1-7), which we will test using the HMC3 cell line. 
 
Several markers of microglial activation were measured in this study: HLA-DR, CD68, CD11b, 
ROS, and cell size. HLA-DR (a MHC-II receptor) has been found to be increased in many regions 
of the AD brain, indicating that this activation marker is relevant in AD (Hopperton et al., 2017). 
HLA-DR appeared to be the most reliable measure of resting versus activated HMC3 cells based 
on previous studies, so we predicted that it would be a consistent marker for this study and 
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would be a way to base whether the other markers changed expression with stimulation (Russo 
et al., 2018). CD68 has also been found to be increased in many brain regions in AD (Hopperton 
et al., 2017). However, previous studies have found that CD68 has variable expression in HMC3 
cells that appears to dependent on several factors (Russo et al., 2018). CD68 expression found 
in this study will be discussed below. CD11b (a component of complement receptor 3, which 
helps identify and phagocytose antigens) is found in resting microglia cells, and it has been 
found to either be upregulated or have no change in the AD brain, depending on the study 
(Hopperton et al., 2017). Its expression was also variable in previous HMC3 cell studies (Russo 
et al., 2018). Despite its variability, it is a relevant microglial activation marker, so it was 
characterized in this study to see its levels in stimulated and non-stimulated HMC3 cells. ROS 
produced by microglia appears to be involved in the pathogenesis of AD (Manoharan et al., 
2016). However, based on previous findings of high NOX4 expression in HMC3 cells, we 
predicted that ROS would be high even in resting HMC3 cells (Li et al., 2009). We measured ROS 
using CellROX staining to see if our cells matched this expected phenotype. Finally, microglia 
cells are very dynamic and change morphologies depending on their current state. When 
microglia recognize a threat in the CNS, there are many different forms they can take as they 
work to mitigate the threat. The morphology is directly related to their function. Generally, 
resting microglia are smaller, with a round cell body and many branches. When they become 
activated, their cell body becomes larger and has less branches, which become shorter and 
thicker (Davis et al., 2017; Fernández-Arjona et al., 2017; Zhang et al., 2018). Additionally, 
activated microglia have been found to be larger in AD patients than in non-AD patients 
(Carpenter et al., 1993). Cell size has not been previously analyzed in activated HMC3 cells but 
was measured in this study as a potential marker of microglial activation. 
 
The focus of this aim was to learn the effects of RASRx1902 acting on activated microglial cells. 
Using HMC3 cells as a model for microglia, we elucidated how to consistently and significantly 
activate the cells and treated the cells with various concentrations of RASRx1902. We measured 
the change in activation with various microglial activation markers. We hypothesized that 
RASRx1902 would decrease HMC3 cell activation, which could translate in the future to using 
RASRx1902 as a way to treat AD by reducing neuroinflammation. 

Materials and Methods 

Cell Information: Human embryonic microglia clone 3 (HMC3) cells were obtained from ATCC 
(CRL-3304, Lot 70016372), and they were kept as directed by the ATCC product sheet. 
Complete growth media used was Minimum Essential Medium (EMEM, Corning 89428-906) 
supplemented with 56 mL fetal bovine serum (FBS) and 1X Penicillin-Streptomycin (PenStrep, 
Gibco 15140122). One activation/treatment experiment used EMEM with 2% FBS and 1X 
PenStrep. Frozen cells were kept in liquid nitrogen until use, and they were thawed according 
to the ATCC product sheet: cells were quickly thawed by gently moving the vial in a 37 oC water 
bath, added to warmed complete growth media, and centrifuged. Cells were resuspended in 
warmed media and plated. Cells were kept in an incubator at 37 oC with 5% CO2. Cells were 
subcultured when they reached confluency. Cells were subcultured according to the ATCC 
product sheet: media was removed, cells were washed with 0.25% (w/v) Trypsin-EDTA (Gibco 
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25200-056), and Trypsin-EDTA was added to the cells. Cells were kept at room temperature or 
37 oC until unadhered. When cells became detached, complete growth media was added and 
cells were resuspended with a pipette. Cells were then plated at a ratio of 1:10 to 1:20 with 
more complete growth media in flasks or plates for continued growth or other experiments. For 
some experiments, cells were counted using a 1:1 ratio of cells to 0.4% Trypan Blue (Gibco 
15250061) and counted with a hemocytometer. Cells were frozen in complete growth media 
supplemented with 10% DMSO (ATCC 4-X) and stored in liquid nitrogen. 
 
HMC3 cell activation: HMC3 cells were plated in a 48-well plate or a 96-well plate one day prior 
to activation. For a 48-well plate, cells were plated at 20,000 cells/well for experiments lasting 3 
days or at 15,000 cells/well for experiments lasting 4 days. For a 96-well plate, cells were plated 
at 4000 cells/well for experiments lasting 4 days. Several stimuli were used to activate the cells 
and were added at various concentrations for various lengths of time to ultimately determine a 
consistent and significant method to activate the cells. The specific concentrations and times 
are outlined in the results section below. Stimuli used for activation were recombinant human 
IFN-gamma protein (R&D Systems 285-IF-100), recombinant human TNF-alpha protein (R&D 
Systems 210-TA-020), Cell Stimulation Cocktail (eBioscience 00-4970-03), and A-II (Sigma-
Aldrich A9525). IFN-gamma was reconstituted according to its product data sheet by adding 
500 µL sterile molecular water to the 100 µg IFN-gamma to make a 0.2 mg/mL sterile solution. 
TNF-alpha was also reconstituted according to its product data sheet by adding 200 µL sterile 
PBS to the 20 µg of TNF-alpha to make a 100 µg/mL sterile solution. These stock solutions were 
aliquoted (to prevent multiple freeze/thaw cycles) and stored at -20 oC for up to three months. 
A-II was reconstituted in water (according to its product data sheet), aliquoted, and stored at -
80 oC. Before adding to cells, stimuli were first diluted in DPBS (14190144) as necessary and 
then diluted in complete growth media. Stimuli dilutions were kept cold until added to cells. 
Ultimately, using 10 ng/mL IFN-gamma for 2 days was found to significantly activate the cells, 
as measured with HLA-DR expression and cell size, and was used for the majority of 
experiments requiring cell activation. 
 
HMC3 cell treatment: Activated cells were treated with various concentrations (10-11 to 10-6 M) 
of the presumed MasR agonist RASRx 1902 (498.48 g/mol molecular weight). RASRx1902 was 
weighed out and diluted in DMSO to a final concentration of 0.01 M. These stock solutions 
were aliquoted (to prevent multiple freeze/thaw cycles) and frozen at -80 oC. For use with cells, 
the stock solution was serially diluted (1:10) in DMSO. Each DMSO solution was then diluted 
1:100 in DPBS. Finally, each DPBS solution was either diluted 1:10 in media and added to the 
cells, or they were added directly to wells for a final 1:10 dilution. These solutions were kept 
cold until addition to cells because media with FBS might begin to breakdown the compounds. 
RASRx1902 dilutions were added to the cells either 1 day after cell activation and remained on 
the cells for 1 day total or added at the same time as the stimulus for 2 days total, with more 
RASRx1902 added after 1 day. For DMSO controls, DMSO was diluted 1:100 in DPBS, then either 
diluted 1:10 in media and added to the cells or added directly to the wells for a final 1:10 
dilution. 
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HMC3 cell staining for flow cytometry and imaging: Cells were stained with the following: the 
fluorogenic probe CellROX Green (2.5 µM or 5 µM, FITC, Invitrogen C10444); extracellular 
antibodies HLA-DR (5 µL per 106 cells, Alexa Fluor 647, Invitrogen A51010) and CD11b (10 µL 
per 106 cells, APC-Vio 770, Miltenyi Biotec 130-113-794); and intracellular antibody CD68 (5 µL 
per 105 to 108 cells, PE, Invitrogen 12-0689-42). CellROX dilutions were made in PBS, and 
antibody dilutions were made in FACS buffer (2% FBS in PBS). Cells were not always stained 
with all dyes and antibodies, but the following same general procedures were followed. 
 
For flow cytometry, HMC3 cells were subcultured with the procedure outlined above and spun 
down at 300 xg for 5 minutes to remove the media. If staining with CellROX, cells were 
resuspended in CellROX Green at either a final concentration of 2.5 µM or 5 µM and were 
incubated at 37 oC with no light and no air for 15 or 30 minutes. Cells were centrifuged at the 
same parameters, resuspended and washed in PBS, and centrifuged again. If performing 
extracellular staining, the pellet was resuspended in 50 µL Fc block (diluted 1:25 in FACS buffer, 
Invitrogen 14-9161-73) at 4 oC for 15 minutes. 50 µL extracellular antibodies in FACS buffer 
were added and cells were incubated at 4 oC for 20 to 30 minutes in the dark. If no intracellular 
staining was done, FACS buffer was added to the cells, the cells were centrifuged at the above 
parameters, and the cells were resuspended in 100 µL PBS and kept cold for flow cytometry. If 
intracellular staining was performed, the cells were fixed with 2% or 4% paraformaldehyde 
(VWR 16004-128) for 15 minutes at room temperature. Cells were centrifuged at the above 
parameters, washed with PBS, and centrifuged again. The cells were tapped to loosen the 
pellet, and permeabilization buffer (0.1% (v/v) Triton X-100) was added and the cells were 
incubated for 20 minutes at 4 oC. The cells were centrifuged at the above parameters, washed 
with PBS, and resuspended in 50 µL of intracellular antibodies. The cells were incubated for 20 
to 30 minutes at room temperature, then a large volume of PBS or FACS buffer was added and 
cells were centrifuged. The cells were resuspended in 100 µL PBS for flow cytometry. Cells were 
kept cold prior to measuring with flow cytometry (MACSQuant Analyzer 10). Just prior to 
running flow cytometry, DAPI (2 µL, Miltenyi Biotec 130-111-570) was sometimes added to 
non-fixed cells as a marker of cell death. However, because most cells were alive at staining, 
DAPI was not always used. Compensation was performed, using compensation beads or HMC3 
cells (mouse for HLA-DR antibody, Miltenyi Biotec 130-097-900; rat for CD11b antibody, 
Miltenyi Biotec 130-107-755; cells for CellROX), when more than one antibody and/or dye was 
used for flow cytometry and their conjugated fluorochromes had close wavelengths. Flow data 
was analyzed using FlowLogic (Miltenyi Biotec). 
 
For immunofluorescence staining, the above steps were followed, but cells remained adhered 
to the plates and so they did not need to be centrifuged between steps. Prior to imaging, cells 
not previously fixed were fixed with 2% or 4% paraformaldehyde. DAPI was added to fixed cells 
preceding imaging as a nucleus marker. Cells were kept cold prior to imaging. Cells were viewed 
under the appropriate filter for each antibody with the ECHO Revolve. 
 
Flow cytometry gating: Cells were gated with FlowLogic software (Miltenyi Biotec) as shown in 
figure 2-1. Gates were created using the blank (no antibodies added), which were then copied 
to the rest of the data. First, in the side scatter area (SSC-A) versus forward scatter area (FSC-A) 
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plot, the cell population was selected, including the larger cells (with a higher FSC-A). Second, in 
the forward scatter height (FSC-H) versus FSC-A plot, the singlet population was selected. In the 
experiments where DAPI was used, the population was selected in the VioBlue-A versus FSC-A 
plot (selecting the cells that were DAPI negative, which were the cells that were alive). Finally, 
any antibody color used was plotted against FSC-A, and everything but that population was 
selected (selecting the cells that would be positive for that antibody). Figure 2-1 shows use of 
the HLA-DR antibody, which was conjugated to APC. 
 

 
Figure 2-1: Flow cytometry gating. Cells were gated using a blank (no antibodies added) by first 
selecting the cell population in the SSC versus FSC plot, then selecting the singlet population in 
the FSC-H versus FSC-A plot. In experiments using DAPI, the DAPI-negative (alive) cells were 
selected. Finally, the microglia markers were measured using each of the antibody colors. In this 
figure, HLA-DR was measured with an antibody conjugated to APC. 
 
Statistics performed on flow cytometry data: Significance testing was performed using 
unpaired t tests using GraphPad Prism version 8.0.2 for Mac OS X. Significance level was 
considered 5%. Plots show the mean +/- standard error of the mean (SEM). Two-tailed tests 
were used for the following: percent of cells expressing HLA-DR, CD68, and CD11b; percent of 
cells stained with CellROX; mean fluorescence intensity of CellROX; and singlet mean forward 
scatter (FSC) intensity. One-tailed tests were used for the following: percent of cells that 
stained negative for DAPI and cell count. 
 



 62 

RNA extraction and RT-qPCR to measure RAS receptor and CD68 expression in HMC3 cells: 
RNA was extracted and purified from resting HMC3 cells, following the same procedure 
outlined in specific aim 3 (pages 90-91). RT-qPCR was set up using the Verso SYBR Green 1-Step 
qRT-PCR Low ROX Kit (Thermo Scientific AB4106) according to table 1-1 in specific aim 1 (pages 
17-18) with the primers listed in table 2-1. Samples were run in triplicate using the thermal 
cycling and melting curve programs in tables 1-4 and 1-5 in specific aim 1 (pages 20-21). 
 
Table 2-1: Human RAS and CD68 primer sequences for RT-qPCR. RAS primers were designed 
with the PrimerQuest Tool from Integrated DNA Technologies. CD68 was taken from Patsouris 
et al., 2014. 

Gene Primer sequences (5’-3’) Amplicon 
length 

%GC 
content 

MAS1 
ID: 4142 
NM_002377 

F: CATCGTGCACTGGGTCATTA 
R: AGACAGGTGGGTGATGTAGA 

124 bp 50 
50 

AT1R 
ID: 185 
NM_000685 

F: AACAGCTTGGTGGTGATAGTC 
R: CCCATAGTGGCAAAGTCAGTAA 

118 bp 47.6 
45.5 

AT2R 
ID: 186 
NM_000686 

F: TCACCTGCATGAGTGTTGATAG 
R: ATGAGGACAAACAGGCCATAC 

123 bp 45.5 
47.6 

CD68 
ID: 968 
NM_001251 

F: TCAGCTTTGGATTCATGCAG 
R: AGGTGGACAGCTGGTGAAAG 

202 bp 
 

45 
55 

 

Results 

Activating the cells with various stimuli: Several stimuli, IFN-gamma, TNF-alpha, Cell 
Stimulation Cocktail (CSC, PMA/ionomycin), and A-II, were used alone or in combination with 
each other to attempt to activate the cells. The microglial activation marker HLA-DR was found 
to be an appropriate activation marker in the cells, as expression was low in cells with media 
alone but increased when some of the stimuli were added (figure 2-2A). The number of cells 
was also measured to determine whether any of the stimuli significantly decreased the number 
of cells, indicating that the stimulus was cytotoxic to the cells (figure 2-2B). 
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Figure 2-2: Percent of cells activated, measured by HLA-DR, after various stimuli were added to 
HMC3 cells. (A) HMC3 cell activation measured with HLA-DR. Mean with SEM. Two-tailed 
unpaired t test compared to media. * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001 (B) 
Number of HMC3 cells measured in each stimulation group. Mean with SEM. One-tailed 
unpaired t test compared to media. Only groups decreased from media are marked. # P < 0.05, 
## P < 0.01 
 
IFN-gamma at 10 or 20 ng/mL placed on the cells for 2 days was found to significantly and 
consistently activate the cells, typically activating between 15 and 30 percent of the cells in 
each experiment, measured by HLA-DR (figure 2-2A, 2-3A, and 2-3B). While IFN-gamma 
activated the cells most of the time, there was sometimes no significant difference between the 
IFN-gamma stimulated cells and unstimulated cells. Two occurrences where this occurred are 
shown in figures 2-3C and 2-3D. The loss of significance appeared to be due to higher activation 
of unstimulated cells and variability among IFN-gamma stimulated replicates. New media was 
often made, in case some sort of contamination was introduced that caused the increased 
activation, and the IFN-gamma was aliquoted and stored in the freezer to prevent multiple 
freeze-thaw cycles that could cause breakdown of the protein and variation among replicates.  
 
When DAPI was used, greater than 98 percent of the IFN-gamma-stimulated cells were found to 
be alive. This was significantly less than cells with media alone, but because the percent of cells 
alive was so high, this did not indicate any cytotoxicity (figure 2-3E). The number of cells in wells 
after stimulation with IFN-gamma was sometimes significantly decreased compared to 
unstimulated cells (figure 2-3B). However, this did not occur for most of the experiments, and it 
did not seem to be connected with the amount of activation, so it was concluded that IFN-
gamma was not cytotoxic to the cells (figures 2-2B and 2-3A). When IFN-gamma was used in 
combination with TNF-alpha or A-II, the amount of activation was about the same as when IFN-
gamma was used alone (figure 2-2A). 
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Figure 2-3: HMC3 cell activation (measured by HLA-DR) after IFN-gamma stimulation during 
stimuli testing experiments and treatment experiments. (A) Activation and cell count with 10 
ng/mL IFN-gamma for 2 days. There was no change in cell count between unstimulated and 
stimulated cells. (B) Activation and cell count with 10 or 20 ng/mL IFN-gamma for 1 or 2 days. 
There was a significant decrease in cell count for cells that had IFN-gamma for 2 days. (C) and 
(D) Activation and cell count of two experiments where stimulated cells (10 or 20 ng/mL IFN-
gamma for 2 days) were not significantly more activated than unstimulated cells. (E) Percent of 
cells alive, measured with DAPI, of the experiment shown in (B). 
Mean with SEM. 
Cell activation significance: two-tailed unpaired t test compared to media: * P < 0.05, ** P < 
0.01, *** P < 0.001, **** P < 0.0001 
DAPI and number of cells significance: one-tailed unpaired t test compared to media. Only 
groups decreased from media are marked. # P < 0.05, ## P < 0.01 
 
None of the other stimuli significantly increased HMC3 cell activation. Treatment with TNF-
alpha for 2 days significantly decreased activation compared to unstimulated cells (figure 2-2A; 
same plot also shown in figure 2-4A). However, the percent of cells activated under media 
alone was only about 1 percent, and TNF-alpha decreased that to about 0.4 percent. Also, when 
TNF-alpha was used in conjunction with IFN-gamma, it did not decrease the activation 
compared to using IFN-gamma alone (figure 2-2A). These results indicated that, while TNF-
alpha did not activate the cells in the current conditions, it probably did not actually decrease 
HMC3 cell activation. However, more experiments would be needed to confirm this. The 
number of cells in TNF-alpha-stimulated wells compared to unstimulated wells was not 
significantly decreased, indicating that TNF-alpha did not have a cytotoxic effect (figure 2-2B). 
 
