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ABSTRACT OF THE DISSERTATION 
 
 

Systemic Inflammation Affects the CNS in an Age, Duration, and 
Sex Dependent Manner  

 
 

by  
 

Joseph Michael Valdez 
 

Doctor of Philosophy, Graduate Program in Neuroscience  
University of California Riverside, September 2021 

Dr. Monica Carson 
 
 
 

The response to systemic inflammation has been extensively studied. 

The collective understanding now is that the central nervous system is 

susceptible to peripheral inflammation and can exhibit concurrent changes 

to its’ own neuroimmune state. It has been shown that proinflammation 

from intraperitoneal injection of lipopolysaccharide (IP-LPS) leads to 

increased neuroinflammation, but the studies looking at the differences 

between males and females is currently lacking. Prolonged 

neuroinflammation is associated with neurodegenerative diseases, and it 

has been known for some time that these types of diseases show sex 
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dependent proclivities, with females having a higher incidence of diseases 

like Alzheimer’s disease and frontal lobe dementia. However, this is not the 

case for all types of inflammation. Allergic inflammation also causes robust 

peripheral inflammation, but to an otherwise inert substance. Interestingly, 

this type of inflammation is not associated with increased 

neuroinflammation. In fact, depending on the brain region, the effect can 

be seen as a decrease in neuroimmune metrics, like microglia numbers or 

gene expression in the hippocampus, or an increase, like in the olfactory 

bulb. Finally, allergic inflammation is also associated with increased 

prevalence of internalizing disorders like anxiety or neurodevelopmental 

disorders like autism spectrum disorder. We’ve demonstrated that 

proinflammation does lead to sex dependent changes in WT C57BL/6J mice, 

and that these changes are age dependent. It is also shown that the 

knockout of a microglial specific phagocytic receptor, transient receptor 

expressed on myeloid cells 2 (TREM2), is capable of inducing sex dependent 

changes in neuroinflammation and synaptic genes. Additionally, we 

demonstrate the effects of allergic inflammation by exposing male and 

female mice to an aerosolized fungal extract of Alternaria particulates. Here 
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we show clear sex differences in gene expression and microglial reactivity in 

a brain region dependent manner. These effects of inflammation on the 

CNS may further our understanding of immune to brain interactions and 

how this may be contextually dependent on the type of stimulant, the sex, 

and brain region of interest.    
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Chapter 1 
 

 

 

Introduction  
Neuro-immune communication is vital to proper development and 

responsiveness to immune stimulators. It has been known for decades now that 

perturbations in homeostasis by immune stimulating compounds have profound and 

often deleterious effect on the central nervous system (CNS). The current consensus is 

that persistent systemic inflammation can cause neurological maladies such as 

neurodegenerative disorders 1–3, autism-like phenotypes 4–6, or susceptibility to future 

insult 7,8. Some important factors that aide in contextual understanding of the 

peripheral to central communication are stimulant, age, sex, and location. The 

underlying driver of these differences may be the innate immune cell of the CNS, 

microglia.  
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Inflammation in the Periphery and Central Nervous System   

Peripheral Inflammation 

Inflammation is the bodies way of identifying and defending itself from 

endogenous and exogenous invaders. It is initiated by either pathogen-associated, 

and/or damage-associated molecular patterns (PAMPs and DAMPs, respectively) that 

activate the innate immune system which recruitments various immune cells to the site 

of insult by expressing specific peptides and proteoglycans on the cell surface of 

endothelial cells. Normally, outside of the CNS, the immune response can be quite 

chaotic in its defense of the host. Classically activated immune cells, such as neutrophils 

and macrophages, release reactive oxygen species via NADPH oxidase enzymatic activity 

(ROS) or reactive nitrogen species via nitric oxide (NO) production, both of which can be 

damaging to healthy tissues. Concurrently, there are inflammatory mediators 

(arachidonic acid, prostaglandins, complement proteins) in the blood that help to both 

amplify and coordinate an immune response. For example, the complement system 

utilizes small peptides known as opsins to efficiently tag foreign or damage associated 

substances. The innate immune system is also vital in both responding to and acquiring 

memory towards commonly encountered stimulants 9,10. Within the first 4-5 days of 

stimulation, various cytokines (e.g., IL-1, Tnf, and IL-6) and chemokines (CCL1, MIP1α) 

are upregulated leading to physiological changes in blood vessels and recruitment of the 

adaptive immune cells known as lymphocytes (e.g., T-cells and B-cells). The 

lymphocytes, particularly T-cells, further polarize the inflammatory response by 
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releasing their own cytokines and actively contributing to the defense response. 

Proinflammation in this context is referred to T-helper cell type 1 (Th1) response. Over 

the next couple weeks, the innate immune system educates the adaptive immune 

system to aid in the development of long-lasting immune memory in the form of 

plasma/memory B-cells containing antibodies specific to the stimulating compound.  

Not all immune activators cause the same immune response. This is dictated by 

the binding of the substance to specific receptors that initiate the immune response. 

The type of immune activation arising from LPS stimulation is referred to as the classical 

pathways, more specifically it involves binding to toll-like receptors (Toll-2, and -4), 

increasing chemotactic signaling molecules (IFN-gamma), vasoactivators (IL-1, TNF-

alpha, and NO), and pathogen neutralizing compounds (reactive oxygen/nitrogen 

species)10. The interactions of these signaling molecules with the vasculature 

throughout the organism causes profound behavioral and molecular responses. 

Behaviorally, the increased cytokine production causes a spike in body temperature, 

referred to as a fever, and increased lethargic and restful behaviors. This allows an 

infected individual to conserve energy while inducing unfavorable conditions for the 

foreign body, in this case LPS. Since LPS is such a robust activator of the immune 

response, it goes to reason that it also profoundly impacts the CNS.  This is shown by 

increased leakiness of across the entirety of the CNS presumably by serum and not LPS 

directly 11, as well as by infiltration of peripheral macrophages into the CNS parenchyma 

12–14.  
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Another type of inflammation is referred to as a hypersensitivity response, or 

allergic inflammation. This happens when an inert substance, such as various pollens or 

fungal spores, elicits a strong IgG/IgE mediated immune response with high amounts of 

IL-4, -5, and -13 being secreted into circulation, and the presence of a different immune 

cells. These collate into a Th2 type response which is specialized in parasite removal and 

humoral responses. That said, the individual needs to be sensitized to the allergen 

before the immune response takes place. For example, allergic lung inflammation in a 

sensitized individual involves an initial early phase and subsequent late phase reaction. 

During the early phase reaction, mast cells containing high-affinity IgE receptors bind 

IgE-allergen complexes causing massive degranulation. The granules are composed of 

biogenic amines (e.g. histamine and serotonin), glycans (heparin), various other 

cytokines and lipid mediators (prostaglandins and leukotrienes) which induce rapid and 

intense sings of inflammation (i.e. swelling, redness, pain, heat) 10,15,16. Though some 

studies have found that allergic inflammation can lead to some CNS leakage, as seen by 

the expression of IgG IgE in the brains of mice sensitized to ovalbumin (OVA) peptides 17, 

there is not as robust a response as seen with LPS 18. 

Microglia are the Brain’s Biosensors  

Interestingly the brain’s resident immune cells, microglia, play a central role in 

mediating the many of the differences discussed. Microglia are of yolk-sac derived 

hematopoietic myeloid cells that migrate into the CNS during embryonic development 

prior to the establishment of the blood-brain-barrier (embryonic day 8-9)19,20. Once in 
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the CNS they self-propagate and orient themselves in a grid-like pattern and interact 

within their local environment by using highly motile processes to touch and inspect 

everything in their surrounding environment 21–23. Throughout the lifespan of postnatal 

development microglia act as the brains biosensors towards any perturbations in 

homeostasis. For example, 6hr following IP-LPS stimulation microglia have been shown 

to have changes in morphology and overall proinflammatory state which are maintained 

upwards of 3 days 24. Not only that, but prior activation of microglia by pathological 

means has been shown to modulate the structure 25 and propensity towards a 

proinflammatory state 26,27. 

Proinflammatory Inflammation and the CNS 

Experimental models in rodents have made it possible to determine the 

neurological outcomes resulting from different types of inflammatory conditions. The 

induction of the classical immune pathway, as mentioned above, is commonly replicated 

via intraperitoneal injection (IP), intranasal, or intratracheal administration of 

lipopolysaccharide (LPS), a component gram-negative bacterium 24. In response to LPS 

the CNS induced inflammation causes increases the interaction of cytokines with either 

vasculature or peripheral nerves leading to changes in neuroinflammatory state 21,28.  

Intraperitoneal injection of LPS gives rise to robust changes in the 

neuroinflammatory state, as detailed previously. More focally delivered LPS, such as 

intranasal or intrapulmonary administration, causes more selective modulations 
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depending on the innervating brain region. When delivered with intranasally LPS has 

been shown to cause robust inflammation leading to olfactory sensory death 29. One 

study looked at the acute and long-term effects from LPS administration in the nasal 

snares of mice. There is a pronounced inflammatory response within the first 24hr of 

LPS administration. This was noted by increased neutrophils (Ly6G+ cells), T-cells (CD3+ 

cells), and monocytes/macrophages (CD11b and Iba-1) infiltration into the nasal 

mucosa. This correlated with increased inflammatory cytokines (IL-1β). Interestingly 

inflammation in the nasal mucosa leads to a concurrent decrease in new and 

established olfactory sensory nerves, and a concurrent decrease in excitatory input into 

the glomerular layer of the olfactory bulb, the first synaptic connection between the 

olfactory sensory neurons and deeper CNS neurons 30. Others demonstrated that the 

loss of olfactory bulb neurons from removal of sensory input leads to decreased adult-

born neurons via microglial phagocytosis 31.   

Lung inflammation, or intrapulmonary inflammation, leads to increased 

inflammation of hypoglossal neurons and increased microglial cells in the brainstem of 

rats 32. Later studies further dissected this mechanism by studying the different 

innervating neurons of the lungs within the jugular-nodose ganglion complex (JNC) in 

rodents, which is the combination of the vagus nerve and the nodose nerve ganglion in 

small rodents.  These studies have shown that innervating the lungs are a wide array of 

sensory neurons, such as pain receptors (TRPV and TRPA1) and mechanoreceptors 33. 

Interestingly, this same study showed that the innervating afferent nerves in the lungs 
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show highly specific changes in gene expression when compared to other sensory 

nerves also in these ganglion. These measurements were done using RNAseq data 

collected from Fluorescently Activated Cell Sorting (FACS) of FastBlue positive afferent 

neurons following FastBlue and LPS intranasal administration.  

Other studies exploring the neuroimmune responses to proinflammation in the 

pulmonary system (upper and lower airways) use various components of air pollution. 

Early studies looking at the impact of diesel exhaust inhalation on various brain 

structures demonstrated that multiple brain regions shown increased 

neuroinflammation. The midbrain showed consistent increases in multiple 

proinflammatory cytokines and chemokines (TNFα, IL-1β, IL-6, MIP-1α) while the 

olfactory bulb (TNFα, IL-6, MIP-1α) and cortical regions (TNFα, IL-1β, IL-6, MIP-1α) 

showed significant increases in select markers 34. This same study also showed a 

significant microglial response both in immunoreactivity and primed ex vivo release of 

proinflammatory cytokines. My previous lab has also demonstrated the various effects 

that ozone has on bioenergetics of various brain regions along with microglia and 

neuroinflammatory responses 35–37.  

Allergic Airway Inflammation and the CNS 

The landscape of research around allergic inflammation effects on the CNS is 

currently lacking. The studies that do address these issues tend to utilize compounds 

such as aluminum hydroxide to induce a robust antibody response toward a given 
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allergen 38. These adjuvants themselves are still being actively studied to fully 

understand the mechanism of function that allows them to be such potent Th2 

stimulators. Often used allergens include pseudo-allergens like ovalbumin (OVA) which 

lacks key characteristics in allergen physiology making its use limited to a laboratory 

setting 17,39–41.  Meanwhile, studies that do utilize natural allergens, like various grass 

pollens (e.g. rye-grass, timothy grass), dust-mite extracts, or even fungal extracts (e.g. 

Alternaria), tend to also utilize the above mentioned paradigms or unnatural means of 

introducing the allergen, such as intranasal or intraperitoneal instillation 40,42–44. 

From these studies we can garner insight into how to allergic inflammation can 

affect the CNS in a highly polarized system. Allergens have been shown in multiple 

studies to be associated with internalizing disorders such as anxiety like behaviors and 

poor socializing behavior 44,45. Others have remarked on the high correlation between 

those suffering from autism-spectrum disorder (ASD) and allergies 46. This could itself be 

because of the effect that allergic inflammation has on microglia, specifically. Microglia 

are known to contribute to synaptic pruning and neurogenesis regulation 47–49. 

Following induction of allergic inflammation, Dr. Klein and her group found that there 

was a concurrent decrease in phagocytic microglia present in the dentate gyrus (CD68+, 

Iba1+) of the hippocampus and an increase in the olfactory bulb 50. Interestingly, the 

decreased microglia presence in the DG was accompanied by an increase in the number 

of newly born neurons, indicating an inability of microglial to properly regulate the 

amount of neurogenesis occurring.  In fact, our own lab has also shown that natural 



9 

exposure to fungal allergens, such as Alternaria extract particulates induces a strong 

peripheral Th2 mediated immune response 51. After only 96hr of continuous exposure in 

a whole-body exposure chamber, lung afferent-relevant brain regions showed 

decreased proinflammatory gene expression (TNFα, IL-6) and potentially the immune 

setpoint (Arg1/iNOS ratio). This observation was accompanied by a decrease in 

microglial immunoreactivity in both the medulla and hippocampus indicating that the 

results mentioned in Klein et al. 50 was due to allergen exposure and not adjuvant 

priming 18.  

Age Strongly Impacts Neuroinflammatory Response 

With Age Comes Increased Inflammation  

Multiple studies have demonstrated how age influences inflammation. Overall, 

the data indicate a positive correlation between age and systemic inflammation 2,52–54. 

This means that the older the individual, the more likely they are to have an underlying 

proinflammatory profile. A study by Murtaj et al. 55 utilized both male and male mice 

that were either young adults (2mo) or aged (7/18mo) that were either exposed to 

saline or lipopolysaccharide (LPS), a component of gram-negative bacteria, via 

intraperitoneal injection (IP-LPS; dose = 0.63 mg/kg). Following 6hr post-injection, the 

brain was dissected, and various region were analyzed to determine how age and sex 

affect inflammatory signaling in gross anatomical brain regions (cortex, hippocampus, 

and cerebellum). They found that aged animals demonstrate sex dependent responses 

in relative cytokine gene expression (IL-1b and IL-6) in brain regions of both females 
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(cortex and cerebellum in female mice, respectively) indicating that aged female mice 

have an increased inflammatory response relative to males. They also note that these 

differences are consistent with changes in glial cell phenotypes (astrocytes and 

microglia) following IP-LPS treatment. Though these were aged mice, it should be noted 

that the differences in proinflammation were not necessarily exacerbated for all 

inflammatory genes.  

It is still unknown what exactly contributes to this heightened systemic 

inflammation associated with aging. Some labs have indicated that with age comes 

increased systemic inflammation brought on by increased “leakiness” in the vascular 

system 56–58. Others have demonstrated that inflammation in from visceral organs such 

as dysbiosis in the gut. This led to increased proinflammatory signaling molecules and 

innate immune cells in the serum and tissues of aged animals that could recovered by 

cohousing or fecal transplants with younger mice 52. This indicates intrinsic factors being 

produced because of increased age are directly contributing to the increased 

inflammatory. Others have shown that TRPV containing afferent c-fibers in the lungs 

possess FcR capable of both responding to allergen-IgE antibody complexes and driving 

inflammatory responses as a result, indicating that the sensation of inflammation can 

exist as a part of pain perception 41. It has also been shown that persistent exposure to 

environmental pollutants, such as exhaust fumes, ozone, and various other particulates 

found in air pollution, causes systemic inflammation and subsequent 

neuroinflammation. In a series of studies conducted in Mexico City, Dr. Lilian Calderón-
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Garcidueñas tracked the pollution levels in Mexico City, the polluted population, and 

Tlaxcala, the “clean” control population, and studied postmortem brains from both local 

dogs and postmortem human tissues. The duration of inflammation is strongly 

correlated with the levels of neurodegenerative markers throughout the brain. A study 

on postmortem brain tissue of individuals from highly polluted areas in Mexico 

demonstrated a high correlation between time spent in polluted areas, 

neuroinflammation, and the accumulation of amyloid-beta starting as early as childhood 

and progressively increasing with age 3,59–62.  

Microglial Contribution to Age Dependent Neuroinflammation 

Microglia are also known to be active regulators of synapses during development 

and throughout life. Many studies have documented the degree to which microglia 

modulate the synaptic environment in different CNS anatomical compartments 63–65 and 

neuroplastic capability 64,66,67. Microglia, and astrocytes, participate in synapse 

modulation by initially “tagging” synapses to be eliminated with compliment proteins 

(e.g. C1q and C3) released by both astrocytes and microglia 68. These then activate 

nearby microglia via C3 surface receptors initiating phagocytosis of the synapse69.  

Removal of these components involves phagocytosis by mainly microglia via 

activation of many phagocytic pathways, though astrocytes are capable of also 

phagocytizing in situations of microglia dysfunction 70. As already mentioned, one 

pathway is mediated via complement cascade, and another is by a receptor expressed 
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by only microglia within the CNS, transient receptor expressed on myeloid cells (TREM) 

2. It is well documented that even small changes in TREM2 function in microglia causes 

a three-fold increase in the likelihood of developing Alzheimer’s pathology 71–73. This is 

partly due to the alterations in microglial phagocytic behavior towards synapses 74–76 

and TREM2 mediated regulation of astrocytic behavior towards synapse 77. Many 

studies looking at the role of TREM2 utilize various KO models all of which show various 

degrees of cognitive decline associated with age 78. However, few studies consider sex 

as a factor.  

Sex as an Underlying Factor in Inflammatory Outcomes 

Sex and Age are Tightly Interconnected 

A commonly overlooked factor that has thus far demonstrated its underlying the 

response one has to inflammation is biological sex 79. Most studies up to date either 

utilize a specific sex or mixture of sexes further complicating the interpretation of 

existing data. Sex is especially important when examining neuroinflammatory outcomes 

since innate immune responses between males and females are known to have 

differences in magnitude towards different types of immune stimulation 80. Under 

homeostatic conditions, the CNS of postnatally developing female mice (postnatal day 

[p]8 – p40) exhibit increases microglial volume and phagocytic potential starting at p8 

and then falling below males at p28. These changes in microglial phenotype corresponds 

to differences in spine density (postsynaptic region) and presynaptic boutons thus 

contributing to sex differences between male and female synaptic connectivity 22. In 
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another study, they significantly depleted microglia by intraventricular injection of 

liposomal clodronate, a depletion method effective on all phagocytic cells, into rats. 

They showed that when microglia are not present during these important 

developmental windows, it can have drastic effects on the resulting behaviors including 

decreased ultrasonic vocalizations, decreased ability to distinguish between olfactory 

cues, increased hyperactivity, and most surprisingly exhibition of male specific behaviors 

(mounting and sexual behavior) 81.  

In postnatally developing rats that the androgen surge causing an increase in 

testosterone concurrently causes an increase in aromatized estradiol in preoptic area 

(POA) of the hypothalamus. Estradiol has been shown to contribute to inflammation and 

has proinflammatory impacts on the POA which was showed to contribute to the 

masculinization of this brain region. While estradiol or PGE2 treatment of 

gonadectomized females induced male like phenotypes, anti-inflammatories and 

minocycline, a tetracycline antibiotic known to inhibit microglia activation and 

proliferation, caused males to resemble their female counterparts 82–84. This suggests 

that sex plays an underlying role in the response to inflammation, especially during 

neurodevelopment. In fact, in aged male mice (24mo), the levels of circulating 

testosterone decreases. This decreased sex hormone modulated affective behaviors 

such as open-field, elevated plus maze, dark-light transition, are among a few85. This 

indicates that sex can have a drastic effect on the CNS response to inflammation.  
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Surprisingly, there are very few studies looking at the sex differences in adult 

mice. As mentioned before, most studies utilize a mixture or one specific sex. An area of 

study that has been fruitful in demonstrating differences in male and female 

neuroinflammatory responses is in the field of traumatic brain injury (TBI). Here multiple 

studies denote the sex specific differences in cellular response to TBI 86 as well as the 

differences in recovery time from TBI. In general, females show an increased 

responsiveness towards TBI and recover faster 87. This very efficient response means 

females tend to have a heightened immune response when compared to males. Over 

time this makes them prone to develop age and autoimmune associated pathologies, 

though males are still greatly affected. On the other hand, males tend to respond to 

early immune activation and allergic inflammation in ways that make them more prone 

to neurodevelopmental disorders such as autism-spectrum disorder 88.    