While use of 1X CSC (PMA/ionomycin) for 2 days appeared to slightly increase the percent of 
cells activated (measured by HLA-DR), it was not significant (figure 2-2A; same plot also shown 
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in figure 2-4B). However, CSC may be cytotoxic to HMC3 cells because use of 1X CSC for 1 or 2 
days led to significantly decreased cell counts (figure 2-2B; same plot also shown figure 2-4B). 
This result was also seen in a second experiment, where 1X CSC was used for 1 day (figure 2-
4C). 
 

 
Figure 2-4: Percent of HMC3 cells activated (measured by HLA-DR) after TNF-alpha or CSC 
(PMA/ionomycin) were added. (A) Activation of cells after addition of 10 ng/mL TNF-alpha for 1 
or 2 days. Taken from figure 2-2A. (B) Activation and cell count of cells after addition of 1X CSC 
for 1 or 2 days. Taken from figures 2-2A and 2-2B. (C) Activation and cell count of cells after 
addition of 1X CSC for 1 day. 
Mean with SEM. 
Cell activation significance: two-tailed unpaired t test compared to media: * P < 0.05, ** P < 
0.01, *** P < 0.001, **** P < 0.0001 
Number of cells significance: one-tailed unpaired t test compared to media. Only groups 
decreased from media are marked. # P < 0.05, ## P < 0.01 
 
Use of 10-6 M A-II for 2 days significantly decreased HMC3 cell activation (in one experiment) 
compared to media alone (figure 2-2A; same plot also shown in figure 2-5A). Like TNF-alpha, 
though, the percent of cells activated in media versus 10-6 M A-II were very low. However, in a 
second experiment, when using several concentrations of A-II for 1 or 2 days, there were dose-
response effects. When A-II was added to the cells for 1 day, increasing concentrations of A-II 
resulted in increased cell activation, and 10-7 and 10-6 M A-II had a significant effect; however, 
only about 1.5 to 2 percent of the cells were activated (figure 2-5B). When A-II was put on the 
cells for 2 days, there was an opposite effect. The lowest concentration of A-II was the only 
concentration that had significantly increased HLA-DR expression compared to media alone, 
and the higher concentrations of A-II appeared to decrease back to unstimulated levels (figure 
2-5C). This could indicate that A-II may have had a protective effect over time, or that higher 
concentrations were cytotoxic to the cell at a longer period of time (seen in the cell count of 
one experiment, figure 2-5C, with 10-7 and 10-6 M A-II for 2 days, but not in the cell count of a 
different experiment, figure 2-2B, with 10-6 M A-II for 2 days). A-II for 1 day did not show any 
cytotoxic effects (figures 2-2B and 2-5B). 
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Figure 2-5: Percent of HMC3 cells activated (measured by HLA-DR) after A-II was added at 
various concentrations. (A) Activation of cells after adding 10-6 M A-II for 1 or 2 days. Taken 
from figure 2-2A. (B) Activation of cells after adding various concentrations of A-II for 1 day: 
percent of cells activated, percent of cells alive (measured with DAPI), and number of cells. (C) 
Activation of cells after adding various concentrations of A-II for 2 days: percent of cells 
activated, percent of cells alive (measured with DAPI), and number of cells. 
Mean with SEM. 
Cell activation significance: two-tailed unpaired t test compared to media: * P < 0.05, ** P < 
0.01 
DAPI and number of cells significance: one-tailed unpaired t test compared to media. Only 
groups decreased from media are marked. # P < 0.05, ## P < 0.01 
 
Characterizing resting and activated HMC3 cells with various microglial activation markers: 
Various microglial activation markers, HLA-DR, CD68, CD11b, ROS, and cell size, were measured 
in resting and activated HMC3 cells. HLA-DR was low in resting HMC3 cells, but significantly 
increased when cells were activated with 10 or 20 ng/mL IFN-gamma for 2 days (figure 2-2A). 
HLA-DR was found to be a reliable activation marker and was used for treatment experiments. 
 
CD68 had high expression in resting HMC3 cells, and activation with 10 ng/mL IFN-gamma did 
not appear to significantly or consistently increase its expression any higher (figure 2-6). 
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Figure 2-6: CD68 expression in resting and activated HMC3 cells. Immunofluorescent images of 
fixed cells stained with DAPI (blue) and CD68 (red). Cells were activated with 10 ng/mL IFN-
gamma for 1 day. 
 
CD11b expression did not increase when cells were activated with 10 ng/mL IFN-gamma for 2 
days (compared to media), measured by the percent of cells expressing CD11b (figure 2-7). 
When the outlier of the media replicates was removed, IFN-gamma had significantly higher 
expression of CD11b (two-tailed unpaired t test of IFN-gamma compared to media: p-value = 
0.019). However, this was determined to not be a true outlier, because when CD11b was 
measured in activated cells treated with various concentrations of RASRx1902 for 1 day, there 
was a lot of variation in CD11b expression among the replicates of each treatment (figure 2-7). 
This indicated that CD11b was not a good marker of activation in HMC3 cells because it had a 
lot of variability in expression and it may not actually be connected to activation in this cell line. 
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Figure 2-7: CD11b expression in resting, activated, and treated HMC3 cells. Cells were activated 
with 10 ng/mL IFN-gamma for 2 days, and RASRx1902 was added to the cells on the second day. 
Cell size, HLA-DR expression, and cell count of this experiment are shown in figure 2-10DEF. 
Mean with SEM. Significance tested with two-tailed unpaired t test compared to media. 
 
Reactive oxygen species (ROS) were measured with CellROX. More than 97 percent of resting 
HMC3 cells were producing ROS (figures 2-8A, 2-8B, and 2-8C). Addition of several stimuli did 
not change the percent of cells producing ROS (figure 2-8C). The mean fluorescent intensity 
(MFI) of the cells was also quantified to measure the amount of ROS production. IFN-gamma-
stimulated cells did not have significantly more ROS than unstimulated cells, measured with 
MFI (figure 2-8D). Some of the other stimuli (TNF-alpha + IFN-gamma, CSC, A-II, and A-II + IFN-
gamma) showed a significant decrease in the MFI of ROS compared to media alone (figure 2-
8D). IFN-gamma for 2 days was able to significantly increase ROS production during one 
experiment (as measured by MFI), but it was unable to be replicated (figure 2-8E). The 
concentration of CellROX and the amount of time it was put on the cells were used at the 
manufacturer’s recommendations in figures 2-8A, 2-8B, and 2-8E. The concentration and time 
were both decreased by half in figures 2-8C and 2-8D to test if the high percentages and MFI 
were due to saturation of the dye. 
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Figure 2-8: ROS production in resting and activated HMC3 cells, measured with CellROX. (A) 
Flow cytometry gating of resting cells stained with CellROX. (B) Immunofluorescent images of 
fixed resting cells stained with CellROX (green) and DAPI (blue). (C) Percent of cells producing 
ROS in unstimulated and stimulated cells. (D) CellROX mean fluorescent intensity in 
unstimulated and stimulated cells. (E) Mean fluorescent intensity and cell count of one 
experiment, with 10 ng/mL IFN-gamma for 2 days. 
Mean with SEM. 
Percent of cells producing ROS and MFI significance: two-tailed unpaired t test compared to 
media: * P < 0.05, ** P < 0.01 
Number of cells significance: one-tailed unpaired t test compared to media. 
 
Cell size was measured in resting and activated HMC3 cells using mean forward scatter (FSC) 
intensity flow cytometry measurements. Cell size significantly increased both 1 and 2 days after 
addition of 10 or 20 ng/mL IFN-gamma, compared to media (figure 2-9A). Cell size may be an 
earlier indication of changes in HMC3 cell activation, as a change in size was seen at only 1 day 
after activation, while HLA-DR expression changes were not seen until 2 days after activation 
(figures 2-2A and 2-9A). The size of cells treated with various concentrations of A-II was also 
included here to see if a similar dose-response occurred with cell size like what happened with 
HLA-DR expression. There appeared to be relatively no change in cell size among the 
concentrations (figures 2-9B and 2-9C). 
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Figure 2-9: Cell size of resting and stimulated HMC3 cells. (A) Singlet mean forward scatter (FSC) 
intensity flow cytometry measurements of cells with and without various stimuli. (B) Singlet 
mean FSC of cells with various concentrations of A-II placed on the cells for 1 day. (C) Singlet 
mean FSC of cells with various concentrations of A-II placed on the cells for 2 days. Mean with 
SEM. Two-tailed unpaired t test compared to media. * P < 0.05 ** P < 0.01 
 
Treating activated HMC3 cells with various concentrations of RASRx1902: A few different 
methods were tested to attempt to activate and treat HMC3 cells. IFN-gamma, at 10 or 20 
ng/mL for 2 days, was used to activate the cells, and RASRx1902 at various concentrations was 
used to treat the cells. Cell size and HLA-DR expression were used as markers of activation, with 
changes in cell size being considered an earlier sign of changes in activation and HLA-DR being a 
later indication. 
 
The first treatment method consisted of activating the cells with 10 ng/mL IFN-gamma for the 
first day, then adding RASRx1902 to the cells for the second day (keeping the IFN-gamma on the 
cells for the second day also). The results of the two experiments that employed this treatment 
method are shown in figure 2-10. In the first experiment, activation appeared to decrease with 
higher concentrations of RASRx1902 compared to IFN-gamma alone, as was seen with 
decreased cell size with treatment with 10 nM and 0.1 µM RASRx1902 and seen with decreased 
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HLA-DR expression with treatment with 0.1 µM RASRx1902 (figures 2-10A and 2-10B). 
However, treatment with 1 µM RASRx1902 showed a return to increased activation. This 
response could be due to an inverted U response of the drug, but when this treatment method 
was repeated a second time, the decreased activation seen with higher concentration 
treatments was not replicated (figures 2-10D and 2-10E). While it appeared that RASRx1902 
may decrease microglial activation, it was not consistent between the experiments. 
 

 
Figure 2-10: Activating HMC3 cells with 10 ng/mL IFN-gamma for 2 days and treating the cells 
with various concentrations of RASRx1902 the second day. (A,B,C) and (D,E,F) are the results of 
the two experiments that employed this treatment method. (A,D) Mean cell size (measured with 
singlet forward scatter (FSC) mean fluorescent intensity). (B,E) Percent of cells expressing HLA-
DR. (C,F) The number of cells per well. 
Mean with SEM. 
FSC and HLA-DR significance: two-tailed unpaired t test compared to IFN-gamma: * P < 0.05, ** 
P < 0.01, *** P < 0.001 
Number of cells significance: one-tailed unpaired t test compared to media. Only groups 
decreased from media are marked. # P < 0.05 
 
Because the results of treating activated cells with RASRx1902 for 1 day did not produce 
consistent results, the next treatment method employed extended the treatment time to 2 
days. To keep the time that IFN-gamma was on the cells at two days, RASRx1902 and IFN-
gamma were placed on the cells at the same time. More RASRx1902 was added to the cells 
after 1 day to renew the treatment. Results from this treatment method are shown in figure 2-
11. The cell size significantly decreased in all treatment groups compared to IFN-gamma alone 
(figure 2-11A). HLA-DR expression of IFN-gamma had high variability among replicates and no 
significant difference was seen when compared to the treatments (figure 2-11B). This was an 
interesting result because, while some HLA-DR expression variability among IFN-gamma 
replicates was seen in previous experiments, it was not seen to this extent. However, IFN-
gamma-stimulated cells that were treated with 1 nM RASRx1902 had a significant increase in 
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HLA-DR expression compared to media alone, and so it was used (instead of IFN-gamma) as a 
comparator for looking for changes in HLA-DR expression in the three highest concentrations of 
RASRx1902 (10 nM, 0.1 µM, and 1 µM). Compared to 1 nM RASRx1902, the three highest 
concentrations of RASRx1902 had significantly decreased HLA-DR expression, indicating, like 
cell size, a decrease in microglial activation (figure 2-11B). However, the variability in HLA-DR 
expression of cells with IFN-gamma alone needed to be addressed to ensure the decrease in 
activation in treated groups was not just due to inadequate IFN-gamma stimulation. 
 

 
Figure 2-11: Simultaneously activating and treating cells with 10 ng/mL IFN-gamma and 
RASRx1902 for 2 days. (A) Mean cell size (measured with singlet forward scatter (FSC) mean 
fluorescent intensity). (B) Percent of cells expressing HLA-DR. (C) The number of cells per well per 
treatment. 
Mean with SEM. 
FSC significance: two-tailed unpaired t test compared to IFN-gamma: * P < 0.05, ** P < 0.01 
HLA-DR significance: two-tailed unpaired t test compared to IFN-gamma + 1 nM RASRx1902: * P 
< 0.05 
Number of cells significance: one-tailed unpaired t test compared to media. 
 
To attempt to more consistently activate the HMC3 cells, 20 ng/mL IFN-gamma was used. This 
concentration was previously used and found to consistently and significantly increase cell 
activation, measured with HLA-DR expression and cell size (figures 2-2A, 2-3B, and 2-9A). 
Previous use of 20 ng/mL IFN-gamma activation did not significantly increase cell size and HLA-
DR expression above 10 ng/mL IFN-gamma. In one experiment, 20 ng/mL IFN-gamma appeared 
to have more consistency among replicates than 10 ng/mL IFN-gamma (figure 2-3B). When 
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used here, 20 ng/mL IFN-gamma had more HLA-DR expression variability among replicates than 
expected. The difference in HLA-DR expression between media and 20 ng/mL IFN-gamma was 
not significant, but HLA-DR expression of cells with IFN-gamma did appear to be increased 
(figure 2-12B). Some treatment groups had significantly decreased cell size compared to IFN-
gamma; however, the groups were not consistent, and the replicates of each treatment group 
cell size had notable variability (figure 2-12A). The treatment groups had less variability among 
HLA-DR expression replicates; however, none of the treatment groups had significantly 
decreased HLA-DR expression compared to IFN-gamma alone (2-12B). These results could 
indicate a couple possible conclusions. First, 20 ng/mL IFN-gamma may cause activation that is 
harder to reverse than 10 ng/mL IFN-gamma. This was seen in figure 2-12B, because even 
though 20 ng/mL IFN-gamma caused the percent of cells activated (measured with HLA-DR 
expression) to be in the range that 10 ng/mL IFN-gamma activated the cells, RASRx1902 did not 
decrease the activation at all. Second, HMC3 cells may be difficult to consistently activate. This 
was seen in figure 2-3, where IFN-gamma caused between 15 and 30 percent of cells to be 
activated, measured by HLA-DR expression, and in figures 2-11 and 2-12B, where there was a 
lot of variability among replicates. 
 
The inconsistency of treatment results could also be due to media conditions or RASRx1902 
storage conditions. The media in most experiments contained about 10% FBS, which was 
decreased in the following experiment to 2% FBS. Originally, RASRx1902 was dissolved in 
DMSO, aliquoted, and stored at -80 oC for future use. Because it is a small molecule compound, 
it should be stable under those conditions. However, previous laboratory experiments have 
remade RASRx1902 prior to every experiment, so instead of using a frozen stock, it was remade 
prior to the following experiment. 10 ng/mL IFN-gamma and newly made RASRx1902 were 
added to the HMC3 cells at the same time in media with 2% FBS for 2 days total. More 
RASRx1902 was added on the second day to renew the drug on the cells. Addition of IFN-
gamma significantly increased the cell size compared to media alone. All treatment groups 
significantly decreased the cell size compared to IFN-gamma alone (figure 2-12D). Treatment 
with the lowest concentration of RASRx1902, 0.01 nM, had the greatest decrease in cell size. 
When HLA-DR expression was measured, it was found that 10 ng/mL IFN-gamma had no change 
compared to media alone. The expression did not even appear to be increased (unlike what was 
seen in figures 2-11B and 2-12B). None of the treatment groups had significantly different HLA-
DR expression from IFN-gamma. This may indicate that IFN-gamma needs higher FBS content to 
fully activate the HMC3 cells. When comparing cells that were treated with RASRx1902 that was 
recently made versus drug that was stored in the freezer, there appeared to no change in cell 
size, activation, and cell count (figure 2-12G). Cells treated with old RASRx1902 did appear to be 
smaller than those treated with new RASRx1902, even though the difference was not great 
enough to be significant. However, because the cells did not activate as predicted, conclusions 
could not be drawn whether there was a difference in using new versus old RASRx1902 (figure 
2-12G). 
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Figure 2-12: (A,B,C) Simultaneously activating and treating cells with 20 ng/mL IFN-gamma and 
RASRx1902 for 2 days. (D,E,F) Simultaneously activating and treating cells with 10 ng/mL IFN-
gamma and newly made RASRx1902 for 2 days in media with 2% FBS. (A) and (D) Mean cell size 
(measured with singlet forward scatter (FSC) mean fluorescent intensity). (B) and (E) Percent of 
cells expressing HLA-DR. (C) and (F) The number of cells per well. (G) Comparing the use of 
“new” versus “old” RASRx1902 in cells simultaneously activated and treated with 10 ng/mL IFN-
gamma and 1 µM RASRx1902 for 2 days in media with 2% FBS. Shown are mean cell size (singlet 
mean FSC), percent of cells expressing HLA-DR, and number of cells. 
Mean with SEM. 
FSC and HLA-DR significance of A, B, D, and E: two-tailed unpaired t test compared to IFN-
gamma: * P < 0.05, ** P < 0.01, *** P < 0.001 
Number of cells significance of C and F: one-tailed unpaired t test compared to media. 
FSC and HLA-DR significance of G: two-tailed unpaired t test comparing the two groups. 
Number of cells significance of G: one-tailed unpaired t test comparing the two groups. 
 