Microglial Contribution to Sex Differences 

Microglia have been described as having inherent differences contributing to 

different neuroinflammatory outcomes between males and females. In a study 

correlating isolated microglial gene expression and applying a whole-genome molecular 

signature analysis of transcription factors from males and females showed key 

differences in males and females in polarized groups of pathways. While males exhibited 

a higher enrichment of neuroinflammatory associated pathways (nuclear factor κB, 

RUNX1, and FOXM1), females exhibited enrichment in pathways associated with 

morphogenesis, development, anti-inflammatory mechanisms, and cytoskeleton 
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organization 89. Some studies like those from the lab of Margaret M. McCarthy inculpate 

microglia in establishing sex differences in the brain during postnatal development in 

rodents through interactions with estradiol, the metabolite of testosterone 40,81,82.  This 

gives microglia a masculinizing role in brain development 84. Interestingly, though 

microglial normally show regional differences in their specific neural location in both 

gene and morphological phenotype 90, there appears to be sex dependent difference in 

where they tend to populate 91,92, and how they regulate those regions 22,55,93–95. These 

properties of microglia make them important to consider when analyzing the various 

aspects that contribute to neuroinflammation.  
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Chapter 2 
 

 

 

Methods 
 

Mice 

Transient Receptor Expressed on Myeloid Cells (TREM) 2 Deficient Mice  

For the TREM2 KO experiments, I utilized TREM2 KO (T2KO) mice that are described in Turnbull 

et al., 2006. In short, the transmembrane and cytoplasmic domains of the receptor (encoded by 

exons 3 and 4) by targeting the gene (pMC1neo) in E14.1 embryonic stem that were then 

injected into C57BL/6J blastocytes. Once the neomycin resistance gene was removed, the mice 

were backcrossed until >99% of the loci were of the C57BL/6J strain, as determined by simple 

sequence length polymorphism typing. Our mice were graciously donated by Dr. Marco 

Colonna.  

C57BL/6J Wild Type (WT) Mice 

Our wild-type (WT) controls were C57BL/6J mouse from Jackson Laboratory and bread in our 

vivarium. All mice were bred and housed at the University of California Riverside animal facility 
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under specific pathogen free (SPF) conditions and a 12/12-h light/dark cycle (lights on at 06:00 

am).  

All studies utilized both male and female mice. The ages were selected to represent the lifespan 

of a mouse from postnatal development (postnatal day 14; p14), to early adulthood (3mo), to 

old age (2yr). Mice were maintained in our vivarium until day of tissue collection.  

For our Alternaria exposure experiments, male and female C57BL/6J adults (4-8 weeks old) and 

pups (p14-15) were maintained in standard mouse cages with fresh bedding and standard 

Purina food for the duration of each experimental exposure. Young mice were age matched at 

the time of dissections. They received weekly cage cleanings that included a fresh cage, bedding, 

food, and water. These cleanings were consistent in their timing and day each week. 

The Institutional Animal Care and Use Committee at UCR approved all the animal studies. 

Systemic Inflammation Models 

 

Intraperitoneal Injections of Lipopolysaccharide (IP-LPS) 

C57BL/6J and T2KO mice were administered lipopolysaccharide (LPS) from Escherichia coli 

O55:B5 at a dose of 5mg/kg of body weight into their peritoneal cavity (Millipore-Sigma, cat. 

L5418). Injections for mice were drawn from a concentration of either 0.5 mg/mL or 1 mg/mL 

depending on whether the mouse was at p14 or 3mo/2yr, respectively. LPS injected IP induces a 

strong form of systemic inflammation, especially considering our dose. To induce sufficient 

peripheral inflammation to drive neuroinflammatory response, only 0.33 – 0.63 mg/kg is 

required 24. For our model, mice were sacrificed 24 hours following IP-LPS injections. 
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Chamber Exposure to Alternaria alternata fungal extract 

The environmental chamber being used was constructed by Dr. Xinze Peng in 

collaboration with Dr. David Lo and Dr. David Cocker. In short, the chamber was constructed 

using clear acrylic sheets with internal dimensions of 40 x 32 x 25 in3 (length x width x height; 

540 L in volume). Inside the chamber, two perforated aluminum plates separated the inlet 

(upper left) and the outlet (lower right) to enable uniform dispersion of injected aerosols. For 

each exposure, a total of 18 mice can be placed inside the chamber (6 standard cages, 3 mice 

per cage). Attached to the top of the chamber is a LED warm light string to provide a 12:12 hr 

light:dark cycle. The whole chamber was covered with blackout cloth to ensure zero light 

contamination from outside. A ¼ inch (in.) inlet from the upper left of the chamber was used for 

injection while four ½ in. exhaust ports located in the lower right chamber ensured that the in-

chamber pressure remained the same as atmospheric. Another ¼ in. outlet located in the lower 

right of the chamber was used for instrument sampling and monitoring. The chamber was 

flushed with clean air with at least 10 chamber volumes before and after each test to avoid 

contamination. The exposure chamber (Fig. 1) consists of three main portions: (1) Lab air is 

passed through multiple inline filters followed by a HEPA filter before it reaches the Alternaria 

liquid suspension (0.26 g/mL). The air/suspension mix is then atomized, dried, and delivered into 

the chamber; (2) the chamber is constructed from plexiglass, with a LED light attached to the 

top with a timer to maintain the 12:12 day:night cycle. Two porous aluminum plates are used to 

allow for full dispersion of the aerosolized extract across the chamber. Up to 6 standard size 

mouse cages can fit in the chamber at one time, with a total of 3 mice per cage (total mice 

capacity = 18); (3) Multiple detectors continuously measure aspects of the aerosol such as its 

concentration, size (diameter), and distribution throughout the chamber (Scanning Mobility 
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Particle Sizer (SMPS); Condensation Particle Counter (CPC); Laser Aerosol Particle Sizer (LAP)) 18. 

The level of ammonia was also monitored to prevent toxic build up from excrements in the cage. 

Lab compressed air passed through a clean air system before entering an atomizer. A stainless-

steel atomizer generated aerosol from liquid suspensions of our stimulants. The wet aerosol 

passed through a heated copper coil at 52°C to transform water moisture into vapor and the 

water vapor was absorbed by passing through a diffuser dryer filled with indicating silica gel, 

which was replaced daily. The dry aerosol was subsequently injected into the mouse chamber. 

During the injection period, instruments monitored the aerosol concentration and size 

distribution as well as the overall particulate matter (PM) concentration. To ensure that mice 

would not be affected by lung irritation from ammonia accumulation within the chamber during 

the time of the experiment, we used continuous air injection at a rate greater than 1 full volume 

change per hour. At the end of the exposure period, ammonia levels were monitored to ensure 

that the mice were under a nontoxic environment. The chamber was flushed with clean air of at 

least 10 chamber volumes before and after each test to avoid contamination.  

Alternaria alternata is a common fungus found in soil of desert climates. It can produce 

many spores which make exposure to the allergen inevitable in both indoor and outdoor 

environments 96,97. Alternaria has also be shown to increase the severity of pre-existing 

inflammatory conditions such as asthma or allergic rhinitis 98–100. In fact, allergies are considered 

a one of the main risk factors for chronic respiratory disease (WHO). For our experiments 

Alternaria extract was suspended in ultrapure water where it will be atomized and distributed 

within the chamber at an average amount of 1100-1400 ug/m3. Once a week the dirty cages 

were replaced with clean cages stocked with fresh bedding, food, and water.  
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Brain Dissections 

TREM2 KO – Aging experiments utilized hemisected brains. Alternaria experiments 

spanned multiple iterations of dissections. Initial experiments from our 96hr time point utilized 

a dissection from a mixture of male and female mice that consisted of just the medulla and the 

remaining brain (diencephalon, telencephalon, metencephalon, and mesencephalon). Later 

experiments focusing on multiple time points (5d, 7d, and 28d) utilizes the following gross 

anatomical regions: OB, BS (from left hemisects), MD (from right hemisects), CB, and RB 

(without pons). Animals from our initial 96hr and 7d exposures were immediately anesthetized 

with isoflurane following exposure and BAL fluid was collected from the members of Dr. Tara 

Nordgren’s lab. The brain was then removed, and each brain region was placed in RNA later 

(Invitrogen, cat: AM7021) and placed into a 4°C fridge for 2-5 days before being moved to -20°C 

for long term storage. Later experiments did not collect BAL and CNS tissue for RNA isolations 

concurrently to avoid degradation in CNS RNA quality.  

RNA Isolations 

RNA from preliminary experiments and the TREM2 KO – Aging study were collected by 

homogenizing each brain region in TRIzol reagent (Invitrogen, Carlsbad, CA, USA) and phase 

separating with chloroform (Sigma). RNA supernatant was then precipitated with isopropanol 

(Sigma) and washed thrice with 80% EtOH that was kept at -20°C. Tissues were then 

reconstituted in molecular grade distilled water (Sigma) and the quantity/quality was 

determined using a Nanodrop 2000 spectrophotometer.  

Current experiments using Nanostring Panels still utilize TRIzol, chloroform, and isopropanol, 

however, the precipitate is now being added to RNeasy Mini Kit (Qiagen, cat: 74106) which 
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allows us to collect high-quality whole RNA. Sample are reconstituted in molecular grade 

distilled water to acquire an RNA concentration around 200-500 ng/µL. The quality/quantity are 

initially determined using a Nanodrop 2000, as mentioned above, and were further inspected 

using an Agilent RNA 6000 Nano Kit (CAT: PN 5067-1511) on an Agilent 2100 Bioanalyzer. Only 

samples with an RNA Integrity Number (RIN) above 7 were utilized for experiments.  

qPCR Analysis of Brain Tissue 

First-strand cDNA was synthesized per the conditions outlined in the cDNA synthesis kit 

(GE Healthcare, Pittsburgh, PA, USA). qPCR analysis was performed on a CFX96 Real Time PCR 

Detection System (Bio-Rad Laboratories, Hercules, CA, USA). The relative number of transcripts 

per hypoxanthine guanine phosphoribosyl transferase (HPRT) transcripts was determined. For 

each molecule being assayed, a qPCR standard curve was also made to define transcript 

numbers to the cycle threshold (Ct value) for qPCR detection. Specifically, standards were 

diluted to obtain standard curves of 50 pg, 5 pg, 0.5 pg, 0.05 pg, 0.005 pg, 0.0005 pg, and a no 

template control for qPCR determination of transcript levels in each sample. The transcript copy 

number of each molecule per sample was normalized to the expression of HPRT per sample to 

account for minor variations in sample aliquots. 