In each of the above experiments, the number of cells were counted in all wells. Wells 
containing 1 µM RASRx1902, 0.1 percent DMSO (RASRx1902 was first dissolved in DMSO; 0.1 
percent DMSO was the concentration that was on the cells in the RASRx1902-treated wells), 
and the combination of IFN-gamma with 1 µM RASRx1902 are shown in figure 2-13. This was 
done to determine if any of these decreased the number of cells compared to media alone, 
indicating that they were cytotoxic to the cells. Only one of the experiments resulted in a 
significant difference; in figure 2-13F, there was a significant decrease in the number of cells in 
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the DMSO group compared to media alone. Because this only happened during one 
experiment, it was determined that RASRx1902, DMSO, and IFN-gamma with RASRx1902 at the 
concentrations used in the experiments did not cause cell death. 
 

 
Figure 2-13: Cell count of wells treated with 1 µM RASRx1902, 0.1% DMSO, and 1 µM 
RASRx1902 + 10 or 20 ng/mL IFN-gamma, compared to media. Data is taken from 
activation/treatment experiments as follows: (A) 2-10ABC. (B) 2-10DEF. (C) 2-11. (D) 2-12ABC. 
(E) 2-12DEF. (F) Unshown figure: cells treated with RASRx1902 and DMSO for 2 days. 
Number of cells significance: one-tailed unpaired t test compared to media. Only groups 
decreased from media are marked. # P < 0.05 
 
Because RASRx1902 was dissolved into DMSO, the effects of DMSO as a vehicle need to be 
studied. From the above experiments, cell size and HLA-DR expression of cells treated with 1 
µM RASRx1902 or DMSO (at the same concentration that was on the cells) were compared with 
cells in media alone (figure 2-14). DMSO caused either no decrease in cell size or a more 
significant decrease in cell size than RASRx1902. It produced a very similar effect in HLA-DR 
expression to RASRx1902. 
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Figure 2-14: Comparing the effects of RAXRx1902 and DMSO on HMC3 cells. Data is taken from 
activation/treatment experiments as follows: figure 2-10ABC: 1 day on cells. Figure 2-11, 2-
12ABC, and unshown figure: 2 days on cells. Figure 2-12DEF: 2 days on cells with 2% FBS. (A) 
Comparison of cell size (singlet mean FSC). (B) Comparison of percent of cells expressing HLA-
DR.  
Mean with SEM. 
FSC and HLA-DR significance: two-tailed unpaired t test compared to media: * P < 0.05, ** P < 
0.01, *** P < 0.001, **** P < 0.0001 
 
Measuring RAS receptor expression in resting HMC3 cells: MAS1, AT1R, and AT2R were 
measured in resting HMC3 cells using RT-qPCR (figure 2-15). Analyzing the results qualitatively, 
MAS1 and AT2R had very low expression, as seen by the curves appearing after 30 cycles 
(figures 2-15A and 2-15C). In addition, MAS1 expression varied between two runs, indicating 
there might have been non-specific binding occurring (which is commonly seen in RT-qPCR for 
low-expressing genes). AT1R expression was much higher than MAS1 and AT2R (figure 2-15B). 
 

 
Figure 2-15: RAS receptor expression in resting HMC3 cells. (A) MasR expression in two different 
runs. (B) AT1R expression. (C) AT2R expression. 

Discussion 

Testing stimuli and microglial activation markers: The first steps in development of this assay 
were to find what stimulus consistently and significantly activated the HMC3 cells and to find 
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microglial activation markers that accurately measured the changes in activation. IFN-gamma 
was determined to be the only stimulus out of those tested that significantly increased 
activation of the HMC3 cells most of the time. Changes in cell size and HLA-DR expression were 
found to be reliable markers of HMC3 activation. Cell size appeared to have a quicker, earlier 
response to changes in activation than HLA-DR, as cell size increased just one day after IFN-
gamma was first placed on the cells. HLA-DR expression took two days to increase after IFN-
gamma began stimulation. 
 
IFN-gamma is the stimulus recommended by ATCC for HMC3 cells and has been used 
successfully in several previous studies with these cells (Russo et al., 2018). IFN-gamma has 
been found in AD to be involved in promoting increased Aβ production by increasing APP 
cleavage (Liao et al., 2004; Yamamoto et al., 2007). IFN-gamma is involved in primary microglia 
priming, which is an important part of microglial activation and proliferation (Ta et al., 2019). 
ATCC reported that using 10 ng/mL IFN-gamma for only 24 hours would increase expression of 
several microglial activation markers in HMC3 cells, including HLA-DR. However, we found that 
it took about 2 days to increase HLA-DR expression. This was in line with another study that 
used these cells, in which IFN-gamma took 18 hours to cause a significant rise in HLA-DR 
production (Russo et al., 2018). In AD, activated microglia have been found to express HLA-DR, 
so use of this protein as a measure of HMC3 cell activation may increase the translatability of 
these results (Hopperton et al., 2018). There was an increase in HMC3 cell size seen after 1 day 
of IFN-gamma stimulation. Cell size was previously found to increase upon activation of primary 
microglia, but it has not been previously studied in HMC3 cells (Davis et al., 2017; Fernández-
Arjona et al., 2017; Zhang et al., 2018). In an AD mouse model, activated microglia cells that 
surrounded amyloid plaques were found to be larger in size (Sasaki et la., 2002).  
 
Most of the time, 10 ng/mL IFN-gamma placed on the cells for 2 days was used to activate the 
HMC3 cells. This resulted in 15 to 30 percent of cells becoming activated, measured by HLA-DR 
expression. This range in number of activated cells was most likely in part due to variations in 
setup and analysis between experiments; the flow cytometry experiments were performed the 
same way, but voltage values and gating of each individual experiment introduced some 
variation into the results. Part of the variations in values was also probably due to the nature of 
the HMC3 cells themselves. HMC3 cells have been found to be difficult to consistently and 
significantly activate, which was found in the current study and in previous studies (Russo et al., 
2018). The particular ways that the cells were handled may have also caused some of the 
variation in activation. Despite HMC3 cells being an immortalized cell line, they were still not 
perfectly consistent. We plan to keep using the cells, despite the variation we sometimes saw. 
We also plan to perform future experiments with primary rodent microglia and compare the 
results to these cells. 
 
Significance testing was performed with two- or one-tailed unpaired t tests. HLA-DR expression 
and cell size (FSC) changes were measured with two-tailed tests, because we wanted to 
measure both increases and decreases in activation. In the stimuli and microglia marker testing 
experiments, cells with stimuli were compared to cells with media alone. In the treatment 
experiments, cells with various treatments were compared to cells with IFN-gamma for 
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significance testing, except when otherwise indicated. DAPI and cell count changes were 
measured with one-tailed tests compared to media alone to measure just decreases in these 
parameters. 
 
DAPI was placed onto non-fixed cells just prior to measuring with flow cytometry, and the cells 
that were DAPI-negative were considered cells that were alive. The percentage of cells that 
were alive was significantly less in wells stimulated with IFN-gamma than with media alone. 
However, at least 98 percent of the IFN-gamma-stimulated cells were alive, so the vast majority 
of the cells were still alive at time of flow cytometry measurement. Based on DAPI results, it 
appeared that IFN-gamma was not cytotoxic to the HMC3 cells. The low amount of cell death 
could also be attributed to the resiliency of immortalized cell lines, which are typically less likely 
to die than primary lines. Another reason why there were very few dead cells at staining could 
be that any dead cells were washed off during trypsin and washing steps, so they were never 
stained and analyzed. Because of this, the cell count was used as a better indicator of cell 
survival and toxicity. Cells were originally plated at the same density in all wells at the beginning 
of each experiment. If the wells containing a stimulus had significantly less cells than 
unstimulated cells at time of staining, this would indicate that either the cells died during the 
treatment and that the particular stimulus was cytotoxic to the cells, or that there was 
decreased cell proliferation caused by the stimulus. The number of cells measured is shown for 
most of the plots above. It was not a perfect measure as there was sometimes variation among 
replicates (possibly due to accidental slight differences in original plating density) and an 
increase in cell count was sometimes seen in stimulated or treated wells compared to 
unstimulated or untreated wells, so a one-tailed t-test was performed to study just the wells 
that decreased in count. When stimuli had a decreased cell count in multiple experiments, it 
was considered a sign that a decrease in cell survival might be occurring. The number of cells in 
IFN-gamma-stimulated wells were sometimes significantly decreased compared to 
unstimulated wells. However, the majority of the time this did not occur, and it did not appear 
to be related to the percent of cells activated as measured by HLA-DR (i.e. a higher percentage 
of activated cells did not seem to be connected to a decreased cell count), so the reasoning 
behind it was not further explored. Cell count was considered in treatment experiments 
discussed below, and, in one case, a decreased number of cells occurred in multiple treatment 
groups in an experiment whose activation results were unable to be repeated, indicating that 
decreased cell count was an indicator that the cells were affected in a negative way and 
something unique to that experiment may have caused a higher level of cell death. Future 
experiments may find some benefit in continuing to stain with DAPI (alongside looking at cell 
count) with the addition of saving washes and centrifuging at higher speeds to attempt to pellet 
the dead cells so that DAPI staining could be more accurate. 
 
TNF-alpha did not increase HMC3 cell activation. In this study, 10 ng/mL TNF-alpha placed on 
the cells for 2 days might have significantly decreased HLA-DR expression. However, HLA-DR 
expression only changed from about 1 percent of cells to 0.4 percent of cells with addition of 
TNF-alpha, so activation was low to begin with. When TNF-alpha was used with IFN-gamma, 
TNF-alpha did not reduce any of the IFN-gamma-caused HLA-DR expression, indicating that it 
might not actually reduce HMC3 cell activation. More studies would need to be performed to 
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confirm this. Based on cell count compared to media, 10 ng/mL TNF-alpha was not cytotoxic. 
TNF-alpha is a cytokine known to activate primary microglial cells. It has previously been shown 
to activate HMC3 cells, alone and together with IFN-gamma; however, the activation in the 
previous studies was measured by IL-6 or CCR3 (a receptor that may be involved in Aβ 
production and tau hyperphosphorylation), not HLA-DR or cell size, like we measured here 
(Martin et al., 2018; Russo et al., 2018; Cappoli et al., 2019). Because microglial activation 
markers are not often co-expressed, TNF-alpha may have still activated the HMC3 cells, but the 
particular activation phenotype did not express HLA-DR (Hendrickx et al., 2017; Hopperton et 
al., 2018). This study did not look more into TNF-alpha’s effects on the cells because the focus 
was to find a stimulus that significantly activated the cells, which was found with IFN-gamma. 
Future experiments plan to measure not just activation markers but pro-inflammatory 
cytokines, and so we will be able to learn if TNF-alpha can activate the HMC3 cells, but to a 
different phenotype where HLA-DR is not expressed. Also, previous studies reported different 
concentrations of TNF-alpha were required to activate HMC3 cells; 10 ng/mL, which was what 
was used in this study, was found to produce effects in some studies, but other studies used up 
to 25 ng/mL (Russo et al., 2018; Cappoli et al., 2019). A higher concentration of TNF-alpha will 
also be tried in the future to see if that is sufficient to increase HLA-DR expression and cell size. 
This would be important to learn because the actions of TNF-alpha with and without IFN-
gamma on microglia cells appears to be linked to AD progression (Liao et al., 2004; Yamamoto 
et al., 2007; Hickman et al., 2008; Walters et al., 2016). If the HMC3 cells are unable to become 
activated with TNF-alpha stimulation, that is an important characteristic to take into 
consideration of future translatability of these results. 
 
Cell stimulation cocktail (CSC), consisting of PMA and ionomycin, did not significantly increase 
HLA-DR expression or cell size when placed on the HMC3 cells for 1 or 2 days at its 
recommended concentration of 1X. 1X CSC used for 2 days appeared to cause increased HLA-
DR expression above media alone, but it was not significant. PMA and ionomycin have been 
found to activate murine primary and immortalized microglia cells, but its use has not been 
documented in HMC3 cells (Khanna et al., 2001; Nguyen et al., 2017; Wang et al., 2019). CSC 
appeared to be cytotoxic to the cells, as use of it for even just 1 day decreased the cell count 
significantly. Combinations of PMA and ionomycin have been found to cause cell death in some 
cells, including human fibroblasts, frog thymocytes, human lymphocytes (including Jurkat cells), 
and human glioblastoma cell lines (Jacques et al., 1999; Gülow et al., 2005; Han et al., 2013; 
Abedian et al., 2017). In lymphocytes, PMA and ionomycin can cause activation-induced cell 
death (AICD), where induction of expression of certain genes in activated cells cause the cells to 
apoptose to promote immune cell homeostasis (Gülow et al., 2005; Han et al., 2013). Microglia 
also undergo AICD as a way to regulate inflammation, but previous studies have not tested if 
PMA/ionomycin induce it in microglia (Mayo et al., 2008; Yun et al., 2011). We hypothesized 
that CSC was causing a type of activation or a level of activation that was promoting AICD in the 
HMC3 cells, and that was why there is a significant decrease in cell count. CSC was not used as a 
stimulator because of the level of cell death it caused, in addition to there not being a 
significant increase HLA-DR expression or size of the remaining cells. However, it is important to 
note that AICD can be considered a positive process; it is an important regulator in 
neuroinflammation as it reduces the number of microglia, which can decrease the harmful pro-
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inflammatory cytokines produced (Mayo et al., 2008; Yun et al., 2011). AICD could be an 
important part of reducing neuroinflammation in AD when microglia are no longer able to 
process Aβ. 
 
Use of A-II as a stimulus at various concentrations produced very different results when placed 
on the HMC3 cells for 1 day versus 2 days. We expected that A-II would activate the cells 
because the RAS has been found to be involved in neuroinflammation and microglial activation 
(Labandeira-Garcia et al., 2017; Jackson et al., 2018). Also, A-II is the native ligand for the pro-
inflammatory AT1R, and we found AT1R to be expressed in resting HMC3 cells. However, while 
10-7 and 10-6 M A-II placed on the cells for 1 day did significantly activate the cells, only about 
1.5 to 2 percent of the cells were activated, as measured with HLA-DR expression. Cell size did 
not change in a similar pattern to HLA-DR expression, but this might be because a very small 
percentage of the cells were activated. When kept on the cells for two days, instead of 
activating the cells to a greater extent, the concentration curve was reversed. Cells with the 
lowest concentration of A-II (10-10 M) were significantly activated at about 10 percent of cells 
expressing HLA-DR. None of the higher concentrations significantly activated the cells, but HLA-
DR expression appeared to decrease in a concentration-dependent manner. There was no 
significant change in cell size among the various concentrations, which was interesting because 
cell size appeared to almost always be affected if there was a change in HLA-DR expression, and 
because we predicted that cell size was an earlier indicator of changes in activation than HLA-
DR. Because HLA-DR expression levels were so low, activation might be so low that cell size was 
not affected. DAPI was measured in the cells given A-II, and throughout all of the 
concentrations, over 95 percent of the stained cells were alive. The number of cells that were 
alive (those that stained negative for DAPI) were the same among all concentrations after one 
day, indicating no cytotoxicity. However, the cell count was significantly decreased at the 
highest two concentrations after two days, indicating that higher concentrations of A-II might 
be causing cell death, and that could partly explain why those concentrations had such low 
activation. It was also interesting to note, that when 10-6 M A-II was placed on the cells at the 
same time as 10 ng/mL IFN-gamma for 1 or 2 days, cell size was significantly decreased 
compared to cells with just IFN-gamma (1 day: p-value = 0.0451; 2 days: p-value = 0.0294), 
indicating that A-II was decreasing some of the IFN-gamma-caused cell activation. More 
experiments are required to fully determine why these results occured; however, it was 
hypothesized that AT2R and/or MasR may have increased in expression and therefore 
decreased cell activation. In primary microglia, AT2R increases in expression in response to an 
increase in inflammation and AT1R activation. A-II is an agonist for AT2R also (Jackson et al., 
2018). MasR, which has low expression in HMC3 cells, may also be increased with cell 
activation. AT2R and MasR produce anti-inflammatory effects, and so increased expression of 
these receptors may be what was reducing the HMC3 cell activation. To test this hypothesis, 
receptor expression would need to be measured in A-II stimulated HMC3 cells.  
 
CD68, CD11b, and ROS were found to be unreliable microglial activation markers in HMC3 cells. 
CD68 had very high expression in resting cells, and none of the stimuli consistently affected it. 
Previous studies have found varying expression levels of CD68 in resting HMC3 cells, and stimuli 
like IFN-gamma were not able to consistently affect it. CD68 expression may be dependent on 
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the cell lot, handling procedures, and antibodies used (Russo et al., 2018). CD11b had a lot of 
variability in expression among replicates, which may indicate that its expression might not be 
modulated by IFN-gamma stimulation, or its expression is not affected by HMC3 cell activation 
in general. Expression of CD11b varied by experiment in HMC3 cells in previous studies (Russo 
et al., 2018). Staining with CellROX showed that resting HMC3 cells produced high levels of ROS, 
which was expected based on previous studies that found high NOX4 expression in resting 
HMC3 cells (Li et al., 2009). IFN-gamma was found to increase ROS, compared to media, with 
stimulation at 10 ng/mL for 2 days; however, that result was unable to be repeated in other 
experiments. The number of cells was not significantly increased with IFN-gamma stimulation, 
indicating that was not the reason for the result. Another experiment found that, for some of 
the stimuli, there were significant decreases in mean fluorescence intensity (MFI) of CellROX 
staining, compared to media alone. That experiment was not repeated because the stimuli that 
showed a difference were not used in future experiments. A study by Russo et al. saw a small 
increase in ROS production upon stimulation with TNF-alpha with or without IFN-gamma, but 
the authors noted that they were unable to consistently obtain this result. The same study 
found ROS could also significantly decrease based on media conditions (2018). While ROS was 
high in resting HMC3 cells, its levels could be affected by several factors and stimuli. However, 
the effects appeared to be unpredictable. 
 
The HMC3 cells were found to be significantly activated most of the time with 10 ng/mL IFN-
gamma as measured 1 or 2 days after stimulation with cell size and 2 days after stimulation 
with HLA-DR expression, and they were therefore used in experiments studying the effects of 
RASRx1902 treatment. The HMC3 cells were also characterized with other microglial activation 
markers, and it was found that they constitutively produced ROS, had high CD68 expression, 
and had variable CD11b expression. 
 
HMC3 cell treatment with RASRx1902: Because RASRx1902, a small, orally bioavailable 
molecule compound and presumed MasR agonist, was previously found to decrease 
neuroinflammation in an AD mouse model, we wanted to study its effects on microglia cells 
specifically. RASRx1902 was dissolved first in dimethyl sulfoxide (DMSO) because of its 
amphipathic abilities to dissolve the nonpolar complex and then dissolved in polar PBS and 
media (Elisia et al., 2016; Costa et al., 2017).  
 
The first strategy in testing the effects of RASRx1902 on activated microglia was to activate the 
HMC3 cells with 10 ng/mL IFN-gamma for 2 days and adding RASRx1902 at various 
concentrations on the second day for 1 day total. This approach was chosen to be the first 
attempted because activating the cells prior to beginning treatment is more translatable to 
what would most likely occur in clinical applications, as treatment would not be started until 
after AD-related neuroinflammation is diagnosed, rather than activating and treating the cells 
simultaneously. The two experiments that utilized this first strategy did not have very promising 
results (figure 2-10). While in the first experiment there appeared to be a significant decrease in 
cell size in cells treated with 10 nM and 0.1 µM RASRx1902, along with a significant decrease in 
HLA-DR expression in the 0.1 µM treatment, the activation returned to a higher level in the cells 
treated with the highest drug concentration (1 µM). This may have occurred because this 
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experiment was one of the few times where there was a significant decrease in cell count in 
some of the treatment groups. Wells with IFN-gamma and four of the RASRx1902 
concentrations had significantly less cells than the wells with media alone. The drug response 
could have also followed a different pattern than normal dose-response curves, and higher 
drug concentrations could have returned the activation to higher levels in an inverted U 
response. However, when this strategy was repeated in a second experiment, no treatment 
group had significantly smaller cell size or HLA-DR expression. The number of cells in each well 
were not decreased in any of the stimulated or treated groups. It was hypothesized that the 
decrease in activation in the first experiment was because there was a significant decrease in 
the number of cells in many of the treatment groups. This indicated that cell death occurred 
sometime prior to staining the cells, which would probably mean that the cells that were 
measured were not representative of the entire population. It is unknown why this cell death 
occurred, but it was probably not caused by RASRx1902 because cell count did not decrease in 
other experiments where this drug was used. It was also hypothesized that RASRx1902 did not 
significantly decrease HMC3 cell activation in this strategy because treatment only lasted one 
day. Putting RASRx1902 on activated cells for a longer period of time might significantly 
decrease cell activation. 
 
The next strategy employed to test the effects of RASRx1902 on activated HMC3 cells was to 
simultaneously activate and treat HMC3 cells with 10 ng/mL IFN-gamma and various 
concentrations of RASRx1902 for 2 days (figure 2-11). The entire experiment was kept to 2 days 
because the amount of time required for IFN-gamma to significantly increase HLA-DR 
expression was found to take 2 days, and we wanted to keep experiments within that known 
timeframe. It might be beneficial in future experiments to measure HMC3 cell activation after 
IFN-gamma stimulation at many different timepoints to measure if activation increases, 
remains constant, or decreases after periods of time. To allow RASRx1902 to have more time 
on the cells while keeping the entire experiment to 2 days, RASRx1902 was placed on the cells 
at the same time as activation began, even though this strategy might not be as translatable to 
future uses because, clinically, treatment would not be able to be started the moment that 
neuroinflammation began. Because media with FBS can break down small molecule 
compounds, more RASRx1902 was added to the cells on the second day. Upon measurement 
with flow cytometry, cell size was found to be significantly decreased in all treatment groups 
compared to cells with IFN-gamma alone, and the three highest RASRx1902 concentrations (10 
nM, 0.1 µM, and 1 µM) had significantly less HLA-DR expression than one of the lower 
RASRx1902 concentrations. This indicated that RASRx1902 significantly decreased HMC3 cell 
activation. The significant decreases in cell size appeared to be an earlier sign of decreased 
inflammation, with HLA-DR expression following a little later. Keeping RASRx1902 on the cells 
for a longer period of time might further reduce activation, even at the lower concentrations of 
RASRx1902. These results may indicate that RASRx1902 must remain on the cells for a longer 
period of time to have an effect, or that waiting too long after activating the cells with IFN-
gamma may cause a level of activation that is harder for RASRx1902 to reverse. This experiment 
had a wide range in HLA-DR expression in replicate IFN-gamma wells, which was why HLA-DR 
significance was compared to one of the lower RASRx1902 concentrations. The cell size of IFN-
gamma-stimulated wells were much more consistent. The large variability in HLA-DR expression 
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was only occasionally seen in IFN-gamma-stimulated groups during assay development or in 
other treatment strategies. This could be because HMC3 cells can be difficult to work with and 
to activate, so an increased concentration of IFN-gamma was used in the next experiment to 
test if more IFN-gamma would force the cells into more consistent activation. But because in 
the current strategy the three highest concentrations of RASRx1902 had fairly close replicates 
with low HLA-DR expression that were significantly less than lower RASRx1902 concentrations, 
and because cell size was significantly smaller in all treatment groups compared to IFN-gamma, 
it appeared that RASRx1902 was able to significantly decrease HMC3 cell activation. 
 
The next experiment used the same treatment strategy of putting IFN-gamma and RASRx1902 
onto the cells at the same time for 2 days, but the IFN-gamma concentration was increased to 
20 ng/mL (figure 2-12). 10 ng/mL was initially employed because it was the concentration 
recommended by the cell distributor, but because of the variation in replicates, the 
concentration was increased to attempt to have more consistent activation. 20 ng/mL was 
chosen because it was previously found to cause significantly increased HLA-DR expression and 
cell size equal to, and in some cases greater than, 10 ng/mL IFN-gamma. In some experiments, 
it had less HLA-DR expression variation in its replicates than 10 ng/mL. However, 20 ng/mL IFN-
gamma in this experiment had more variation in its replicates than what was seen in some 
earlier tests. The disparity in replicates seemed to occur in later experiments rather than earlier 
ones. This may indicate that something was wrong with the IFN-gamma used, but it was kept 
sterile, aliquoted out to prevent contamination and multiple freeze/thaw cycles, stored 
according to the manufacturer’s instructions, and was within the time frame that it should still 
be stable. When RASRx1902 was placed on the cells with IFN-gamma, there was no change in 
the amount of HLA-DR expression compared to IFN-gamma alone. Three of the drug 
concentrations had significantly smaller cells than those with IFN-gamma, but they were not 
consecutive concentrations (they were the lowest, highest, and one other concentration). 
RASRx1902 did not appear to reduce the activation in cells activated with 20 ng/mL IFN-gamma, 
possibly because the cells could have been activated to a greater extent with the higher 
concentration of IFN-gamma. Measuring the percent of cells that expressed HLA-DR did not 
indicate the extent to which each cell was activated, so even though 20 ng/mL IFN-gamma only 
activated the same or a little higher percentage of cells than 10 ng/mL did, the cells may have 
been more activated. To test this hypothesis, future experiments may put RASRx1902 on the 
cells for a longer period of time. 
 
In addition to changing treatment times and IFN-gamma concentrations, RASRx1902 conditions 
were adjusted to test if they effected the results (figure 2-12). The previous experiments 
contained media with 10 percent FBS, but in this experiment it was decreased to 2 percent, as 
FBS could be breaking down the small molecule compound before it was able to effectively 
reduce the inflammation. RASRx1902 was also remade just prior to the experiment, in case the 
way it was stored caused breakdown of the compound. 10 ng/mL IFN-gamma and RASRx1902 
were added at the same time to the HMC3 cells for 2 days, and RASRx1902 was renewed after 1 
day. While cell size was significantly increased with addition of IFN-gamma, the percentage of 
IFN-gamma-stimulated cells expressing HLA-DR was lower than seen in any other experiment. 
The change in size indicated that the cells were activated, but they did not activate to the point 
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that HLA-DR was expressed. A previous study by Gao et al. found that FBS is needed for IFN-
gamma to produce many inflammatory effects, including increasing HLA-DR expression, in a 
monocyte cell line. HLA-DR production required a certain concentration of FBS in the media 
(1993). It appeared that HLA-DR expression in microglia cells also required a certain amount of 
FBS, and 2 percent was too low. Because newly made and old RASRx1902 were compared in the 
same experiment where FBS concentration was changed, we really could not make conclusions 
about RASRx1902. There was no difference in HLA-DR expression of new and old RASRx1902 on 
IFN-gamma-stimulated cells, but this was probably due to the low FBS content. There was no 
significant change in cell size either, but old RASRx1902 did look like it was decreased compared 
to new RASRx1902. This experiment will need to be repeated with normal FBS content to find if 
there is a difference between using newly made and previously made/stored compound. 
Neither compound was cytotoxic to the cells, based on cell count. 
 
To look for any cytotoxic effects, the number of cells of the following treatments were 
compared to cells with no treatment: 1 µM RASRx1902, 0.1 percent DMSO (at the same 
concentration that was on the cells, as RASRx1902 was first dissolved in DMSO), and the 
combination of IFN-gamma and 1 µM RASRx1902. Because significant levels of cell death were 
only seen in one treatment group (DMSO) in one out of six experiments analyzed, it was 
decided that these treatments at the concentrations used did not cause cell death. While a 
significantly lower DMSO-treated cell count was only seen once, another experiment saw an 
increased cell count in DMSO-treated wells, which may indicate that DMSO had some sort of 
effect on the cells that will need to be further explored. 
 
RASRx1902 was first dissolved in DMSO, prior to subsequent dilutions in PBS and media. DMSO 
is known to produce numerous effects at different concentrations in several cell types, so its 
effects on HMC3 cells needed to be considered. In this study, 0.1 percent DMSO was placed on 
resting cells in many of the experiments as a control. HLA-DR expression and cell size were 
analyzed in resting cells treated with RASRx1902 or DMSO. When compared to media alone, 
HLA-DR expression was found to be very similar between RASRx1902 and DMSO treated cells 
(treated for 1 or 2 days). In three experiments, neither were significantly different from cells 
with media alone. However, two experiments showed RASRx1902 and DMSO had similarly 
decreased HLA-DR expression, which was concerning because this was indicating that 
RASRx1902 and DMSO were decreasing activation to the same degree. This prompts the 
question, was the decreased HLA-DR expression seen in RASRx1902 actually due to the 0.1 
percent DMSO in the treatments? Comparison of cell size between RASRx1902 and DMSO had 
one case where neither RASRx1902 or DMSO decreased cell size significantly, compared to 
media, and one case whether RASRx1902 lowered the cell size to a greater degree than DMSO, 
again compared to media. However, in three experiments, DMSO decreased cell size to a 
greater degree than RASRx1902. These results also indicated that DMSO might have had a large 
vehicle effect. However, RASRx1902 and DMSO appeared to behave differently from each other 
in regard to cell size, unlike what occurred with HLA-DR expression. Because RASRx1902, 
containing the same concentration of DMSO, did not decrease cell size to the same extent, 
RASRx1902 itself appeared to be having some sort of effect on the microglia, which needs to be 
further explored. The needed experiment to test whether DMSO was what was actually 
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decreasing cell activation is to compare the effects of DMSO on IFN-gamma stimulated cells 
with the effects of RASRx1902 on IFN-gamma stimulated cells. DMSO has been found to 
decrease inflammation in several studies with several cell types (Elisia et al., 2016; Costa et al., 
2017). A study using primary rat microglia cells reported a resting morphology and phenotype 
when 0.5 percent DMSO was used (Yao et al., 1990). DMSO has been used as a vehicle for drug 
use in a few studies with HMC3 cells, including two studies where it was used at 0.1 percent 
(Keck et al., 2018; Neavin et al., 2019). However, only the study by Keck et al. showed the effect 
of the vehicle, in which they found that 0.1% DMSO was able to significantly affect production 
of several pro-inflammatory cytokines in HMC3 cells several hours after infection of a live 
vaccine (2018). DMSO will need to be further analyzed before absolute conclusions about 
RASRx1902 can be made. 
 
In some of the results, cells with media alone sometimes had increased cell size and/or HLA-DR 
expression, sometimes to the point that IFN-gamma was not significantly more activated than 
this group. Media was kept sterile and replaced when needed throughout the experiments, so 
it was unclear why there was sometimes increased activation. However, because activation was 
analyzed compared to IFN-gamma-stimulated cells, data was still able to be analyzed in these 
experiments. 
 
RAS receptor expression in resting HMC3 cells: RAS receptor expression in resting HMC3 cells 
was almost opposite of what is found in primary human microglia cells. MasR is expressed and 
AT1R is not expressed in resting primary microglia, which is reversed of what was found in 
HMC3 RT-qPCR experiments. AT2R, however, was not found in resting HMC3 cells, which 
matched what is expected in primary microglia. These results marked an important difference 
between human primary microglia and HMC3 cells because RASRx1902 is expected to modulate 
the RAS and bind to the MasR, and so different expression levels of the receptors could mean 
the results in this study may be less translational to what happens in an in vivo system. RAS 
receptor expression was not measured in IFN-gamma stimulated cells or in cells stimulated and 
subsequently treated with RASRx1902, and so it is unknown how expression changed upon 
activation and treatment. We hypothesized that the MasR was induced and increased in 
activated HMC3 cells, as is seen in other cell types upon injury, and that RASRx1902 acted on 
the receptor then. However, if it did not increase in expression upon activation, the effects the 
drug had on the HMC3 cells must be through another receptor and pathway. If this was the 
case, HMC3 cells are probably not an ideal cell line in which to continue to study the anti-
inflammatory effects of RASRx1902. It would be beneficial, however, to learn what pathways 
were activated in the HMC3 cells by RASRx1902 if it was not through the MasR, as these 
pathways may also be activated in primary cells too. AT1R and AT2R expression may change 
upon activation and will be measured in the future also. As a note, the RT-qPCR results did not 
have a housekeeping gene as a comparator. The gene originally used was found to not work 
well as a housekeeping gene, so RAS receptor expression was unable to be corrected with the 
housekeeping gene. By just looking at the expression qualitatively and considering any 
threshold cycle after 30 to be non-specific binding, whether or not a receptor was expressed 
can be easily seen. When receptor expression is measured in activated HMC3 cells, non-
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activated cells will be measured again with a housekeeping gene so that expression can be 
quantified and compared in the two states. 

Conclusions  

Resting HMC3 cells were characterized with several microglial activation markers, and it was 
discovered that they constitutively produced ROS and expressed high levels of CD68, neither of 
which appeared to increase upon activation. CD11b expression did not change between resting 
and activated cells, and there was a lot of variation among replicates of the results. HLA-DR 
expression was found to be low in resting microglia, and it appeared to slowly increase upon 
activation, with significance seen after 2 days. Cell size appeared to quickly increase upon 
activation, with significance seen after 1 day. As a result, HLA-DR and cell size were used as 
markers of HMC3 cell activation, with cell size considered as an earlier marker of activation and 
HLA-DR expression changes occurring later. 10 ng/mL and 20 ng/mL IFN-gamma placed on the 
cells for 2 days significantly increased HLA-DR expression. Cell size was increased after just 1 
day. 
 