Nanostring Analysis 

Sample QC 

To analyze Nanostring data files from the Neuropathology panel for mice, I used nSolver 

analysis software (version 4.0.70). Data was inspected for both technical and biological quality 

control metrics. Their metrics included proper imaging (field of view >98%), equivalent template 

binding (binding density), positive control linearity, similar limit of detection between samples, 
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and normalizing factors with low mean squared errors when compared to other samples. 

Samples that did have a high binding density were flagged and inspected high variance within a 

group as well as the number of genes that were counted above our threshold. Threshold was 

determined by averaging the negative controls per sample, and adding 2X the standard 

deviation (SD), and then averaging across the samples and, again, adding 2X SD. I then looked at 

each sample’s raw counts above threshold values (Table 2.1) Housekeeping genes were 

analyzed using Nanostring’s Advanced Analysis geNorm algorithm which selects housekeeping 

genes based on their stability across samples, and overall count 101. These genes were also 

depicted as gene counts over threshold. When applying the threshold to our analysis, I set the 

omission setting to the determined threshold and designated that all samples needed to fall 

below this value to be included. This allowed for the possibility of genes normally expressed at 

low levels unless stimulated with stimulants.  

Histological Analysis 

 

MFI Measurements 

For our 2018 publication the brain tissue collected at dissection was immediately 

incubated at 4°C for 24hr in 4% paraformaldehyde (PFA), followed by 48hr in 4% PFA/30% 

sucrose solution. Tissue was cryopreserved, and cryosectioned (25 mm) onto Fischer Superfrost 

plus slides and exposed to rabbit anti-Iba1 antibodies (Wako) and murine anti-glial fibrillary 

acidic protein (GFAP) antibodies (Invitrogen Thermofisher), followed by incubation with Alex-

680 conjugated goat anti-rabbit and Alexa-488 conjugated goat anti-mouse antibodies 

(Invitrogen Thermofisher) as previously described56. Tissue sections were mounted in Prolong 

Gold containing DAPI and subsequently imaged on a Yokogawa spinning disc confocal 
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microscopy system. Immunofluorescence was quantified (6 mice per condition, 2 brain sections 

per mouse) with NIH Image J (version 1.5K) using the Mean Gray Value tool (sum of the gray 

values of all pixels in specific fluorescent channel divided by the number of pixels in the specific 

fluorescent channel in the total image). Specifically, the CA1 region of the hippocampus in the 

stratum radiatum (-1.5 to -2.5 mm past bregma on a sagittal plane) and the dorsal medulla, 

ventral to the fourth ventricle (-5.5 to -6.5 mm past bregma on a sagittal plane). 

Somal Analysis 

In order to analyze microglia within the glomeruli of olfactory bulb following 7d 

exposure to Alternaria fungal extract I analyzed the somal bodies using Neurolucida software. 

First, I transcardially perfused mice with 20 mL of PBS and then 20mL of 4% PFA. Whole brains 

were then dissected and immediately submerged in 4% PFA for 24hr at 4°C, followed by 48hr in 

4% PFA/30% sucrose solution. Coronal sections of olfactory bulb regions were collected (30 µm). 

Olfactory bulb sections were stored in one of 8 collection tubes containing CBS cryopreserving 

solution and then stored at -80°C. The tissue was imaged along the lateral portion. Each animal 

had 3 consecutive 20X z-stacked images taken (30 optical slices, 1.19 µm thickness). The images 

were then split into their separate channels, and the green (IBA1) and red (T. Lectin) channel 

was loaded into Neurolucida software (2018.1.1). The images were initially scaled (single voxel = 

0.279877 x 0.279877 x 1.19 µm). The soma was detected by utilizing size parameters (Size 

Constraint = 2; Interactive Search Region = 13; and Soma Detector Sensitivity = 75 ± 10%). 

Microglia were selected based on whether they were within the T. Lectin labeled glomeruli. Cell 

body counts, surface area, and volume were then collected for each cell within this region.   



24 

Sholl Analysis 

To measure changes in microglia morphology following exposure to Alternaria fungal 

extract I utilized a Sholl analysis. First, I transcardially perfused mice with 20 mL of PBS and then 

20mL of 4% PFA. Whole brains were then dissected and immediately submerged in 4% PFA for 

24hr at 4°C, followed by 48hr in 4% PFA/30% sucrose solution. Coronal sections of hippocampal 

regions were collected (25 µm). Hippocampal sections were stored in one of 8 collection tubes 

containing CBS cryopreserving solution and then stored at -80°C. Hippocampal tissue was 

imaged along the stratum radiatum of the CA1 region in the dorsal hippocampus. Each animal 

had 3 consecutive 20X z-stacked images taken (25 optical slices, 1.19 µm thickness). Max 

projections of these images were then split into quadrants and one microglial cell from 3/4 

quadrants were then further imaged at 63X (45 optical slices, 0.37 µm thickness).  

The images were then split into their separate channels, and the green channel was 

loaded into Neurolucida software (2018.1.1). The images were initially scaled (single voxel = 

0.087819 x 0.087819 x 0.037 µm). The soma was detected by utilizing size parameters (Size 

Constraint = 2; Interactive Search Region = 13; and Soma Detector Sensitivity = 75 ± 10%). 

Automatic user-guided tracing which utilizes a sampling technique known as Scooping Voxel 

(Typical Process Width = 1.41 µm) was used since it is good for images with high contract 

between the cells and the background (Sensitivity = 70; Gap Tolerance = 0.70 µm). The software 

then places seeds, guides for tracing, along the extensive processes of each cell (Dense; 

Sensitivity = 90%). By allowing for the detection of axial edges, edges perpendicular to the axis 

of rotation, and allowing for tracing with super-ellipsoids (wit = 20; iterations = Always; Size 

Range in Pixels: Min 10, Max 18) volumetric measurements from each microglial process was 
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able to be collected. For a process to be considered part of the cell being measured, it had to be 

within 2 µm of the main process, have a max angle of deviation of 79°, and a min ratio of 22% 

(the leeway given to adjust the process length). The resulting trace was then inspected for 

superfluous seeds/processes and brought into the 3D environment. Microglia were then 

analyzed with Neurolucida’s Sholl Analysis (Starting Radius = 10 µm; Radius Increments = 5 µm).   

Statistical Analysis 

Pathway scores were calculated using Nanostring Advanced Analysis feature. For these 

experiments, all samples were included in the analysis to allow for fair comparisons between 

and amongst groups. Statistically significant differences within pathway scores were determined 

using GraphPad Prism 7. Given the small sample size, the assumption of normally distributed 

data was allowed. However, given the differences in variation among groups, this assumption 

was not allowed. For our experiments studying TREM2 and aging in mice I conducted an all-

pairwise comparison with a correction for multiple comparisons using the Bonferroni method. 

For our inhalation studies, I utilized a Welch’s T-test when applicable. 

Differential expression (DE) was determined using Nanostring’s Advanced Analysis 

Software which corrects for multiple comparisons using the Benjamini-Yekutieli method was 

used. Samples were considered significant in each case when their corrected p-value were 

<0.05. 

For somal analysis, each tissues microglial metric was averaged, followed by averaged 

animals’ values. To calculate the percent of microglia with larger somas, I initially averaged the 

controls metrics and added 2xSD to obtain a threshold. Then the number of microglia within 
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each tissue that was above this value were counted and expressed as a percent of total cells 

counted in that tissue. The resulting data was analyzed using  

To analyze our Sholl data I utilized R software through RStudio. I used a Linear Mixed 

Effects Model in R software to control for the repeated sampling from the same animal 

(SampleID) and across radii (Radius.um.). This analysis protocol was adapted from Adrian Gabriel 

Zucco from the University of Copenhagen who adapted it from 102. The libraries that were 

utilized included the following: data.table, lmerTest, nlme, reshape2, ggplot2, plyr, dplyr, MESS 

tidyverse. Listed is also the linear model that was utilized: [LOG.metric ~ 1 + Radius.um. + 

Condition + Radius.um. * Condition + (1 | SampleID/Cell_Number)].  
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Figures and Legends 
 

Table 2. 1: Table shows each experiment’s Threshold, HK genes, Co-variance between 

HK genes and Average count for that gene.  

Values are shown as RAW gene counts. The determined threshold was used for that dataset in 
all analysis discussed.  
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Dataset Threshold Cnt. Gene % Co-Variance Avg Count
Aars 44.195 673.444

Cnot10 43.543 260.125
Csnk2a2 32.174 438.306
Fam104a 34.178 231.014

Lars 35.178 332.806
Mto1 28.018 288.972

Supt7l 25.848 108.528
Aars 16.278 485.208

Ccdc127 12.899 457.458
Cnot10 13.885 205.417

Csnk2a2 16.955 307.917
Fam104a 14.733 213.917

Lars 16.25 287
Mto1 11.076 326

Tada2b 13.062 301.792
Aars 10.09 551.917

Ccdc127 7.905 424.333
Cnot10 10.704 158.5

Csnk2a2 8.485 260.917
Fam104a 11.804 156.083

Lars 10.839 227.917
Mto1 9.894 220.208

Tada2b 7.496 280.833
Aars 25.336 495.833

Ccdc127 23.648 405.208
Cnot10 24.79 155.25

Csnk2a2 27.131 241.542
Fam104a 19.638 153.875

Lars 22.432 209.833
Mto1 22.155 201.792

Tada2b 21.809 264.042

Table 2.1: Selected House Keeper Genes

T2KO - Aging

Alternaria - OB

Alternaria - MD

Alternaria - BS

>41

>34

>43

>40
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Table 2. 2. qPCR Primer Specifics. 