When HMC3 cells were simultaneously activated and treated for 2 days with 10 ng/mL IFN-
gamma and various concentrations of RASRx1902, a significant decrease in cell size was seen 
among all treatment groups and a significant decrease in HLA-DR expression was seen in the 
highest three RASRx1902 concentrations after 2 days. It appeared that RASRx1902 significantly 
decreased HMC3 cell activation, and that RASRx1902 needed to be placed on the cells for at 
least 2 days in order to reverse the microglial activation. This indicated that RASRx1902 may be 
a viable treatment for AD by decreasing microglia-caused neuroinflammation. The effects of the 
vehicle, DMSO, will need to be further considered. 
 
Future directions: There was some variability in experiment results, so in future experiments, 
we plan to keep working on finding a method that consistently activates and treats the HMC3 
cells, including treating with RASRx1902 for longer periods of time. A vehicle control of IFN-
gamma and DMSO will also be performed to test DMSO’s anti-inflammatory effects on these 
cells. To test if RASRx1902 works by binding to the MasR, A779, an antagonist of the MasR, will 
be used prior to treatment with RASRx1902. MasR expression in activated and treated cells will 
be measured using RT-qPCR to find if the MasR is even found in the cells for RASRx1902 to act 
on. AT1R and AT2R expression will also be measured in activated and treated cells. Several pro-
inflammatory factors will be measured, in addition to the microglial activation markers, to more 
fully see the activation profile of the HMC3 cells. As microglial activation markers are not 
expressed in every activated phenotype, measuring these factors (like TNF-alpha, IFN-gamma, 
and IL-1β) will allow us to also test if stimuli like TNF-alpha and A-II change the inflammation in 
ways we cannot see with measurement of HLA-DR alone. Finally, once activation and treatment 
strategies are fully developed, the assay will be performed with A(1-7) to compare its effects 
with those of RASRx1902. The other small molecule compound, RASRx1911, will also be tested. 
We will also study the cell signaling pathways activated by RASRx1902 and RASRx1911, which is 
explained in greater detail in specific aim 3.  
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Specific Aim 3: Overexpression of the Mas Receptor in 
CHO-K1 and HMC3 cells 

Introduction 

RASRx1902 and RASRx1911 are presumed to be Mas Receptor (MasR) agonists. These 
compounds were designed to work through the MasR, and they have been successfully used in 
our lab to reduce inflammation in several studies, including in TAC-induced inflammation and a 
DMD mouse model, in addition to the effects of RASRx1902 found in specific aim 2. Their 
responses seem to somewhat resemble the actions of A(1-7), but they do have some notable 
differences, as seen in figure 1-1. This may be due to differences in half-life of the drugs or 
differences in downstream signaling pathways. To learn why A(1-7), RASRx1902, and 
RASRx1911 acted differently, their downstream cellular signaling pathways will be studied and 
compared.  
 
Cellular signaling pathways, or signal transduction pathways, are the way living systems react to 
their environment. Stimulation or inhibition of these pathways affect cellular operations, 
including cell growth, development, differentiation, migration, and apoptosis. Variations or 
failures in these processes are connected to many diseases, so the development and use of 
small molecule compounds and biologics to correct the breakdown of these pathways are 
important to treat diseases (Radhakrishnan et al., 2010; Banerjee et al., 2011). We predict that 
RASRx1902 and RASRx1911 will trigger similar signaling pathways as A(1-7) acting on the MasR. 
A(1-7) acting on the MasR has been found to affect several protective signaling pathways, 
including MAPK p38, ERK1/2, and Akt pathways, and can decrease TGF/NFkB-induced 
inflammation (Santos et al., 2018; Burghi et al., 2019). 
 
The MasR has been found to be increased in several injury states, including hypoxic conditions 
in the heart and retina, cancer in femurs, renal ischemia, some diabetic conditions, thermal 
injury, and acute short-term ischemic stroke (Silveira et al., 2010; Jadhav et al., 2013; Jarajapu 
et al., 2013; Lu et al., 2013; Forte et al., 2016; Chang et al., 2018; and Foulquier et al., 2019). In 
the TAC study in specific aim 1, the groups that underwent TAC surgery and developed AD-like 
symptoms had increased MasR expression in the hippocampus, compared to the sham surgery 
group, according to RT-qPCR data and RNA-seq data (figures 1-10 and 1-15C). Previous studies 
are not clear as to whether microglial activation changes expression of the MasR (Jackson et al, 
2018). Studying the signaling effects of Mas agonists and presumed agonists might be better 
studied in a cell model that has increased MasR expression, as it may make the results more 
clinically translatable to AD and other diseases where expression has been found to increase. 
 
One way to increase MasR expression would be to attempt to induce it by injuring the cells, or 
in the case of microglia cells, activating them. However, this would mean needing to injure the 
cells prior to every experiment, and cell injury and resultant MasR expression would vary from 
experiment to experiment, possibly causing different signaling results. It is also unknown how 
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MasR expression would change in different cell lines. Another way to increase MasR expression 
would be to transfect the MasR into a cell line and clone the line to overexpress the receptor. 
This would remove the need to injure the cells, and the MasR expression would be a lot more 
constant, and studying cell signaling pathways should yield more consistent results. It is 
important to note that overexpression of the MasR could cause major differences than what 
would occur in humans. Because the body tightly manages gene and protein expression, 
overexpressing the MasR in a cell line would probably not yield the same levels of MasR 
expression as a disease or injured state. Too much expression could affect other processes that 
could divert the results even more from real life, to the point that the cells could be harmed.  
Signaling pathways unrelated to the MasR could be affected, and protein production could be 
halted if the overexpression depletes protein production and transportation resources 
(Bolognesi et al., 2018). However, with keeping these limitations in mind, creating an 
overexpressing cell line is easier and more consistent than continually injuring the cells, which is 
especially useful when initially exploring signaling pathways. 
 
Here, the transfection, selection, cloning, and characterization of overexpressing the human 
MasR in CHO-K1 (Chinese hamster ovary) cells is described. CHO-K1 cells were chosen for MasR 
overexpression because of their wide use in human gene transfection, cloning, and protein 
production. They are able to produce a large amount of complex protein, they can fold and add 
post-translational modifications that are more humanlike than other cell lines, and the resulting 
proteins are efficacious. Because of this, most biopharmaceutical proteins, including antibodies, 
hormones, growth factors, and blood factors, are produced in one of the CHO cell lines (Xu et 
al., 2011; Kildegaard et al., 2013). The MasR has previously been transfected into CHO cells to 
create both overexpressing stable and transient cell lines (Santos et al., 2003; Kostenis et al., 
2005; Sampaio et al., 2006; Lin et al., 2009; Abrie et al., 2018). CHO-K1 cells have very low to no 
MasR expression under normal conditions (figure 3-2A). It was not determined whether injury 
would induce MasR expression in this line. In this study, the MasR was transfected into cells 
using the Neon Transfection System (ThermoFisher). This electroporation system is able to 
produce uniform electroporation of cells. This results in more efficient transfection and higher 
viability post-transfection in many cell types, including those harder to transfect. CHO-K1 cells 
were transfected using a protocol developed and optimized by ThermoFisher. The Neon 
Transfection System has not previously been used to transfect the MasR into CHO cells. 
Overexpressing CHO-K1 cells were then selected with the antibiotic geneticin and cloned. 
Overexpression of the MasR was measured and characterized using RT-qPCR to measure mRNA 
and antibody staining to measure protein. An antibody for the DYKDDDDK sequence was used 
to detect MasR protein because there is not a good antibody for the MasR. A previous study 
aimed at validating MasR antibodies found that antibodies towards different domains of the 
MasR had variable amounts of staining in samples and in some cases there was high staining in 
negative controls (Burghi et al., 2017). 
 
In this section, the transfection and selection of the human MasR into HMC3 (human microglia 
clone 3) cells is discussed. HMC3 cells were selected as a line to overexpress the MasR because 
they can be used as an in vitro model of human microglia-induced neuroinflammation in AD. 
HMC3 cells have been described in greater depth earlier in this paper. HMC3 cells do not 
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express the MasR under normal conditions (figure 2-15). It was not determined whether using 
IFN-gamma to activate the cells would induce MasR expression in this line. HMC3 cells have 
been transfected in previous studies; ATCC reports that the cells can be transfected multiple 
times, and they have previously been transfected with Lipofectamine and HiPerfect 
Transfection Reagent (Qiagen) (Li et al., 2009; Viegma et al., 2018). In this study, the Neon 
Transfection System was used to transfect the MasR into these cells. However, ThermoFisher 
did not have an optimized protocol for HMC3 cells, so a few different conditions were tested 
for transfection. Overexpression of MasR in these cells has not been previously performed.  

Materials and Methods 

CHO-K1 cell information and handling: Chinese hamster ovary (CHO-K1) cells were obtained 
from ATCC (CCL-61, Lot 70014310). Media, subculturing, thawing, and freezing procedures 
outlined in the ATCC product sheet were followed. Cell work was performed in sterile 
conditions in a biosafety cabinet. Complete growth media used was F-12K (Corning 10-025-CV) 
with 10% fetal bovine serum and 1X Penicillin-Streptomycin (PenStrep, Gibco 15140-122). 
When geneticin was used in experiments, complete growth media did not contain PenStrep. 
Upon arrival, cells were kept frozen in liquid nitrogen until use. They were thawed by carefully 
shaking the vial in a 37 oC water bath for 2 minutes. Under sterile conditions, cells were moved 
to a conical tube containing 9 mL complete growth medium, then centrifuged at 130 xg for 5 to 
7 minutes. Supernatent was discarded, and cells were resuspended in complete growth 
medium and moved to a T-25 flask with more media. Cells were incubated at 37 oC with 5% 
CO2. Subculturing was performed when cells were confluent. The following subculturing 
methods from ATCC were followed: media was removed, cells were washed with 0.25% 
Trypsin-EDTA (Gibco 25200-114), and Trypsin-EDTA was added to the cells. Cells were kept at 
room temperature or at 37 oC until cells were unadhered. Complete growth media was then 
added, and cells were resuspended with a pipette. Cells were then aliquoted for continued 
growth at up to a 1:20 passage ratio to flasks or plates, or aliquoted for other experiments. 
When needed, cells were counted by mixing equal amounts cells and 0.4% Trypan Blue (Gibco 
15250-061) and counted using a hemocytometer. Cells were cryopreserved in complete growth 
media with 5% DMSO (ATCC 4-X) and stored in liquid nitrogen. Cells were thawed using the 
same procedure as when they first arrived from ATCC. 
 
HMC3 cell information and handling: Human embryonic microglia clone 3 (HMC3) cells were 
obtained from ATCC (CRL-3304, Lot 70016372). Cells were kept according to cell information in 
specific aim 2 (pages 56-57). When geneticin (Gibco 10131027) was added to cells for selection, 
PenStrep was not added to the growth media. 
 
MAS1 Plasmid: The human MAS1 plasmid was an ORF clone obtained from GenScript 
(OHu28585D, Lot 740024-820/H57063). The cloning vector was pcDNA3.1+/C-(K)DYK, and it 
contained neomycin resistance (resistance against the antibiotic geneticin), which was 
controlled by the simian vacuolating virus 40 (SV40) promoter, and ampicillin resistance. The 
Mas sequence was controlled by the cytomegalovirus (CMV) promoter. The C-terminus of the 
MAS1 sequence contained the amino acid sequence “DYKDDDDK” before the stop codon to be 
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used as an antibody tag. The original stock contained 10 µg, which was reconstituted according 
to the user manual in 10 µL Milli-Q water and vortexed for 1 minute to make a 1 µg/µL 
concentration. More plasmid was made by transforming the plasmid into cells, as outlined 
below. The original plasmid was stored at -20 oC, as recommended by the user manual for long-
term storage. 
 
Transformation and isolation of Mas plasmid: Stellar Competent Cells were thawed on iced, 
then mixed by flicking the tube. 0.5 µg (0.5 µL) MAS1 DNA was added to 50 µL of cells in a 15 
mL conical tube. 50 µL of cells without DNA was added to another tube (to be used as a 
negative control). Both tubes were put on ice for 10 minutes. (Normally, 5 ng of plasmid would 
be added to the cells and put on ice for 30 minutes, but because the plasmid was at such a high 
concentration, more plasmid had to be added and the time on ice was decreased.) Both tubes 
of cells were then heat shocked at 42 oC for 45 seconds and put back on ice for 1 to 2 minutes. 
500 µL warmed SOC was added to each tube under a flame (sterile conditions). Tubes were put 
in a shaker for 40 minutes at 37 oC. Under a flame, 10 µL of LB broth (5 g LB powder + 250 mL 
water, autoclaved) was spread onto four warmed ampicillin plates. 1 µL or 10 µL of each tube 
of cells was added to one of the four plates and spread with a sterile spreader, and plates were 
put in a 37 oC incubator overnight. The plates with plasmid grew cells and the negative control 
plates did not grow any cells, indicating the transformation was successful, and the plates were 
parafilmed and kept in the fridge until inoculated. Under a flame, transformed cells were 
inoculated by adding one cell (from the plate that had 1 µL of transformed cells originally 
plated; cells chosen were not touching other cells) to each of two 15 mL conical tubes with 10 
mL of sterile LB broth and 10 µL ampicillin. Tubes were put in a 37 oC shaker overnight. The 
next day, there was a pellet on the bottom of the tubes, indicating the inoculation was 
successful. Under a flame, cells in one of the tubes was resuspended, and 2 mL of cells was 
added to 250 mL LB broth with 250 µL ampicillin, and it was put in the shaker at 37 oC 
overnight. The next day, DNA plasmid was isolated using the PureLink HiPure Plasmid Filter 
Maxiprep Kit (Invitrogen K210016). The following steps were performed, based on the user 
guide. The HiPure Maxi Column was equilibrated by adding 30 mL Equilibration Buffer (EQ1) to 
the column and letting it drain by gravity.  Cells were harvested by centrifuging the LB culture 
first at 5000 xg for 10 minutes at 4 oC, then again at 10,000 xg for 10 minutes at 4 oC because 
the cells were not completely pelleted. The supernatant was removed. The cells were 
resuspended with 10 mL Resuspension Buffer (R3) with Rnase A using a pipet until the solution 
was homogenous. The cells were lysed by adding 10 mL Lysis Buffer (L7), inverting the solution 
5 times, and incubating for 5 minutes at room temperature. The cells were then precipitated 
using 10 mL Precipitation Buffer (N3), inverting the tube until the solution was homogenous, 
and centrifuging at 20,000 xg for 10 minutes at room temperature. 3 KimWipes were added to 
the top of the equilibrated column, and the supernatant was loaded onto the column through 
the KimWipes (which caught the precipitate). The solution was allowed to drain completely 
through. The column was washed with 60 mL of Wash Buffer (W8) and allowed to drain 
completely through. DNA was eluted by adding 15 mL of Elution Buffer (E4) to the column and 
allowing it to drain into a tube. DNA was precipitated by mixing 10.5 mL isopropanol with the 
eluted DNA. The solution was centrifuged at >12,000 xg for 30 minutes at 4 oC. The pellet was 
washed by resuspending it in 5 mL 70% ethanol and centrifuging at >12,000 xg for 5 minutes at 
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4 oC. The pellet was air-dried for 10 minutes before it was resuspended in 500 µL TE buffer. 
Using a Nanodrop, DNA concentration was found to be 725.8 ng/µL (A260/A280: 1.90; A260/A230: 
2.34). DNA was aliquoted into several tubes and stored at -80 oC. 
 
CHO-K1 kill curve with geneticin: CHO-K1 cells were subcultured and counted, as outlined 
above, and plated at approximately 1.67 x 105 cells/well into two 24-well plates. 1 day later, 
media was removed and media (F-12K with FBS, no PenStrep) with geneticin (Gibco 10131027) 
was added at concentrations from 150 µg/mL to 550 µg/mL. Geneticin media was changed 
every 2-3 days. 5 days after geneticin was first added, one plate of cells was stained with 1 drop 
of propidium iodide (Invitrogen R37610) per well and imaged on the ECHO Revolve using the 
TRITC filter. 6 days after geneticin was first added, the cells were subcultured as outlined above. 
The media initially removed (which contained dead cells) was added to the alive cells for 
staining (in order to more accurately count the dead cells), and cells were centrifuged at 400 xg 
at 4 oC for 5 minutes, then at 1000 xg at 4 oC for 5 minutes to ensure that all of the dead cells 
had pelleted. The cells were resuspended in 200 µL of PBS and stained with one drop of 
propidium iodide per well. Cell death was measured with flow cytometry (MACSQuant Analyzer 
10). Cells stained positive for propidium iodide were considered dead. 
 
HMC3 kill curve with geneticin: In a 24-well plate, media was removed from the HMC3 cells, 
and 100 µg/mL to 700 µg/mL geneticin (Gibco 10131027) in media (EMEM with FBS, no 
PenStrep) was added to the cells in triplicate. Cells were left under antibiotic for 10 days. 
Geneticin media was renewed every 2-3 days. For the first media renewal, media was removed 
and new geneticin media was added. For the remainder of the media renewals, new geneticin 
media was added without any media being removed so that the wells retained the dead cells 
for more accurate analysis. Cells were subcultured as outlined above (the media and trypsin 
washes were also collected to add to the cells, to get a better count of cell death), centrifuged 
at 300 xg for 5 minutes at 4 oC, and resuspended in 100 µL DPBS. Cells were stained with DAPI 
(2 µL, Miltenyi Biotec 130-111-570) as a marker of cell death. Cell staining was measured with 
flow cytometry (MACSQuant Analyzer 10). Cells stained positive for DAPI were considered 
dead. 
 