Genes of interested were probed with the primers listed. The forward and reverse sequences, 
along with the product length and PMID accession number are detailed. 
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Gene F Primer R Primer BP Length Accession #
HPRT CCCTCTGGTAGATTGTC GCTTA AGATGCTGTTACTGATAGG AAATCGA 225 NM_013556.2
Arg-1 CAGAAGAATGGAAGAGTCAG CAGATATGCAGGGAGTCACC 250 NM_007482.3
IL-6 CCCC AATTTCCAATGCTCTCC CGCACTA GGTTTGCCGAGTA 141 NM_031168.2

iNOS GGCAGCCTGTGAGACCTTTG GCATTGGAAGTGAAGCGTTTC 72 NM_010927.4
NOX2 CCAACTGGGATAACGAGTTCA GAGAGTTTCAGCCAAGGCTTC 98 NM_007807.5
TNFα CTGTGAAGGG AATGGGTGTT GGTCACTGT CCCAGCATCTT 200 NM_013693.3

Table 2.2: Selected House Keeper Genes
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Chapter 3 
 

 

 

Sex Determines Neuroinflammatory Response to 
Systemic Inflammation and is Modulated by 
TREM2 Deficiency 
Introduction 

Systemic inflammation is considered one of the leading causes in neurodegenerative 

disorders2,60,61. The effects of systemic inflammation are not solely a peripheral event, the CNS is 

known to exhibit neuroinflammation which constitutes increased proinflammatory cytokines, 

increased permeability of the BBB, and decreased metabolism. Experimental models in rodents 

have made it possible to delineate the molecular process behind neuroinflammation. Though 

there are many pathways that lead to inflammation, and may differently types of 

proinflammatory pathways, the focus of this work will be on the classical immune pathway, 

established for peripheral inflammation. The induction of the classical immune pathway, which 

produces proinflammatory molecules, is commonly replicated via intraperitoneal injection (IP) 

of lipopolysaccharide (LPS), a component gram-negative bacterium 24.   
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IP-LPS injection causes binding of LPS molecules to toll-like receptors (Toll-2, and -4) 

causing increased chemotactic signaling molecules (IFN-gamma), vasoactivators (IL-1, TNF-alpha, 

and NO), and pathogen neutralizing compounds (reactive oxygen/nitrogen species)10. It should 

be noted that these reactions are all happening in the periphery, which is then sensed by the 

CNS via various modalities such as secreted molecules in the blood interacting with 

neurovascular units, or interacting with peripheral nerves28. These responses occur rapidly 

within hours and peak around 24-48hr after the initial insult24. The interactions of these 

signaling molecules with the vasculature throughout the organism causes profound behavioral 

and molecular responses. One molecular outcome is increased leakiness across the entirety of 

the CNS 11, as well as by infiltration of peripheral macrophages into the CNS parenchyma 12–14. 

Behaviorally, the increased cytokine production causes a spike in body temperature, referred to 

as a fever, and increased lethargic and restful behaviors, referred to as sickness behavior. This 

allows an infected individual to conserve energy while inducing unfavorable conditions for the 

foreign body. In this respect, inflammation is inversely related to CNS metabolism. Stimulation 

of the immune system with LPS leads to decreased metabolism of glucose in the CNS and 

subsequent decrease in cognitive function103.  

Though cognitive decline and neurodegenerative diseases are considered aging 

diseases, it is the accumulation of inflammatory insults over a lifetime that may be the culpable 

factor. In fact, inflammation has been shown to be a significant factor in determining “healthy-

aging” which includes cognitive function and overall capability in the elderly (80<; up to 115 

years of age)104. A study in humans looked at the inflammation phenotypes in blood samples 

collected from young (20-31 years old) and aged individuals (60-96 years old) across a 9-year 
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period. They detailed immune cell subset frequencies over time and demonstrated that 

inflammation in older individuals starts at a much different baseline value, higher resting 

inflammation, and is able to predict mortality better than previously established risk factors 

using the Framingham Heart Study data collected in 1948105.  

Experiments in rodents have delineated some of the causes of this change in baseline 

inflammatory state. Recent studies have shown a negative correlation between age and ability 

to initiate an efficient immune response or clear a pathogen52,104,105. In fact, aging is associated 

with multiple innate immune cell dysfunctions including decreased phagocytic capability, 

defective autophagy, impaired metabolism, and increased production of reactive oxygen 

species106. This, with an underlying increase in homeostatic inflammation, causes aged 

individuals to have a maladaptive inflammatory response. One study showed that male CD1/ICR 

mice as early as 9-10mo of age demonstrate decreased microglial responses following 24hr 

following IP-LPS treatment, increased microglial-derived proinflammatory genes, but strangely 

no subsequent difference when re-injected with LPS 24hr later53. It should also be noted that 

the previous study also found no differences in baseline between young and middle-aged mice. 

A key regulator in the neuroinflammatory state are microglia, the innate immune cells 

of the CNS. Microglia are yolk-sac derived myeloid cells that populate the CNS during embryonic 

development (day 8-9) where they then propagate throughout the brain in a grid-like fashion 

and actively survey their local environment19,23. These cells are highly plastic12,23 and have been 

shown to produce and secrete immune molecules such as cytokines and growth factors19, 

modulate their phagocytic activity107, and change its membrane into different morphologies 

depending on brain region and activation state21,25,95.  It’s been known for some time now that 
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microglia are a key driver of age related neurodegeneration108. This is demonstrated in 

experiments that replace microglia from aged mice with those from young mice which causes a 

reversal in the cognitive, synaptic, and neural deficits exhibited in the aged mice27. Others have 

shown that depletion of microglia using various colony stimulating factor (CSF) 1 inhibiting 

compounds (e.g. Plexicon pharmacology) demonstrated that removal of microglia following 

severe CNS injury improves the cognitive function following the insult109–111.  That said, any 

perturbations in CNS homeostasis can greatly affect microglia function resulting in changes to 

the neuroinflammatory state.  

The homeostatic state of the CNS is maintained by multiple factors including proper 

cellular function and maintenance. TREM2 is an innate immune receptor expressed solely by 

microglia in the CNS. It’s ligand is still unknown, however in recent years it has been shown to 

interact with lipids from various origins71. In a recent publication, TREM2 KO mice have been 

shown to induce a locked homeostatic gene and protein profile112. This means that loss of 

TREM2 affects reactive responses to inflammatory stimuli. It’s also been established that loss of 

TREM2 causes a change in metabolic fitness of the CNS, possibly through mTOR pathways, 

which culminate in an overproduction of autophagic vesicles113. Along with allowing for various 

chemotactic properties in microglia114, TREM2 is also important in establishing proper synaptic 

circuitry development74. Disruption of TREM2, or its intracellular binding protein DAP12, has 

been associated with polycystic lipomembranous osteodysplasia with sclerosing 

leukoencephalopathy (PLOSL)/Nasu-Hakola disease, an early onset frontal lobe dementia arising 

from the loss of function75,115. Others have shown that disruption of TREM2 function can lead to 

a 3-fold increase in the likelihood of developing Alzheimer’s pathology76,116.  
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Like old age causing an underlying susceptibility to systemic inflammation or changes in 

reactive capability of the neuroimmune system, postnatal development is also a prone to 

perturbations in CNS function. Postnatal development in rodents is considered a critical period 

within which perturbations in homeostasis can lead to deficiencies in neurodevelopment. 

Throughout this time there is a prominent change in synaptic proteins throughout the brain117. 

The process of sculpting efficient circuits in the brain requires microglia and astrocytes along 

with immune molecules such as complement proteins (e.g. C1q, C3, C3R)64, CX3CR1/CX3CL1 

interactions47, or via TREM2115. Depleting microglia during these early postnatal periods has also 

been shown to cause lasting behavioral changes in rats81.  Thus, anything activating microglia or 

causing changes to its homeostasis will affect the how circuits are formed and thus position the 

CNS to succumb to the resulting deficiencies. As an example, TREM2 KO mice have been known 

to exhibit alterations in their neuroimmune state towards proinflammation118, loss in ability to 

properly prune synaptic elements77, as well as cellular debris from normal apoptotic 

processes119. These mice also exhibit a higher density of postsynaptic elements during early 

postnatal development (p18-20) when compared to WT controls74, and increased susceptibility 

to neurodegenerative disorders72. 

During this postnatal period, sex hormones are beginning to increase and have an 

impact on development120. In postnatally developing rats that the androgen surge causing an 

increase in testosterone concurrently causes an increase in aromatized estradiol in preoptic area 

(POA) of the hypothalamus. Estradiol has been shown to contribute to inflammation and has 

proinflammatory impacts on the POA which was showed to contribute to the masculinization of 

this brain region. While estradiol or PGE2 treatment of gonadectomized females induced male 
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like phenotypes, anti-inflammatories and minocycline, a tetracycline antibiotic known to inhibit 

microglia activation and proliferation, caused males to resemble their female counterparts 82–84. 

This suggests that sex plays an underlying role in the response to inflammation, especially during 

neurodevelopment. In fact, in aged male mice (24mo), the levels of circulating testosterone 

decreases. This decreased sex hormone modulated affective behaviors such as open-field, 

elevated plus maze, dark-light transition, are among a few85. This indicates that sex can have a 

drastic effect on the CNS response to inflammation. 

A commonly overlooked factor that has thus far demonstrated its underlying the 

response one has to inflammation is biological sex 79. Most studies up to date either utilize a 

specific sex or mixture of sexes further complicating the interpretation of existing data. Sex is 

especially important when examining neuroinflammatory outcomes since innate immune 

responses between males and females are known to have differences in magnitude towards 

different types of immune stimulation 80. Under homeostatic conditions, the CNS of postnatally 

developing female mice (postnatal day [p]8 – p40) exhibit increases microglial volume and 

phagocytic potential starting at p8 and then falling below males at p28. These changes in 

microglial phenotype corresponds to differences in spine density (postsynaptic region) and 

presynaptic boutons thus contributing to sex differences between male and female synaptic 

connectivity 22. In another study, they significantly depleted microglia by intraventricular 

injection of liposomal clodronate, a depletion method effective on all phagocytic cells, into rats. 

They showed that when microglia are not present during these important developmental 

windows, it can have drastic effects on the resulting behaviors including decreased ultrasonic 
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vocalizations, decreased ability to distinguish between olfactory cues, increased hyperactivity, 

and most surprisingly exhibition of male specific behaviors (mounting and sexual behavior) 81.   

 To further understand how inflammation affects the CNS, we sought to test the 

neuroinflammatory state of mouse hemisected brains 24hr following IP-LPS treatment (5µg/kg). 

We used both male and females, and 3 age groups that span the lifetime of the mice; p15, 3mo, 

and 24mo. RNA was analyzed using a non-biased mRNA counting technology from Nanostring 

that allowed for assaying of over 780 gene associated with neuropathology. TREM2 KO mice 

were then utilized to further understand how deficiencies in innate immune responses both 

peripherally and centrally affect these sex and age dependent changes in gene expression. 
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Results 

Females and males show distinct Neuropathology gene profiles that are differentially 
driven by LPS stimulation and age  

PCA analysis of the female mice gene counts (Figure 3.1A) show that 47% of the 

variation in the dataset is accounted for by PC1, which correlates with both age and LPS 

driven changes in genes expression. PC2 (17%) and PC3 (13%) are also mixtures of age 

and LPS responses, but it groups naïve females near the LPS induced adult and aged 

mice, indicating that they may have an innate inflammatory profile at that age. LPS 

stimulated p15 female mice also appear to have a unique response towards systemic 

inflammation. The shift in baseline (naïve) from young mice to that of adult and aged is 

along the same access as that distinguishes LPS induced changes in gene expression. The 

transition from adulthood to aged mice is very subtle indicating more similarity in their 

profiles. This infers that female mice experience systemic inflammation and age with 

very different sensitivity, and that during postnatal development, they show distinct 

gene expression patters that are quite different from that of adult or aged female mice. 

PCA analysis of the male mice gene counts (Figure 3.1B) show that PC1 (37%) and PC2 

(27%) are equivalent in the amount of variation they account for, which is age and LPS 

stimulation respectively. Interestingly, the progression of gene expression with age in 

both naïve and baseline stimulated conditions does not show a direct linear 

relationship. Males appear to follow more of a u-shaped trajectory indicating a possible 

intermediate step in their development that distinguishes them from aged male mice. 
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PC3 also account for age like PC1, though the LPS stimulation is less able to cause 

baseline and LPS stimulated p15 males to group separately. This indicates that males are 

less responsive towards systemic inflammation at young ages but show distinct age 

dependent responses throughout adulthood.  

We then did a direct comparison of females and males within treatment groups 

to determine the influence that sex and age had on both the baseline and LPS induced 

gene expression separately. PCA analysis on only naïve mice (Figure 3.1C) demonstrates 

that sex explains 41% (PC1) of the variation while age explains 23% (PC2) observed in 

our data. The difference in sex dissipates with age, with 2yr animals showing little 

differences in both naive and LPS stimulated profiles. Interestingly, the young female 

group clusters close to the 3mo naive males, indicating similarities in their baseline gene 

expression. Also, females show a direct, almost linear progression, in gene expression 

from young to adult/aged. This is not the case for males, who maintain the intermediate 

step at 3mo in their gene expression profile. A similar PCA analysis of only the LPS group 

(Figure 3.1D) showed that a PC1 (45%) describes the variation from age while PC2 (19%) 

describes the variation from sex. Both young and aged LPS responses show no 

separation due to sex, potentially showing a ceiling effect in their responses. The only 

differences in sex that are observed in the LPS group are at 3mo. Again, females show 

the same direct progression in their responses, while males exhibit an intermediate 

clustering before joining the aged and 3mo females. Figure 3.1E-F show the gene 

expression signatures for all genes using z-scores of each group’s replicates. It shows 
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low variability between samples within groups, and highlights clusters of similarly 

expressed genes. The females heat map (Figure 3.1E) shows young naïve females with a 

unique profile with most of the genes being upregulated. Upon LPS stimulation, the 

upregulated genes become largely down regulated, and down regulated portion at the 

top becomes largely upregulated. Adult and aged female mice show a remarkably 

similar naïve and LPS profile. Between them there is only a small subset of genes that 

show opposing expression patterns which does explain their slight separation along PC2 

from Figure 3.1A. Males seem to exhibit age-specific gene expression profiles (Figure 

3.1F) The differences between naïve and LPS stimulated young mice is minimal, and only 

constitutes a small region of LPS stimulated upregulated of genes which are largely 

associate with inflammation. The only difference observed in males is a small segment 

of genes in the top of the heatmap that is upregulated in the LPS condition. Adult and 

aged animals also exhibit the same phenotypes, within similar naïve and LPS profiles 

only small patches of genes showing changes in expression patters.  

LPS induces sex dependent regulation of neuropathology pathways except in aged mice  

Analysis of individual pathways in the Neuropathology panel was conducted to 

determine how sex and systemic inflammation affect mice at different life stages. Table 

3.1 summarizes the adjusted p-values for significant differences between naïve and LPS 

treated male and female mice, while Table 3.2 shows summarizes the adjusted p-values 

for significant differences between females and males within naïve and LPS groups.  
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The pathways that were upregulated in response to LPS were further grouped based on 

whether all ages or only some ages showed upregulation.  

LPS stimulation causes a consistent increase in pathways associated with 

neuroinflammation, maintenance, and metabolism across all ages (Figure 3.2). For 

neuroinflammatory (Figure 3.2A-B, D) and angiogenic pathways (Figure 3.2C), sex 

specific differences only occur in the baseline gene expression. This only occurs in p15 

and 3mo age groups. Starting at Figure 3.2E p15 males begin to lack an LPS stimulated 

change in gene expression while females remain responsive., while males only exhibit a 

significant increase in adult and aged mice. Interestingly, apoptotic pathways show 

strong sex differences in naïve state at p15 and 3mo, and LPS induced differences at 

3mo, the same time in which TREM2 shows LPS stimulated downregulation in our 

dataset (data not shown). Both sexes at 3mo exhibit upregulation in RNA processing 

(Figure 3.2F) and matric remodeling (Figure 3.2G).  

Pathway scores for C57BL/6J mice show LPS induced downregulation of pathways show 
sex dependent and independent differences. 

The pathway scores listed in Figure 3.3 demonstrate LPS induced downregulation 

in pathways. The panels listed first (Figure 3.3A-D) demonstrate LPS induced gene 

expression only in 3mo and 24mo mice with few sex differences within treatment 

groups (exceptions being Lipid Metabolism and Chromatin Remodeling in LPS treated 

3mo mice). P15 mice show no LPS induced response in these pathways. This could be 

due to the highly plastic nature of the developing CNS. Pathways in the remaining 
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graphs (Figure 3.2E-L) demonstrate both significant LPS and sex related responses. 

Interestingly, p15 naïve females have a pathway score like that of naïve 3mo males. This 

then drops to adult scores and remain there until 24mo. Males are unresponsive in their 

gene expression changes in response to LPS at p15 for all pathways listed. Except for the 

p15 males, LPS induces a consistent downregulation in each pathway irrespective to 

baseline starting point. This is suggestive of similar gene pathways be affected across all 

ages given their respective naïve state.   Most of the downregulated pathways are 

associated with tissue integrity (Figure 3.2E, H, I) and metabolism (Figure 3.2J, F). The 

remaining pathways are a mixture of plasticity (Figure 3.2G), neuron-glia 

communications (Figure 3.2K), and neurotransmitter responses (Figure 3.2L).  

Pathway scores for C57BL/6J mice show LPS induced downregulation in females only 

The remaining pathways are mainly associated with neurotransmitters and 

autophagy (Figure 3.4). In these pathways, males show no changes in response to LPS 

stimulation. Like other pathways, naïve p15 females show similar pathways scores to 

that of 3mo males, and consistently a downregulation in each pathway in response to 

LPS. Interestingly, LPS induces pathways scores like their male counterparts. There are 

consistent sex differences in all baseline pathway scores of p15 and 3mo mice and only 

3mo LPS stimulated sex differences. 24mo old mice show  no sex or LPS stimulated 

differences in any of the pathways listed.  
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TREM2 Deficiency modulates sex specific Neuropathology gene affecting female and 
male susceptibilities  

PCA analysis of the T2KO female mice gene counts (Figure 3.5A) show that 40% 

of the variation in the dataset is accounted for by PC1, which correlates with only age 

now. PC2 (19%) is now associated with LPS while only PC3 (16%) is a mixture of age and 

LPS responses. Surprisingly females show a clustering like WT male mice, though with 

much different magnitudes. Also, the directionality of increased LPS response is not as 

obvious as it was with 3mo males. LPS stimulated p15 female mice no longer exhibit a 

unique profile. Both naïve and LPS stimulated females show similar trajectories in their 

PCA scores, with each having the p15 females starting at the top of the plot, followed by 

3mo, then 2yr.  PCA analysis of the male mice gene counts (Figure 3.5B) show that PC1 

(39%) which is now mainly associated with LPS stimulation while PC2 (27%) is associated 

age. PC3 (17%) is a mixture of age and LPS stimulation. Interestingly, the progression of 

gene expression with age in both naïve and baseline stimulated conditions still do not 

show a direct linear relationship. Males do appear more responsive to LPS at p15 

though 3mo with a decreased response in 24mo mice. This indicates that while females 

became less affected by LPS and more by age, males are less responsive towards age 

and more towards LPS.  

Same as before, a direct comparison of females and males within treatment 

groups to determine the influence that sex and age on both the baseline and LPS 

induced gene expression. PCA analysis revealed quite similar naïve and stimulated 
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clustering, both showing a mixed age and sex specific effect along PC1 and a dominant 

age effect along PC2 (Figure 3.5C-D). Naïve mice (Figure 3.5C) demonstrated sex 

differences mainly in 3mo and 24mo mice along PC1 (43%). P15 mice no longer exhibit a 

sex dependent baseline. Age explains 27% (PC2) of the observed data, though age 

groups are not clearly defined like WT. Adult (3mo) females’ group with 2yr males, and 

vice versa. LPS stimulated mice (Figure 3.5D) also had a mixture of sex and age 

differences in their PC1 (35%), though sex dictates the clustering more than age. PC2 

(31%) mainly separates young from 3mo and 24mo old mice. Figure 3.5E-F show the 

gene expression signatures for all genes using z-scores of each group’s replicates. It also 

shows low variability between samples within groups, and highlights clusters of similarly 

expressed genes. The females heat map (Figure 3.5E) shows mainly age dependent 

changes in gene expression. LPS stimulation only causes changes in small groups of 

genes within each age group. Males seem to also exhibit age-specific gene expression 

profiles (Figure 3.5F), however, there is a more obvious LPS stimulated response at p15 

and 3mo. This is not the case for 24mo, which shows few changes in response to 

stimulation.  