Transfection with Neon Transfection System: The CHO-K1 cells and HMC3 cells were 
transfected with the human MAS1 plasmid using the Neon Transfection System (Invitrogen). 
The CHO-K1 cells were transfected using the 10 µL kit (Invitrogen MPK1025) and the HMC3 cells 
were transfected using the 100 µL kit (Invitrogen MPK10025). The following steps were adapted 
from the Neon protocol. The CHO-K1 or HMC3 cells were subcultured and counted according to 
the procedures above. 7.5 x 104 CHO-K1 cells per transfection and 4.4 x 105 HMC3 cells per 
transfection were moved to tubes and spun down at 130 to 150 xg for 5 minutes at room 
temperature, washed with DPBS, and spun down again at the same parameters. Cells were 
then resuspended in Resuspension Buffer R, 15 µL for CHO-K1 cells (for a final concentration of 
5 x 106 cells/mL) and 99 µL for HMC3 cells (for a final concentration of 4.4 x 106 cells/mL). This 
cell suspension was used within 15 to 30 minutes (to keep viability and efficiency high). 0.5 µg 
MAS1 plasmid was added to the CHO-K1 cells and 16 µg was added to the HMC3 cells and 
mixed gently. (DNA volume should be less than ten percent of the total volume, per the Neon 
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protocol.) The Neon Transfection System, Neon Tube, and Neon Pipette were set up according 
to the protocol. Cells were electroporated according to the conditions in table 3-1. Following 
electroporation, the transfected CHO-K1 cells were moved into a 24-well plate with prewarmed 
media (F-12K with FBS, no PenStrep) and the transfected HMC3 cells were moved into a 6-well 
plate with prewarmed media (EMEM with FBS, no PenStrep). 
 
Table 3-1: Neon Transfection System electroporation parameters for CHO-K1 and HMC3 cells. 
Parameters were obtained from ThermoFisher Neon Transfection System Cell Line Data and 
Transfection Parameters. 

Cell type Pipette 
tip 

Pulse 
voltage 

Pulse 
width 

Pulse 
number 

Efficiency Viability 

CHO-K1 
 

10 µL 1560 V 5 ms 10 90% 93% 

HMC3 
(from U-87 MG protocol) 

100 µL 1300 V 30 ms 1 70% 70% 

HMC3 
(from T98G protocol) 

100 µL 1050 V 40 ms 1 73% 80% 

HMC3 
(from SH-SY5Y protocol) 

100 µL 1200 V 20 ms 3 64% 80% 

HMC3 
(from SK-N-MC protocol) 

100 µL 900 V 50 ms 1 84% 80% 

 
CHO-K1 cell selection and cloning: Five days after transfection, media in transfected cells was 
replaced with 150, 200, and 250 µg/mL geneticin (Gibco 10131027) in media (F-12K with FBS, 
no PenStrep). Geneticin media was renewed every few days and cells were subcultured as 
needed, according to procedures above. Cells were cloned by subculturing and counting cells, 
according to procedures above, and plating cells in three 96-well plates at 75 cells per plate. 
Filtered, used media was used as half of the media. Wells containing only one cell were grown 
out with 200 µg/mL geneticin in media. 20 wells with healthy and fast-growing cells were 
chosen, grown, and passaged as necessary until up to T-25 flasks. Part of each flask was frozen 
and stored (as outlined in above procedure) and the other part was used for RNA extraction 
and purification. 
 
CHO-K1 cell RNA extraction and purification: Cloned cells were washed with PBS, and pellets 
were frozen at -80 oC until RNA extraction. RNA was extracted in an RNA hood, and the hood 
and all equipment and reagent bottles were cleaned with 70% isopropanol and Rnase Zap. Cell 
pellets were resuspended in TRIzol (1 mL per 5 x 106 cells) and homogenized by passing through 
18- then 23-gauge needles several times. Cells were then incubated for 5 minutes at room 
temperature. 0.2 mL chloroform was added. The tube was shaken by hand for 15 seconds, and 
the mixture was incubated for 2 to 3 minutes at room temperature. Cells were centrifuged at 
10,000 xg for 10 minutes at 4 oC. Three layers formed, and the top aqueous phase was moved 
to a new tube with 0.5 mL isopropanol. After mixing, cells were incubated for 15 minutes at 
room temperature. Cells were then centrifuged at 10,000 xg for 10 minutes at 4 oC. The pellet 
was washed with 1 mL of 70% ethanol and centrifuged at 7500 xg for 5 minutes at 4 oC. The 
pellet was resuspended in 700 µL 70% ethanol and moved to a spin cartridge with collection 
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tube (from the PureLink RNA Mini Kit, Invitrogen 12183-025). The following procedure used the 
PureLink RNA Mini Kit and was adapted from its user guide. The buffers were prepared and 
stored according to the user guide. The cartridge and tube were centrifuged for 30 seconds at 
room temperature. 350 µL of Wash Buffer I was added to the cartridge and centrifuged at the 
same parameters. PureLink Dnase was prepared by mixing 8 µL of 10X Dnase reaction buffer, 
10 µL of resuspended Dnase, and 62 µL of Rnase-free water, and it was added to the cartridge 
and incubated for 15 minutes at room temperature. 350 µL Wash Buffer I was added to the 
cartridge and centrifuged at the same parameters. The cartridge was then washed twice with 
500 µL Wash Buffer II and centrifuged at the same parameters. The cartridge membrane was 
dried by centrifuging at 12,000 xg for 1 minute. The cartridge was put in a 1.5 mL Rnase-free 
Eppendorf Tube, 60 to 70 µL of Rnase-free water was added to the membrane, and it was 
incubated for 1 minute at room temperature. The cartridge and tube were centrifuged at 
12,000 xg for 1 minute at room temperature. RNA concentration and purity were measured on 
a Nanodrop, using the Rnase-free water as the blank. Only samples with high purity (with 
A260/A280 around 2.0 and A260/A230 between 2.0 and 2.2) were used.  
 
CHO-K1 cell RT-qPCR: RT-qPCR was set up using the Verso SYBR Green 1-Step qRT-PCR Low ROX 
Kit (Thermo Scientific AB4106) according to table 1-1 in specific aim 1 (pages 17-18) with the 
primers in table 3-2. Samples were run in triplicate. The samples were run with the thermal 
cycling and melting curve programs in tables 1-4 and 1-5 in specific aim 1 (pages 20-21). 
 
Table 3-2: Primer sequences for RT-qPCR. Human MAS1 and CHO Mas1 sequences were 
designed with the PrimerQuest Tool from Integrated DNA Technologies. CHO Tmed2 primer 
sequences were obtained from Brown et al., 2017. 

Gene Primer sequences (5’-3’) Amplicon Predicted 
Tm (oC) 

%GC 
content 

CHO Tmed2 
(housekeeping) 
ID: 100689307 
XM_027413904 

F: GCCCACATGGATGGGACATAC  
R: TGATGAGCTTCTGTCTCCATGTC 

131 bp 
346-476 

62 
62 

57.1 
47.8 

Human MAS1 
ID: 4142 
NM_002377 

F: CATCGTGCACTGGGTCATTA 
R: AGACAGGTGGGTGATGTAGA 

124 bp 
488-611 

62 
62 

50 
50 

CHO Mas1 
ID: 100760876 
XM_003503060 

F: GGGCGGTCATCATCTTCATAG 
R: CCACGTGTTCTTCCGTATCTT 

104 bp 
652-755 

62 
62 

52.4 
47.6 

 
RT-qPCR calculations and data analysis: The QuantStudio RealTime Flex software v1.3 
automatically adjusted the baselines, and the threshold was set at a Delta Rn of 2 (because all 
samples were in the log-linear phase of the curve at this delta Rn value (Caraguel et al., 2011)). 
Threshold cycle (Ct) values were exported from the software, and the average Ct value of the 
replicates for each sample/gene pair was used for calculating the fold change of the gene. If a 
sample/gene pair had a replicate that was an outlier (defined as a replicate that caused the 
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standard deviation to be greater than 0.200), that replicate was usually excluded from the 
average. Fold change was calculated as follows: 
 

∆𝐶𝑡 = 𝐶𝑡56+7 − 𝐶𝑡8-(*9 
∆∆𝐶𝑡 = ∆𝐶𝑡&'):;<(=&(* −	∆𝐶𝑡:>:2&'):;<(=&(*	 

𝐹𝑜𝑙𝑑	𝑐ℎ𝑎𝑛𝑔𝑒 = 22∆∆4& 
 
The MAS1 Ct value of each sample (𝐶𝑡56+7) was subtracted by the Tmed2 Ct value of the 
respective sample (𝐶𝑡8-(*9), which resulted in delta Ct values (∆𝐶𝑡). The delta Ct value of each 
transfected sample (∆𝐶𝑡&'):;<(=&(*) was subtracted by the delta Ct value of the non-transfected 
sample (∆𝐶𝑡:>:2&'):;<(=&(*) to calculate delta delta Ct values (∆∆𝐶𝑡). Finally, the fold change 
was calculating by taking each delta delta Ct value (∆∆𝐶𝑡) to 22∆∆4&. 
 
CHO-K1 staining with DYKDDDDK antibodies and measurement with flow cytometry: Two 
antibodies were used to measure DYKDDDDK sequences of MasR: one conjugated to FITC 
(GenScript A01632) and one conjugated to DyLight 650 (Invitrogen MA191878D650). 
Transfected and non-transfected CHO-K1 cells were subcultured and counted according to the 
above procedure. For the GenScript antibody, approximately 105 cells per replicate of each 
sample was used. For the Invitrogen antibody, approximately 1.2 x 105 cells per replicate of 
each sample was used. The cells were moved to 15 mL conical tubes and centrifuged at 1000 
RPM for 10 minutes at room temperature, then washed with PBS and centrifuged at the same 
parameters. Cells were fixed by resuspending in 1 mL of 2% formaldehyde buffer (prepared by 
diluting 4% paraformaldehyde (10% formalin) buffer using PBS) and incubating for 10 minutes 
at 37 oC. Cells were centrifuged at the same parameters, washed with PBS, and centrifuged 
again at the same parameters. After tapping to loosen the cell pellet, 1 mL of 0.1% (v/v) Triton 
X-100 (prepared by mixing 100% (v/v) Triton X-100 with PBS) was added to the cells to 
permeabilize the membrane, and cells were incubated for 10 to 15 minutes at room 
temperature. Cells were centrifuged at the same parameters, then washed with PBS and 
centrifuged again at the same parameters. Cells were resuspended in 50 µL of blocking buffer 
(2% FBS in PBS). Both antibodies were diluted with blocking buffer so that when 50 µL of 
antibody was added to the 50 µL blocking buffer on the cells, the final desired concentration 
was achieved. The recommended manufacturer concentrations for the GenScript antibody (0.5 
to 2.0 µg per 106 cells) were used for initial experiments, but they were too high because there 
was high fluorescence staining in the non-transfected cells. A range of concentrations was then 
used (as low as 0.008 µg per 106 cells). Results of using some of the concentrations are 
discussed in the results. There was no manufacturer recommended concentration for flow 
cytometry for the Invitrogen antibody, but 5 µg/mL was recommended for 
immunocytochemistry and immunofluorescence, so that was tested here. High non-specific 
staining was seen in non-transfected cells at this concentration, but lower concentrations were 
not tried because immunofluorescent imaging showed staining was lost in transfected cells at 
2.5 µg/mL. 10 µg/mL was also tested in flow cytometry and immunofluorescence imaging 
experiments. No antibody was added to the control tube(s). Cells with antibody were incubated 
for 20 to 30 minutes at 37 oC in the dark. 3 mL blocking buffer was added to each tube of cells 
and the cells were centrifuged at the same parameters as above. Cells were resuspended in 200 
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µL cold PBS and kept cold until analysis. Cell staining was measured with flow cytometry. Gating 
strategies are shown in the results section. 
 
CHO-K1 staining with DYKDDDDK antibody and analysis with immunofluorescence imaging: 
Cells were stained for analysis with immunofluorescence imaging in a similar procedure as for 
measurement with flow cytometry. Cells were plated in CultureSlides (Falcon, Corning 354114) 
or in 96-well plates. When they were confluent, media was removed and cells were washed 
with PBS. Each well of cells was fixed with 2% formaldehyde buffer for 10 minutes at 37 oC. 
Formaldehyde buffer was then removed and cells were washed with PBS. 0.1% (v/v) Triton X-
100 was added to each well for 10 to 15 minutes at room temperature to permeabilize cell 
membranes. Triton X-100 was then removed and cells were washed with PBS. 50 or 100 µL of 
blocking buffer was added to each well. The antibodies used here were the same as the 
antibodies used for flow cytometry, and they were diluted with blocking buffer to several 
concentrations so that when 50 or 100 µL of antibody was added to the 50 or 100 µL of 
antibody already in the wells, the final concentration was the desired antibody concentration. 
The recommended concentrations for immunofluorescence staining for the GenScript antibody 
were 0.5 to 2 µg/mL, but lower concentrations were also used like what was done in flow 
cytometry because of high non-specific binding in non-transfected cells. The recommended 
concentration for the Invitrogen antibody was 5 µg/mL, and 2.5 µg/mL and 10 µg/mL were also 
used. No antibody was added to control wells. Cells with antibody were incubated for 20 to 30 
minutes at 37 oC in the dark. Blocking buffer was added to each well to wash the cells. Cells 
were covered with cold PBS and kept cold until analysis. Just prior to analysis, 1 drop of 
NucBlue Live Cell Stain Ready Probes Reagent (Invitrogen R37610) was added to each well. Cells 
were analyzed using the ECHO Revolve using the FITC filter for the GenScript FITC-conjugated 
antibody and the Cy5 filter for the Invitrogen DyLight 650-conjugated antibody. 
 
CHO-K1 Western blot: Non-transfected CHO-K1 cells and CHO-K1-Mas clone C4 cells were put 
on ice. Media was removed and cells were washed with cold PBS. 1 mL of NP-40 was added to 
the cells and cells were incubated on ice for a few minutes and tapped until cells came up. Cells 
were moved to 1.5 mL tubes and spun at 13,000 RPM for 10 minutes at 4 oC. Supernatant was 
moved to new tubes and frozen at -80 oC. A BCA assay was performed to determine protein 
concentration using the Pierce BCA Protein Assay Kit (ThermoFisher 23225). A standard curve 
was created according to table 1 (“Dilution Scheme for Standard Test Tube Protocol and 
Microplate Procedure”) in the user guide using diluted albumin (BSA) standards and NP40 as 
the diluent. 20 µL of each standard was pipetted into a black, clear-bottom 96-well plate in 
duplicate. 20 µL of non-transfected and C4 cells were also pipetted into the plate in duplicate. 
The working solution was made by mixing 50 parts BCA Reagent A (10 mL) and 1 part BCA 
Reagent B (200 µL) together, and 200 µL of it was added to each well. Plate was shaken for 30 
seconds and incubated for 5 minutes at room temperature. Any bubbles were popped with a 
needle. Absorbance measurements were taken on a Cytation5 plate reader at 562 nm. The 
standards were plotted and protein concentrations of the non-transfected and C4 cells were 
found (figure 3-9A). Samples were prepared for Western blot as follows, per lane: 30 µg 
protein, 10 µL Bolt LDS Sample Buffer (Invitrogen B0007), 4 µL Bolt Sample Reducing Agent 
(Invitrogen B0009), and up to 26 µL deionized water. Samples were run in duplicate. Samples 
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were then heated at 70 oC for 10 minutes. Samples were loaded into a NuPAGE 4 to 12%, Bis-
Tris, 1.0 mm, Mini Protein Gel, 10-well (Invitrogen NP0321) in 1X Bolt MES SDA Running Buffer 
(Invitrogen B0002, diluted with deionized water). 7.5 µL of PageRuler Prestained Protein 
Ladder, 10 to 180 kDa (Invitrogen 26616) was also loaded. Gel was run on a Bolt Mini Gel Tank 
(NW0412AIB2) at 200 V for 22 minutes. The protein was transferred to a blotting membrane 
using the iBlot 2 Gel Transfer Device (Invitrogen NW0412AIB2). The P0 method was used (20 to 
25 volts for 7 minutes). The membrane was cut between the 40 and 50 kDa lines to stain for 
Mas with the DYKDDDDK tag (38 kDa: Mas, 37 kDa + DYKDDDDK sequence, 1 kDa) and to stain 
for alpha-tubulin as a control (50 kDa). The membranes were placed in Western boxes (gel side 
up). 10 mL of blocking buffer (0.5 mL of 10% Tween-20 in 100 mL of StartingBlock (TBS) Blocking 
Buffer, ThermoFisher 37542) was added, and the boxes were put on an orbital shaker at 60 
RPM for 1 hour at room temperature. Blocking solution was removed. The primary antibody for 
DYKDDDDK (Invitrogen MA1-91878; diluted 1:1000 in BupH Tris Buffered Saline) was added to 
the 40 kDa and below membrane. The primary antibody for alpha tubulin (Abcam, EP1332Y; 
diluted 1:1000 in BupH Tris Buffered Saline) was added to the 50 kDa and above membrane. 
Both were shaken overnight at 4 oC. Membranes were washed by adding wash buffer (5 mL of 
10% Tween-20 Detergent to 1 L of BupH Tris Buffered Saline) three times, letting them sit for 5 
minutes each time. The Mas-DYKDDDDK box was stained with a secondary antibody, rabbit 
anti-mouse IgG (Alexa Fluor 488), at a 1:30,000 dilution in BupH Tris Buffered Saline. The alpha-
tubulin box was stained with a secondary antibody, goat anti-rabbit IgG (Alexa Fluor 488, 
Invitrogen A-11008), at a 1:30,000 dilution in BupH Tris Buffered Saline. Both boxes were 
incubated shaking for 1 hour at 4 oC. Both membranes were then washed the same as above 
before imaging. 
 
HMC3 cell selection: Four days after transfection, media was removed and replaced with media 
(EMEM with FBS, no PenStrep) with either 50 µg/mL or 100 µg/mL geneticin (Gibco 10131027). 
Geneticin media was renewed every 2-3 days. 

Results 

CHO-K1 cell kill curve with geneticin: A kill curve with was performed with non-transfected 
CHO-K1 cells in order to determine the ideal concentration of antibiotic to use to select for 
transfected CHO-K1 cells. The human MAS1 plasmid contained neomycin resistance, giving 
resistance to the antibiotic geneticin. A range of concentrations of geneticin was put on the 
cells for 5 or 6 days, and cell death was measured by staining with propidium iodide. One plate 
was measured with flow cytometry, and the other plate was imaged (figures 3-1A and 3-1B). 
200 µg/mL geneticin in media, along with 150 µg/mL and 300 µg/mL, were used for selection 
experiments. Cells used in cloning were taken from wells treated with 200 µg/mL geneticin. 
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Figure 3-1: CHO-K1 kill curve using various concentrations of the antibiotic geneticin, stained 
with propidium iodide and measured with (A) flow cytometry and (B) immunofluorescence 
imaging. 
 
RT-qPCR to measure RNA expression of human MAS1 in CHO-K1 cell clones: CHO-K1 cells were 
transfected with the human MAS1 plasmid by electroporation with the Neon Transfection 
System. Transfected cells were selected with geneticin and cloned to create homogenous 
populations. Twenty clones were created and grown. RNA was extracted from the clones, and 
RT-qPCR experiments were run to measure the expression of human MAS1 to confirm that the 
clones overexpressed the human MasR. Non-transfected CHO-K1 cells were found to have very 
low (if any) expression of CHO Mas1 (figure 3-2A), and the human MAS1 primers were designed 
to not bind to any CHO Mas1 if there was any. No template control (NTC) experiments were run 
to confirm there was no contamination in the primers and that no primer dimers formed upon 
amplification (figure 3-2B). No enzyme control (NEC) experiments (using human MAS1 primers) 
were performed to ensure there was no DNA contamination in the samples (figure 3-2C). Only 
the clone C19 was found to have significant DNA left in the sample, as its NEC amplification 
curve had a Ct value under 30, and so that sample was discarded (figure 3-2C). 
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Figure 3-2: RT-qPCR control runs. Amplification plots of (A) non-transfected CHO-K1 cells with 
CHO Mas1 primers, (B) no template control (NTC) runs of each primer set, and (C) no enzyme 
control (NEC) runs of each clone using human MAS1 primers. 
 
Tmed2 was used as the housekeeping gene. Its Ct values remained fairly constant among 
clones, and its melting curve was clean (figure 3-3A). The human MAS1 primer used also had a 
clean melting curve (figure 3-3B). Non-transfected CHO-K1 cells with the human MAS1 primer 
were used as the comparators or calibrators to the transfected cells for fold change calculations 
(figure 3-4). Because there was no human Mas in these cells, the Ct values obtained had a large 
range among replicates and runs, and the resulting fold change values of the clone samples 
were considerably different depending on which non-transfected cell run was used as calibrator 
or comparator. However, the ordering of highest to lowest MAS1 expressing clones remained 
the same no matter which non-transfected CHO-K1 run was used. In addition, ordering of 
expression levels can also be observed by comparing delta Ct values, where a lower delta Ct 
value indicated higher MAS1 expression (table 3-3). RT-qPCR results indicated that 12 clones 
overexpressed the human MasR (figure 3-5, table 3-3). 
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Figure 3-3: Melting curves of (A) CHO Tmed2 primers and (B) human MAS1 primers. 
 

 
Figure 3-4: RT-qPCR amplification plot of non-transfected CHO-K1 cells with Tmed2 and human 
MAS1 primers. 
 

5 10 15 20 25 30 35 40
0

5

10

Cycle

D
el

ta
 R

n

Non-transfected CHO-K1 Cells — Amplification Plot

Tmed2

Human Mas

Threshold



 100 

 
Figure 3-5: RT-qPCR amplification plot of CHO-K1 cell clones with CHO Tmed2 and human MAS1 
primers. 
 
Table 3-3: RT-qPCR fold change calculations of CHO-K1 cell clones, using Tmed2 and human 
MAS1 primers. Bolded lines indicate clones that were found to overexpress the human MasR. 

Clone Gene Ct Mean Ct SD ΔCt ΔΔCt 2^-ΔΔCt 
Non- Tmed2 19.075 0.037     
transfected hMAS1 33.892 0.369 14.818    
C1 Tmed2 20.214 0.137       
  hMAS1 25.110 0.139 4.896 -9.922 969.924 
C2 Tmed2 19.934 0.080     
  hMAS1 25.433 0.063 5.500 -9.318 638.256 
C3 Tmed2 20.078 0.102       
  hMAS1 25.284 0.211 5.207 -9.611 781.979 
C4 Tmed2 21.798 0.037     
  hMAS1 25.803 0.022 4.005 -10.813 1798.688 
C5 Tmed2 19.902 0.346       
  hMAS1 23.964 0.067 4.062 -10.756 1729.039 
C6 Tmed2 20.926 0.166     
  hMAS1 35.769 0.484 14.842 0.025 0.983 
C7 Tmed2 20.197 0.069       
  hMAS1 35.961 0.196 15.764 0.946 0.519 
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C8 Tmed2 20.445 0.176     
  hMAS1 36.291 0.295 15.847 1.029 0.490 
C9 Tmed2 20.290 0.071       
  hMAS1 25.806 0.054 5.515 -9.302 631.422 
C10 Tmed2 20.578 0.137     
  hMAS1 34.816 0.608 14.238 -0.579 1.494 
C11 Tmed2 20.778 0.314       
  hMAS1 36.475 0.280 15.698 0.880 0.543 
C12 Tmed2 20.409 0.122     
  hMAS1 25.310 0.060 4.901 -9.916 966.144 
C13 Tmed2 20.556 0.082       
  hMAS1 24.589 0.051 4.032 -10.785 1764.640 
C14 Tmed2 21.010 0.183     
  hMAS1 25.488 0.060 4.478 -10.339 1295.570 
C15 Tmed2 21.013 0.224       
  hMAS1 25.232 0.173 4.220 -10.598 1549.722 
C16 Tmed2 20.250 0.087     
  hMAS1 24.578 0.148 4.329 -10.489 1437.169 
C17 Tmed2 20.749 0.217       
  hMAS1 33.644 0.243 12.896 -1.922 3.789 
C18 Tmed2 20.352 0.016     
  hMAS1 35.820 0.184 15.467 0.650 0.637 
C20 Tmed2 19.068 0.089       
  hMAS1 23.677 0.060 4.610 -10.208 1182.446 

 
Measuring the human MasR protein with flow cytometry and immunofluorescence imaging 
using the DYKDDDDK tag: To measure that the clones not only overexpressed human MAS1 
RNA, but that they also translated the RNA and overexpressed the human MasR protein, cells 
were stained with antibodies and were measured with flow cytometry and 
immunofluorescence imaging. The human MAS1 plasmid contained a sequence on its C-
terminus that translated to DYKDDDDK (often called the FLAG-tag), which was used as the 
antigen for antibody staining to measure protein expression. When staining non-transfected 
and transfected cells with the GenScript DYKDDDDK antibody at the manufacturer’s 
recommended concentrations, there was significant staining of the non-transfected cells 
(figures 3-6A and 3-6B). The concentration of antibody was lowered to try to reduce the non-
specific binding, but it was found that significant staining of the non-transfected cells remained 
even at a concentration of 0.03 µg per 106 cells (figures 3-6D and 3-6E). When that 
concentration was dropped to 0.01 µg per 106 cells, staining of non-transfected cells was 
greatly reduced, but transfected cells also lost much of the staining (figures 3-6F and 3-6G). 
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Figure 3-6: Staining of CHO-K1 cells transfected with MAS1 using the GenScript antibody against 
DYKDDDDK. (A) and (B) Immunofluorescent images of non-transfected and transfected cells 
(prior to cloning) stained with the DYKDDDDK antibody at manufacturer’s recommended 
concentration (green) and DAPI (blue). (C) Flow cytometry gating setup with blank (cells with no 
antibody). (D), (E), (F), and (G) Flow cytometry results of non-transfected and transfected cells 
(clone C16) stained with lower concentrations of antibody than recommended by manufacturer. 
(D) and (E) 0.03 µg per 106 cells. (F) and (G) 0.01 µg per 106 cells. 
 
A second DYKDDDDK antibody was used to test if the poor results were due to lack of specificity 
of the particular antibody. An antibody by Invitrogen was chosen, as the unconjugated form of 
the antibody underwent advanced verification by the manufacturer to ensure it bound to the 
desired sequence, and it had been used in many previous studies (see Invitrogen MA1-91878). 
The form used here, conjugated to DyLight 650, had also been used successfully in a few studies 
(see Invitrogen MA1-918778-D650). The antibody was used for immunofluorescence imaging at 
three concentrations (the manufacturer’s recommendation of 5 µg/mL, along with 2.5 µg/mL 
and 10 µg/mL) with non-transfected cells and three of the highest expressing clones (C4, C13, 
and C16). Immunofluorescent images were taken of the cells. Positive staining appeared to be 
very light, possibly due to low levels of MasR protein and/or DyLight 650 not being a very bright 
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color to image, so brightness was increased in order to take the pictures. Some very faint 
positive staining was seen in C16 at 5 µg/mL and 10 µg/mL, and some slightly greater but still 
faint staining was seen in C4 at the same concentrations (figure 3-7). Almost no positive 
staining was seen in C13, even at the higher concentrations. However, some positive staining 
was also seen in the non-transfected samples (a small amount at 5 µg/mL, a little more at 10 
µg/mL). Positive staining appeared to be lost in all non-transfected and transfected samples at 
2.5 µg/mL. These results appeared to indicate that the clones were producing protein at 
different levels. The clones C4, C13, and C16 appeared to have high expression, based on RT-
qPCR results, but they had different amounts of positive staining in immunofluorescence 
imaging. The levels of positive staining for non-transfected cells at the two higher antibody 
concentrations were concerning, because they indicated that non-specific binding was 
occurring. However, clone C4 appeared to have higher staining than non-transfected cells, so 
clone C4 was used in flow cytometry experiments to quantitatively measure the amount of 
protein. 
 

 
Figure 3-7: Staining of CHO-K1 cells transfected with MAS1 using the Invitrogen antibody 
against DYKDDDDK. Viewed with immunofluorescence imaging. Three concentrations of 
DYKDDDDK antibody were used: 2.5 µg/mL, 5 µg/mL, and 10 µg/mL. Non-transfected cells and 
three clones (C4, C13, and C16) were stained. DAPI (dark blue) and DYKDDDDK (lighter 
blue/green immediately surrounding some of the DAPI staining). 
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The two concentrations (5 µg/mL and 10 µg/mL) where C4 staining was seen in 
immunofluorescent imaging were used when cells were measured with flow cytometry. 
However, when the antibody gating of the blank was applied to the stained non-transfected 
cells, the cell population was shifted up, indicating all the non-transfected cells stained positive 
for the DYKDDDDK tag (figures 3-8A, 3-8B, and 3-8D). However, a slight population shift was 
seen between non-transfected and C4 cells (figure 3-8C and 3-8E). The gating was moved in the 
non-transfected CHO-K1 cells to capture above the major population, and the gating was 
applied to the C4 cells to capture the population shift. However, because there was still 
significant non-specific staining of the non-transfected cells, it was still not confirmed that the 
clones made and overexpressed MasR protein, even though they did overexpress MAS1 RNA. 
One possibility could be that the protein expression was so high that aggregation was occurring 
and the DYKDDDDK antibody could not stain all of the sequences. 
 

 
Figure 3-8: Staining of CHO-K1 cells transfected with MAS1 using the Invitrogen antibody 
against DYKDDDDK. Measured with flow cytometry. (A) Flow cytometry antibody gating setup 
with blank (cells with no antibody). (B) and (D) Flow cytometry results of non-transfected cells 
stained with two concentrations of antibody (5 µg/mL and 10 µg/mL). Because there was a 
significant increase in staining, antibody gates were moved from blank to be right above the 
main population. (C) and (E) Flow cytometry results of transfected cells (clone C4) stained with 
the same two concentrations of antibody. Antibody gates are the same as their non-transfected 
counterparts in (B) and (D). 
 
Measuring the human MasR protein with western blot using the DYKDDDDK tag: To check if 
the human Mas1 protein was aggregating in the CHO-K1 cells, preventing an accurate protein 
measurement with flow cytometry and immunofluorescence imaging staining, a western blot 
with reducing conditions was performed, using an antibody towards the DYKDDDDK sequence. 
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The control protein, alpha tubulin, was seen at around 50 kDa, but the human MasR protein 
with DYKDDDDK tag (expected to be seen at 38 kDa; 37 kDa for MasR protein, 1 kDa for flag 
tag) was not seen in the clone C4 (figure 3-9B). This indicated that protein aggregation was not 
the reason why the human MasR protein was not seen with flow cytometry and 
immunofluorescence imaging. This gave evidence that, while the human MAS1 was transcribed 
into RNA (seen with RT-qPCR), it was not translated into human MasR protein. 
 

 
Figure 3-9: (A) A BCA assay was performed to measure protein concentration of CHO-K1 and 
CHO-K1 clone C4 lysates. (B) A western blot with reducing conditions was ran to measure MAS1 
protein expression. Columns 1 and 2 are from non-transfected CHO-K1 cells, and columns 3 and 
4 are from CHO-K1 clone C4 cells. The band around 50 kDa was the control, alpha tubulin. MAS1 
with DYKDDDDK tag was expected at around 38 kDa. 
 
HMC3 cell kill curve with geneticin: Another kill curve was implemented, but this time using 
non-transfected HMC3 cells. The goal of this kill curve was to find a concentration of geneticin 
antibiotic to use for selecting HMC3 cells transfected with the human MAS1 plasmid. Using a 
range of concentrations of geneticin for 10 days, cell death was measured by staining cells with 
DAPI and measuring with flow cytometry (figure 3-10). 100 µg/mL was determined to be the 
ideal concentration of geneticin to use, and selection experiments used 50 µg/mL and 100 
µg/mL geneticin. 
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Figure 3-10: Kill curve for HMC3 cells treated with various concentrations of the antibiotic 
geneticin, stained with DAPI and measured with flow cytometry. 
 
Transfection of HMC3 cells with human MAS1: As shown in specific aim 2, resting, non-
transfected HMC3 cells do not express MAS1 (figure 2-15). Cells were transfected by 
electroporation with the human MAS1 plasmid using the Neon Transfection System. Because 
ThermoFisher did not have a developed electroporation protocol for HMC3 cells, the cells were 
transfected using several different protocols (see methods). Cells are currently under geneticin 
selection. 

Discussion 

Overexpressing MasR in CHO-K1 cells: To confirm that the human MAS1 plasmid was 
successfully transfected into the CHO-K1 cells, RT-qPCR was employed to check if the cells were 
transcribing the sequence into mRNA, and flow cytometry, immunofluorescence imaging, and 
western blot were used to test if the cells were translating the mRNA into protein. 
 
RT-qPCR experiments were performed on all of the clones to assess which clones were 
overexpressing human MAS1. As a cut off, any samples with cycle threshold (Ct) values over 30 
were considered to be not expressed, as higher values can often be amplification artifacts from 
contaminants or non-specific binding (Caraguel et al., 2007). Samples with Ct values over 30 
have been found to not have reproducible results in previous studies, which was also seen in 
this experiment as there were larger standard deviations among sample replicates in higher 
cycle thresholds (Karlen et al., 2007). The threshold of 2 was chosen because all samples were 
found to be in the log-linear phase of the curve at this delta Rn value (Caraguel et al., 2011).  
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The design and setup of RT-qPCR experiments was important to ensure reproducible, precise 
data (Taylor et al., 2019). The human MAS1 primers were specific to the human MAS1 
sequence transfected into the cells; the primer sequences were checked against the Chinese 
hamster genome using the NCBI BLAST, and it was found that the sequences should not amplify 
any RNA sequences in the CHO-K1 cells, including the CHO-K1 Mas1 sequence. It was also 
confirmed, as expected, that CHO-K1 cells do not express the CHO-K1 Mas1 normally. The CHO-
K1 Tmed2 gene was used as the housekeeping gene. Tmed2 primers were checked against the 
Chinese hamster genome using the NCBI BLAST and were predicted to bind to only the Tmed2 
sequence. Melting curves of the CHO-K1 Tmed2 primers and human MAS1 primers were 
analyzed and found to only contain one peak and had very little noise, further indicating that 
the primers only bind to their target sequence. The primers were also checked with a NTC 
experiment, which was performed by setting up the RT-qPCR experiment without any RNA 
template. This was used to confirm that there was no contamination in the primers and that no 
primer dimers formed. To check the samples for DNA contamination, NEC experiments were 
run by setting up the RT-qPCR mixes with human MAS1 primers and without the components 
needed for reverse transcription (Verso Enzyme Mix and RT Enhancer) so that only 
contaminating DNA would be amplified. Analyzing clones for Ct levels below 30, clone C19 was 
found to have significant DNA left in the sample based on this experiment (Ct = 28.513). It could 
have undergone repeated Dnase steps to keep it in the study; however, as there were 19 other 
clones, worrying about just one with DNA contamination seemed unnecessary and it was 
removed from future experiments. 
 