TREM2 deficiency disrupts sex dependent regulation of neuropathology pathways at all 
ages  

Analysis of individual pathways in the Neuropathology panel was conducted to 

determine how sex and systemic inflammation affect mice at different life stages. Table 

3.3 summarizes the adjusted p-values for significant differences between naïve and LPS 
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treated male and female mice, while Table 3.4 shows summarizes the adjusted p-values 

for significant differences between females and males within naïve and LPS groups.  

The pathways that were upregulated in response to LPS were further grouped based on 

whether all ages or only some ages showed upregulation.  

In TREM2 deficient mice LPS stimulation no longer causes a consistent increase 

in pathways associated with neuroinflammation, maintenance, and metabolism across 

all ages (Figure 3.6). For neuroinflammatory pathways (Figure 3.6A-B, D) LPS no longer 

induces a consistent response across all ages. The response largely disrupted with age 

and sex playing a much stronger role than LPS stimulation. LPS stimulation causes 

upregulation in females and males at p15, only males at 3mo, and only females at 24mo 

of age. Most 3mo females and 24mo males exhibit a downregulation in LPS induced 

responses, which was not expected. Interestingly, male mice show an increase LPS 

response, which is a common phenotype seen in the current literature121. Angiogenesis 

pathways shows LPS driven upregulation in p15 females and 3mo males while 24mo 

males exhibit a downregulation (Figure 3.6C). Sex specific differences are present in 

naïve and LPS stimulated p15 mice and 3mo/24mo naïve mice. At p15 male and female 

mice show opposing LPS driven responses in apoptotic pathways, and no LPS driven 

response in older ages (Figure 3.6E). Only p15 males exhibit downregulation in RNA 

processing (Figure 3.2F) and 3mo old males show downregulation in matric remodeling 

(Figure 3.2G) in response to LPS stimulation. Baseline and LPS stimulated groups are 
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strongly affected by sex. This indicates that TREM2 causes differential effects on both 

sexes in vastly different ways throughout life. Depending on the age and sex, one could 

expect to have greatly different outcomes.   

TREM2 deficiency largely removes the LPS stimulated response and while maintaining 
sex differences at all ages. 

The pathway scores listed in Figure 3.7 demonstrated LPS induced 

downregulation in pathways for WT mice. However, the TREM2 KO condition 

culminated largely in a change in LPS induced gene expression and maintained sex 

differences in old age (24mo). Of note is that p15 females are no longer easily 

differentiated from males of the same age. In fact, no sex differences were observed in 

pathways associated with compartmentalization and integrity (Figure 3.7D-E), 

metabolism (Figure 3.7F, J), and neuro-glial interactions (Figure 3.7C, K). LPS did induce 

downregulation in some of the listed pathways in p15 and 3mo males. These include 

carbohydrate and lipid metabolic pathways (Figure 3.7B, F), neuro-glial communications 

(Figure 3.7C, K), and chromatin remodeling (Figure 3.7A). However, there are pathways 

that now show upregulation in response to LPS. These include pathways associated with 

tissue structure and integrity (Figure 3.7E, H), oxidative stress (Figure 3.7J) and vesicle 

trafficking (Figure 3.7L). A common occurrence was also the introduction of sex 

difference in 24mo old mice. Almost every pathway listed had this effect. Pathways 

where males had a higher score than females include all the plasticity pathways (Figure 

3.7A, G), tissue integrity (Figure 3.7D), carbohydrate metabolism (Figure 3.7F), and 
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trophic factors (Figure 3.7K). Females had a higher score than males at 24mo in tissue 

integrity pathways (Figure 3.7E, F), oxidative stress (Figure 3.7J) and vesicle trafficking 

(Figure 3.7L).  

TREM2 deficiency causes females to be non-responsive and young males highly 
responsive 

The remaining pathways are mainly associated with neurotransmitters and autophagy 

(Figure 3.8). In these pathways, neither adult/aged males nor females show changes in 

response to LPS stimulation. The only groups that do are p15 mice, and they often 

showed opposing responses. P15 males remain responsive and demonstrate a 

combination of upregulated (Figure 3.8A, C) and downregulated (Figure 3.8B, D) 

pathway scores. Females on the other hand, are less effected by LPS stimulation, 

showing upregulation in the same pathways that males exhibit the opposite (Figure 

3.8B, D). Aged mice still exhibit sex differences in the listed pathways. Old female mice 

would often fall above males in their scores (Figure 3.8A, C) and fair below in others 

(Figure 3.8B, D) suggesting they are more dynamically affected by the TREM2 deficiency.  

TREM2 deficiency has a great effect of female baseline and LPS mediated response 

To further understand the how TREM2 deficiency affects males and females 

within treatment conditions, we conducted a PCA on the WT and TREM2 KO mice within 

treatment groups (Figure. 3.9). Naïve female mice show mainly a genotype specific 

clustering with TREM2 deficient mice clustering causes greater separation between age 

matched WT mice (Figure 3.9A). PC1 (40%) reliably separates mice based on age and 
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genotype, which is also accounted for in PC2 (18%). Interestingly, LPS stimulated groups 

demonstrate a mixed age and genotype response (Figure 3.9B). PC1 (38%) shows an age 

specific clustering with p15 mice clustering away from 3mo and 24mo old mice, and the 

TREM2 deficiency causing slight separation from WT. Ageing causes a definite 

separation in WT and TREM2 KO mice along PC2 (24%). This indicates a that the TREM2 

KO condition leads to consistent differences in baseline and LPS stimulated gene 

expression.  

Naïve males are less overtly affected by the TREM2 deficiency (Figure 3.9C). Age 

is clearly defined along PC1 (51%) with WT and TREM2 KO mice following the same 

trajectory across the graph. Genotype is defined in aged mice only along PC2 (19%) 

which also defines age groups. LPS stimulated males demonstrate a similar trajectory 

pattern between WT and TREM2 mice, though genotype specific clustering is more 

obvious at all age groups along PC1(38%; Figure 3.9D).  PC2 (31%) clusters mainly within 

age groups, though p15 and 3mo old mice have slight clustering associated with 

genotype.  
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Discussion 

Since sex is rarely considered when studying neuroinflammatory responses we 

analyzed male and female mice in parallel for the presented experiments79. This allowed 

us to determine the LPS driven responses across the different age groups within a given 

sex, and sex responses across different treatment groups. PCA analysis on the gene 

expression from males and females as measured by Nanostring technology indicated 

that sex plays a significant role in establishing both baseline and stimulated responses to 

IP-LPS, except for aged (24mo) mice. Firstly, females showed a mixed response with age 

and neuroimmune activation both defining its axis’. The fact that the p15 female exhibit 

a unique profile in the way they grouped almost entirely away from every other group. 

Adult females (3mo) and aged females (24mo) had similar clustering in each treatment 

and only varied is minor ways. Whether this implies that females maintain a level of 

gene expression activity into old age or not is still an open question. Clearly, more time 

points would be necessary to fully characterize the changes in gene expression occurring 

throughout an organism’s lifespan. Males on the other hand, show clear progression in 

both age and LPS activated states along the Y- and X-axis, respectively. Interestingly, p15 

and 24mo mice group closer together than 3mo mice. Though not outside of the scope 

of these experiments to determine, it is possible that this reflects the changes in 

testosterone in male mice around p30120, which is known to exhibit immuno-

suppressive qualities122. If true, it would mean that males are inherently hypo-

responsive to immune insult123. It could also reflect the fact that young mice124 have a 
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higher expression of proinflammatory molecules during development much like aged 

individuals discussed ealier104. What is clear, is that males exhibit much more age 

dependent responses relative to female mice, who show subtle changes once in 

adulthood. Interestingly, this is something that was shown in humans using microarray 

analysis of adult and aged adults where males exhibited a greater number of gene 

expression changes relative to female counter parts125.  

Sex plays an important role in establishing baseline and LPS stimulated 

responses, as seen in our PCA analysis (Figure 3.1C). Females show a linear progression 

in clustering, with p15 females showing the most separation and older females less so. 

Males on the other hand follow more of a “u” shaped pattern, with 3mo males grouping 

near p15 females at baseline. This in some ways agrees with the notion that this is 

capturing a sex hormone effect. Testosterone in 3mo male mice, and the increasing 

progesterone levels in female mice each contribute immunosuppressant qualitiestes126. 

That type of regulation may be contributing to similar, though still distinct, responses. 

Upon LPS stimulation, only 3mo mice demonstrated strong sex differences, with females 

clustering closer to aged mice. Surprisingly, in each analysis, aged mice show a high 

degree of similarity in both baseline and LPS stimulated states. This data provides a 

couple important implications going forward. First, sex is an important factor to be 

considered in young and adult mice since. This is true for both baseline and stimulated 

states, which show differential susceptibility within each sex. And second, sex 

differences in baseline dissipate over the lifespan of the mouse.   
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To better understand the complexity of how LPS affected global CNS gene 

expression within each sex across the different ages, we looked at the induvial 

pathways. The upregulated pathways were split into those that show consistent 

upregulation, and those that varied by sex and age. Inflammatory pathways were the 

only ones that showed significant increases in all mice, with only cytokines showing sex 

differences at 3mo, which could result from the increased estrogen (E) or estrogen 

metabolites binding to E-receptors found in the CNS and on immune cells, and which 

positively affect cytokine production 127. Angiogenic and unfolded protein response 

(UPR) pathways are known to be upregulated in response to LPS. This is due mainly to 

the immune response which involves the release of pro-angiogenic molecules, and 

metabolic/ER stress that cause induction of the UPR. This can also explain the increase 

in apoptotic pathways128. Interestingly, p15 males exhibited no LPS mediated changes in 

any other than this initial four listed, while their female counter parts remain highly 

dynamic (Figure 3.1A-D). This makes them hypo responsive towards LPS in the 

remaining pathways.    