The amplification curves of the clones showed that 12 of the 19 clones overexpressed MAS1, 
seen as their Ct values were below 30. The clone amplification was quantified with fold change 
calculations, which calculated the relative expression of human MAS1 in the cloned CHO-K1 
cells compared to non-transfected CHO-K1 cells (ThermoFisher: Real-time PCR handbook). The 
Ct values of human MAS1 were first corrected with the Ct values of CHO-K1 Tmed2, to correct 
for differences in amount of template. The resulting values, called ΔCt values, of the clones 
were subtracted by the ΔCt values of the non-transfected sample. These values, called ΔΔCt 
values, were taken 2-ΔΔCt, which was the fold change value. Fold change values indicated how 
many folds greater or smaller the transfected cells expressed human MAS1 than the non-
transfected cells. A fold change of 1 indicated no change, while 0.5 meant it was expressed half 
as much and 2 meant it was expressed twice as much (Livak et al., 2001). 
 
There were two places in particular where error was introduced. One of them was that the 
QuantStudio instrument was due for calibration when these runs were performed. These RT-
qPCR experiments were run months before it was found that the instrument was out of 
calibration. These data were therefore reanalyzed, with each plate using the non-transfected 
CHO-K1 sample ran on the same plate as its comparator to calculate fold change, since it 
appeared that the errors occurred when comparing plates to each other. However, another 
place of error was that, because the non-transfected CHO-K1 cells had no human MAS1, the Ct 
values found on each plate were sometimes very different from each other, and the replicates 
within the same run often had a large standard deviation. The Ct values were above 30, 
indicating amplification artifacts and non-specific binding (Caraguel et al., 2011). Because of 
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this, it was unclear if using the non-transfected sample on each plate as the comparator for 
clones on that plate would yield accurate results due to the seemingly random variation of the 
human MAS1 Ct values that were acquired. Luckily, clone C16 was ran on multiple plates 
because it was used to help setup and develop the assay, and so its delta Ct values were 
compared between plates to see how much variation occurred due to lack of calibration. The 
delta Ct values were very close together, so it appeared that not as much plate variation 
occurred here, which could be explained by the calibration not being as far out of date when 
these experiments were performed. As a result, it was determined that the best course of 
action to reduce the error was to use one of the non-transfected human MAS1 results as the 
comparator for all of the clones, regardless of the plate. The fold change values were used to 
determine which clones did and did not overexpress the human Mas receptor and to rank the 
amount of overexpression in the overexpressing clones. Fold change values over 2 are generally 
considered to be a significant increase in expression (ThermoFisher: Real-time PCR handbook). 
However, because of the Ct value variation in non-transfected samples, clone C17 was 
determined not to have increased MAS1 expression, even with a fold change value of 3.789, 
because its Ct value could have just been due to variations in Ct values seen in samples not 
expressing MAS1. Also, even if it did have increased MAS1 expression, it was much lower than 
many of the other samples. 
 
To measure whether the human MAS1 mRNA was translated into MasR protein, the clones 
overexpressing mRNA were stained with antibodies against the DYKDDDDK amino acid 
sequence (or FLAG tag) located on the intracellular C-terminus.  Antibodies against the human 
MasR protein were not used because of the documented unreliability of antibodies against this 
receptor (Burghi et al., 2017). The DYKDDDDK sequence was not located in the Chinese hamster 
genome based on NCBI BLAST. The sequence has been reliably used in previous studies as a 
measure of protein production in CHO-K1 cells, some of which are referenced (Tonini et al., 
2000; Koeberle et al., 2010; Hwang et al., 2011). Two different antibodies were used at several 
different concentrations to try to reliably measure the amount of MasR protein produced. The 
first antibody, from GenScript, was found to have significant non-specific staining in non-
transfected cells at manufacturer recommended concentrations. When antibody 
concentrations were decreased, staining of transfected and non-transfected cells remained 
about the same. When non-specific non-transfected cell staining significantly decreased with 
0.01 µg per 106 cells antibody concentration, transfected cell staining also decreased to about 
the same amount. Because the cells overexpressed MAS1 RNA, it was assumed that they also 
produced the MasR protein, and so we initially thought that the high non-specific binding was 
due to the Genscript antibody not being very specific to the DYKDDDDK sequence. A second 
antibody, from Invitrogen, was then used to see if that decreased non-specific staining. This 
particular antibody was selected based on its positive results in previous studies and its 
validation by the company. However, non-specific binding seemed to also occur with this 
antibody. When the antibody was used at the manufacturer’s recommended concentration of 5 
µg/mL and above that concentration at 10 µg/mL, staining was seen with two of the three 
clones stained, especially with clone C4. Some staining was seen in non-transfected cells, but 
maybe not to the same amount as staining in C4. Staining appeared to be lost with both non-
transfected and transfected cells at 2.5 µg/mL. However, the fluorescent intensity of DyLight 
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650 is not very bright, and so the immunofluorescent images were difficult to confidently 
interpret. This experiment was then performed using flow cytometry. Based on the imaging 
results, 5 and 10 µg/mL concentrations were used (as it seemed that 2.5 µg/mL was too low) 
and the clone C4 was stained. Even though the three clones imaged with this antibody were 
some of the highest mRNA expressors based on RT-qPCR, C4 had the highest staining, indicating 
that mRNA expression does not always correlate with protein production. This principle was 
found in previous studies, as the quantity of protein is based not only on gene transcription but 
also other biological and regulatory factors (Gry et al., 2009; Maier et al., 2009; Liu et al., 2016). 
The highest MAS1 mRNA overexpressors may not necessarily make the highest amounts of 
protein. When flow cytometry results were gated based on cells that were not stained (the 
blank), non-transfected cells had high antibody staining, seen with a large shift in the entire 
population of cells to higher fluorescence. The population of C4 cells had a small population 
shift beyond the non-transfected cells, which was measured by moving the gating. While the 
transfected cells had more positive staining than the non-transfected cells, the non-transfected 
cells had significant non-specific staining. Also, the transfected cell staining results did not 
indicate overexpression was occurring, as the percentage of cells positive for the DYKDDDDK 
tag was not very high. Assuming that the cells actually made the MasR protein, one reason 
these results were occurring could have been protein aggregation. Aggregation has been found 
to occur when overexpressing some kinds of proteins, including membrane proteins, in CHO-K1 
cells, and those proteins have covalent or non-covalent interactions that aggregate the protein. 
Incorrect folding is sometimes the cause, and changing cellular growing conditions has been 
found to reduce aggregation (Jing et al., 2012; Le Fourn et al., 2014; Thoring et al., 2017). Our 
hypothesis of what could have been happening here was that the MasR protein became 
aggregated, which hid most of the DYKDDDDK sequences, so they were unable to be stained 
with flow cytometry and immunofluorescence imaging. A western blot experiment with 
reducing conditions was performed, which would denature the proteins and remove 
aggregation that occurred. However, while clone C4 cells were found to have a higher overall 
protein concentration than CHO-K1 cells in a BCA assay, C4 cells were not found to have any 
human MasR protein. This indicated that aggregation did not occur, but instead that that there 
appeared to be no protein expression of MasR. Low recombinant protein expression in CHO-K1 
cells has been reported, and membrane proteins have been found to be difficult to overexpress 
in CHO-K1 cells (Thoring et al., 2017; Zhao et al., 2017). It is unknown why the cells did not 
express human MasR. One reason could be that the CMV promoter seems to be less efficient 
over time; however, the loss of efficiency should also be seen in mRNA expression, which was 
not found (Moritz et al., 2015). Feedback loops also appear to affect protein expression in CHO 
and other mammalian cells, so high gene expression could overall be lowering the amount of 
protein produced (Lillacci et al., 2018). Efforts to overexpress MasR in this cell line were 
abandoned to focus on human lines that could model inflammation. 
 
Overexpressing MasR in HMC3 cells: The human MAS1 plasmid was transfected into HMC3 
cells as an in-vitro model of human microglia-induced neuroinflammation. ThermoFisher did 
not have a recommended electroporation protocol for the Neon Transfection System for these 
cells, so a few different parameters were tested to find one that successfully transfected the 
cells. Because HMC3 cells have macrophage morphology, the protocol for macrophage cultures 
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was used first, even though it was listed for use for primary cultures. However, during these 
transfections there were sparks and many cells were dead one day after transfection, which 
could indicate that the voltage was too high or the pulse length was too long. The voltage for 
this protocol was higher than many other electroporation parameters, possibly because it was 
needed for the difficult-to-transfect primary cells. The four protocols for adherent glial 
immortalized cell lines (SH-SY5Y, SK-N-MC, T98G, and U-87 MG) were next tested because 
microglia are glial cells. All of the voltage parameters were fairly low, so no sparking was 
observed. Most cells appeared to be alive the day after transfection, and they have been under 
geneticin selection for a short time. It is too early to determine whether any of the 
transfections were successful, but MAS1 mRNA expression will be measured with RT-qPCR and 
MasR protein expression will be measured with the DYKDDDDK tag through flow cytometry and 
immunofluorescence imaging, similar to what was performed with the CHO-K1 cells. Signaling 
pathways activated or inhibited by RASRx1902 and RASRx1911 will be studied using this line, 
and the pathways will be compared to those affected by A(1-7), as it is believed that the small 
molecule compounds act on the MasR. 
 
Overexpressing MasR in other cell lines: Human MasR transfection and overexpression was 
attempted in two other cell lines, HEK293T and THP-1. Data was not included for these cell lines 
because the experiments failed prior to transfection or soon after transfection. The reasons 
behind their failures will be discussed briefly here.  
 
Human embryonic kidney 293T/17 cells (HEK293T/17; ATCC CRL-11268, Lot 63696280) are an 
immortalized cell line that has high transfection efficiency. The cells have been found to be easy 
to manage and transfect with both transient and stable methods. The resulting protein can 
undergo most post-translational folding and modifications, producing functional protein 
(Thomas et al., 2005). However, when kill curve experiments with geneticin were performed, 
the percentage of dead cells remained about the same among the cells with and without 
antibiotic at several concentrations (from 250 to 800 µg/mL). A literature search found that 
HEK293T cells already have neomycin or geneticin resistance. HEK293T cells are HEK293 cells 
with the addition of the SV40 T-antigen to improve transfectability and replication of SV40-
controlled genes. The SV40 T-antigen was transfected into the line with a plasmid containing 
neomycin/geneticin resistance, so transfecting this line with another plasmid with neomycin 
resistance would prevent selection of successfully transfected cells (Rio et al., 1985). An option 
would have been to use HEK293 cells instead, but the focus of the project turned to 
inflammation, so overexpression of human MAS1 was attempted in human immune cell lines 
instead. 
 
THP-1 (ATCC TIB-202) is a suspension monocyte cell line that has been utilized as a model of 
monocytes in many studies (Chanput et al., 2015; Bosshart et al., 2016). Three different 
transfection protocols were tested, because ThermoFisher did not have a developed Neon 
protocol for THP-1 cells. However, after transfection, the cells looked smaller and they 
gradually stopped floating in suspension and either fell or adhered to the bottom. The cells also 
did not increase in number. One hypothesis of what happened was that the electroporation 
parameters killed the cells. Another idea was that the electroporation actually stimulated the 
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cells and caused them to differentiate into “a macrophage-like phenotype” (Goetze et al., 
2017). THP-1 cells have been shown to differentiate in this way when stimulated with PMA 
(Auwerx, 1991; Takashiba et al., 1999; Dehai et al., 2014; Gatto et al., 2017; Goetze et al., 
2017). THP-1 cells that have been induced into macrophage cells ceased to divide and reduced 
the amount of DNA synthesis performed (Goetze et al., 2017). They also were more likely to 
adhere to the tissue culture flask, and they tended to be smaller and grainier (Auwerx, 1991; 
Gatto et al., 2017). Likewise, the transfected THP-1 cells appeared to match this phenotype. 
However, the morphology of PMA-stimulated THP-1 cells were reported to be more elongated 
and spread out, while the transfected cells here remained round (Takashiba et al., 1999; Che et 
al., 2014; Gatto et al., 2017). This may be due to the stimuli being electroporation and not PMA. 
Regardless, because the transfected cells no longer divided and because they had unusual 
behavior, attempts to overexpress human MAS1 in THP-1 cells were ceased.  

Conclusions 

While CHO-K1 cells were able to overexpress human MAS1 mRNA, they were unable to 
overexpress the MasR protein, as shown by flow cytometry, immunofluorescent imaging, and 
western blot. HMC3 cells have been transfected and are currently undergoing antibiotic 
selection. 
 
Future directions: Future experiments will focus on continuing development of the HMC3 cells, 
including the creation of MasR overexpressing clones and confirmation of overexpression with 
RT-qPCR and DYKDDDDK tag staining. The clones will be used to study the cellular signaling 
pathways activated and inhibited with RASRx1902 and RASRx1911 treatment. 
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Conclusions 
Neuroinflammation through chronic microglial activation has been found to be a major 
pathology in AD, and so careful modulation and reduction of microglial activation has the 
potential to be a treatment. The Renin-Angiotensin System is involved in neuroinflammation, 
and RAS receptors are expressed in microglia. In the preceding three aims, the relationship of 
the RAS, microglial activation, and AD were studied, and the use of small molecule MasR 
agonists to decrease microglial activation were explored as a potential AD treatment. 
 
In specific aim 1, the relationship of hippocampal RAS receptor expression, microglial 
activation, and cognition were studied using hippocampal samples from mice having undergone 
TAC surgery, which produced AD-like symptoms. Expression of RAS receptor and microglial 
activation marker genes (found with RT-qPCR) were compared and correlated to each other 
and to novel object recognition data. From this data, a positive correlation between Mas1 and 
At1r-1b expression was found, in addition to both receptors also being positively correlated 
with Cd68 expression. Cd68 expression was negatively correlated to NOR score. These results 
may indicate that RAS receptors are involved in microglial activation, and microglial activation 
may be involved in decreased cognition. More work will need to be done to explore the nature 
and extent of these correlations. Some of the correlations were relatively weak, and so other 
unexplored factors were probably also involved in these relationships. RNA-seq data was 
previously obtained for this study, and gene expression was compared with the RT-qPCR data 
not only because RNA-seq is commonly used to verify the results obtained from the RT-qPCR 
data, but because the RT-qPCR data was obtained from an uncalibrated instrument. 
Unfortunately, none of the correlations seen in the RT-qPCR data were confirmed with the 
RNA-seq data. The RT-qPCR data will need to be rerun on a calibrated instrument before the 
extent of the disparities between the two datasets can be explored. Both RT-qPCR and RNA-seq 
datasets did indicate that At1r-1a, At2r, and Mas1 did not appear to be downregulated or 
internalized with treatment. Mas1 actually appeared to have increased expression in mice who 
had undergone TAC surgery in the RT-qPCR analysis, and this increased expression was 
significant in the RNA-seq analysis. MasR expression might be increased in AD, which can be 
further analyzed in future experiments. 
 
In specific aim 2, HMC3 cells were used as a model of microglia, and they were activated with 
IFN-gamma. HLA-DR expression and cell size were found to significantly increase upon 
activation, while ROS, CD68, and CD11b appeared to not change with activation. Cell size was 
found to significantly increase 1 day after HMC3 cells were activated, and HLA-DR expression 
significantly increased 2 days after activation. When HMC3 cells were simultaneously activated 
and treated for 2 days with 10 ng/mL IFN-gamma and various concentrations of RASRx1902, a 
significant decrease in cell size was seen among all treatment groups and a significant decrease 
in HLA-DR expression was seen in the highest three RASRx1902 concentrations. Because 
RASRx1902 significantly decreased the HMC3 cell activation, it may be a viable treatment to 
reduce microglial activation and neuroinflammation in AD. Future experiments, such as 
measuring the effects of the vehicle, DMSO, and measuring the expression of MasR upon cell 
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activation, will be important to further confirm these results, especially since HMC3 cells have 
some notable differences from their primary microglial cell counterparts. 
 
In specific aim 3, the process of overexpressing the human MasR in various cell lines was 
discussed. The goal of this cell line was to be able to study cellular signaling pathways activated 
and inhibited with the small molecule MasR agonists, RASRx1902 and RASRx1911. Human MasR 
protein was unable to be overexpressed in the CHO-K1 cells, despite the cells making large 
amounts of MAS1 RNA. Two other immortalized cell lines, HEK293T/17 and THP-1, also failed to 
overexpress the MasR for various reasons. HMC3 cells have been transfected and are currently 
under antibiotic selection, and if their overexpression is confirmed, this microglial cell line will 
be used in future experiments to study the signaling pathways of the small molecule MasR 
agonists. 
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