Inflammation is known to have an inverse relation with things like metabolism 

and general structural tissue integrity103. That is why it is not surprise that most of the 

downregulated pathways constituted those in either the metabolic or 

compartmentalization and tissue integrity categories. Most of these do show sex 

dependent responses in both baseline and LPS stimulated conditions. While p15 males 

show no response towards LPS stimulation, their female counter parts remain highly 
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reactive towards LPS. The remaining pathways showed only LPS mediated responses in 

female mice. These include mainly neurotransmitter associated pathways which are 

consistently downregulated in response to LPS in females. P15 females do appear to be 

the most affected with the baseline being very close to that of 3mo males. Inflammation 

is known to have negative effects on synapse function129 and number130 causing a 

change in connectivity between neurons. These publications do not refer to gene 

expression being affected however, so it is plausible that though physical synapses are 

affected by LPS, the relative expression of their genes is not. Also, given the large 

amount of tissue collected for analysis, small variations in synapse gene counts could be 

averaged out. 

We then wanted to know whether TREM2 deficiency would exhibit sex specific 

differences like WT mice. The data around TREM2 often doesn’t analyze female mice or 

includes them in mixed sexed analysis. Shown is Figure 3.5 are the similar PCA plots as in 

Figure 3.1 but this time using TREM2 KO female and male mice. Given that males and 

female mice have already exhibited differences in baseline and LPS stimulated gene 

expression, it was hypothesized that the TREM2 deficiency would affect each group 

differently. Overall, the TREM2 deficiency appears to have affected males and females 

differently at each age group. In fact, TREM2 completely modulated the sex differences 

that were originally observed in WT mice. Females, for example, exhibit a similar 

clustering profile to that of WT males. Also, some of the sex-related effects that were 

observed in WT mice are no longer apparent in TREM2 KO mice. More striking, is that 
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24mo mice, which originally showed few sex dependent effects, now exhibit significant 

sex dependent clustering in their gene expression. It’s intriguing to see the loss of 

function from TREM2 affecting sex in the way it does and gives new insight into the 

scale of deficiencies that result from this phenotype.        

Normally in response to insult TREM2 levels are initially suppressed to allow for 

an activated/neurodegenerative gene profile72. Following inflammation, TREM2 

increases to bring the system back to homeostasis. In fact, overexpression of TREM2 in a 

BV2 microglial cells confers an anti-inflammatory profile leading to decreased 

production of NO, prevention of cell proliferation, and altered phagocytic ability when 

stimulated with LPS131.  More recently, it’s been shown that TREM2 deficient mice have 

a “locked-homeostatic” state, meaning they’re gene and protein signatures have 

increased expression of homeostatic genes (e.g. P2ry12, Cx3cr1, Tgfb, Sall1) and a 

decreased expression of proinflammatory/neurovegetative profile (e.g. Tnf, Csf1, Apoe, 

Clec7a)72,112. Therefore, it was expected that TREM2 deficiency would affect 

neuroinflammatory pathways, though the actual result for females and aged males was 

not expected. In these groups, LPS did not induce an increase but rather a decrease in 

pathway score. It should also be noted that the baseline for these groups show 

increased scores implying that these groups may not confer to the previously mentioned 

homeostatic state seen in male TREM2 deficiency.  Interestingly, p15 males now exhibit 

a very robust LPS driven change to gene expression implying that microglia are 

contributing to the sex differences observed in these postnatal mice83. Also, the LPS 
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driven increase in pathways such as apoptosis and transcription/splicing are no longer 

apparent with TREM2 KO mice except for in p15 males. Also, 3mo males is the only 

group exhibiting a decreased matrix remodeling pathway. This was noted in previous 

publications as a decrease in MMP9 levels in 48hr following LPS induced inflammation 

relative to WT mice78.  

The pathways that originally showed decreased LPS response are now 

completely dysregulated. Most of the pathways show no LPS mediated responses in 

3mo or 24mo old TREM2 KO mice. The couple of pathways that are affected in 3mo old 

female mice include an increased response in lipid metabolism and myelination 

pathways. This could be due to the lack of activated microglial response, since microglia 

are known to regulate myelin via release of growth factors, which is also slightly 

elevated, though not significant132. This isn’t seen in WT or 3mo TREM2 KO mice, which 

do have increased activated microglia and cytokine pathway scores. Adult male mice 

exhibit a few LPS driven changes to pathways, which are indicative of proinflammation 

and increased cell stress (Unfolded Protein Response and Oxidative Stress). Also, the 

baseline for 3mo males in their carbohydrate metabolism, is also much lower than that 

of the WT mice. TREM2 associated with decrease glial activity and is implicated in 

metabolic deficiencies in the CNS. When using a positron emission tomography (PET) 

imaging technique known as fluoro-2-deoxy-D-glucose (FDG) - µPET these researchers 

demonstrated TREM2 deficiency confers a decreased metabolic capacity when 

compared to WT mice112.  



55 

The most striking differences are in the p15 mice and the 2yr mice. First, naïve 

p15 male and females as well as the LPS stimulated females no longer exhibit any sex 

differences. In most cases, the TREM2 KO naïve females are exhibiting a changes that 

cause them to resemble p15 males. This could explain why both sexes are often used 

interchangeably in most experiments, since they would be quite similar to their male 

counterparts24. Male mice at p15 are much more reactive toward LPS with the TREM2 

deficiency. LPS causes TREM2 KO males to have a significant increase in both synaptic 

structure and function associated pathways. Also, they seem to be more susceptible to 

LPS induced changes to metabolic pathways, with more being downregulated except for 

oxidative stress pathways, which correlate with the increased inflammation, unfolded 

protein response, and autophagic pathways (Vesicle Transport and Autophagy). Also, 

there is an increase in pathways associated with synaptic release and 

responsiveness/reuptake. This was shown in previously in p18-20 mice having an 

increased number of synaptic elements as a response to TREM2 deficiency, presumably 

due to the decrease phagocytic ability or microglia sepcifcaly74.  As for older mice, LPS 

have little to no effect on gene expression. There is, however, a marked difference in 

the baseline between males and females that is prominent in all the pathways listed. 

This means that TREM2 KO causes aged mice to exhibit sex dependent differences in 

their homeostatic and LPS driven gene expression. It’s intriguing to consider these sex 

differences especially given the higher prevalence of certain types of neurodegenerative 

diseases associated with each sex123. 
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So far, it’s been clear that TREM2 causes sex dependent changes to gene 

expression in both age and LPS stimulated group. To determine whether this deficiency 

is affecting the baseline or stimulated groups more, we conducted a PCA analysis within 

sex and treatment group, to look at WT to TREM2 clustering. In females, TREM2 causes 

a significant dysregulation of both baseline and LPS stimulated states. However, males 

do not show such a strong effect of genotype. In fact, in both baseline and stimulated 

state, the WT and TREM2 animals within a given age tended to cluster closely together, 

though they were not overlapping. This indicates that female mice, originally not 

considered, may be more susceptible to TREM2 KO phenotype.     
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Figures and Legends 

 

Figure 3. 1. C57BL/6J females and males show distinct Neuropathology gene profiles 

that are differentially driven by LPS stimulation and age. 

PCA analysis was done using Nanostring’s Advanced Analysis feature. Females (A) and males (B) 

were analyzed separately to understand the relationship between age and LPS stimulation. The 

values listed in the plots represent the ratio of variation elucidated by its adjacent axis. Females 

and males were then combined into either Naïve (C) or LPS stimulated (D) groups to determine 

sex differences. Using nSolver software, we then generated heatmaps of z-scores for females (E) 

and males (F) and grouped them by age and then treatment. 
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Table 3. 1: Summary of p-values from within sex comparisons between naive and LPS 

treated C57BL/6J mice.  

Naïve and LPS stimulation groups were analyzed within sex. We then conducted an all-pairwise 

comparison with a correction for multiple comparisons using the Bonferroni method. Statistical 

significance was set to a p-value < ; *0.05, **0.01, ***0.001, ****0.0001. 
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p15 3mo 24m p15 3mo 24m
Activated Microglia <0.0001 <0.0001 0.0008 0.0002 <0.0001 0.0001

Cytokines <0.0001 <0.0001 <0.0001 0.0114 <0.0001 <0.0001
Angiogenesis <0.0001 0.0004 0.001 0.0069 <0.0001 0.0021

Unfolded Protein Response <0.0001 <0.0001 <0.0001 0.0046 <0.0001 <0.0001
Apoptosis <0.0001 <0.0001 <0.0001 ns <0.0001 <0.0001

Transcription and Splicing 0.0086 <0.0001 <0.0001 ns 0.0243 <0.0001
Matrix Remodeling 0.0207 0.0012 ns ns <0.0001 0.0094

Chromatin Remodeling ns <0.0001 <0.0001 ns <0.0001 <0.0001
Lipid Metabolism ns 0.0001 0.0023 ns 0.0001 0.0003

Myelination ns <0.0001 <0.0001 ns <0.0001 0.0012
Tissue Integrity ns 0.0027 0.0255 ns ns 0.0165

Axon and Dendrite Structure <0.0001 <0.0001 0.0002 ns 0.0087 0.0237
Carbohydrate Metabolism <0.0001 <0.0001 0.0007 ns 0.0001 0.0063

Growth Factor Signaling <0.0001 <0.0001 <0.0001 ns <0.0001 <0.0001
Neural Connectivity <0.0001 <0.0001 <0.0001 ns 0.0012 0.0044

Neural Cytoskelaton <0.0001 0.0003 0.0027 ns 0.0014 0.0063
Oxidative Stress <0.0001 <0.0001 <0.0001 ns <0.0001 <0.0001
Trophic Factors <0.0001 <0.0001 <0.0001 ns <0.0001 <0.0001

Vesicle Trafficking <0.0001 <0.0001 0.0002 ns 0.0082 0.0169

Autophagy <0.0001 <0.0001 <0.0001 ns ns ns
Transmitter Response and Reupatke <0.0001 <0.0001 0.0016 ns ns ns

Transmitter Syntheis and Storage <0.0001 0.0005 0.0063 ns ns ns
Transmitter Release <0.0001 ns ns ns ns ns

Table 1: C57BL/6J Mice LPS/Naive Comparison's
Female MalePathways
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Table 3. 2: Summary of p-values from within treatment comparisons between female 

and male C57BL/6J mice.  

Females and males were analyzed within treatment; naïve (baseline), and 24hr post-LPS. We 

then conducted an all-pairwise comparison with a correction for multiple comparisons using the 

Bonferroni method. Statistical significance was set to a p-value < ; *0.05, **0.01, ***0.001, 

****0.0001. 
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p15 3mo 24m p15 3mo 24m
Activated Microglia <0.0001 ns ns ns ns ns

Cytokines <0.0001 0.0003 ns ns ns ns
Angiogenesis <0.0001 <0.0001 ns ns ns ns

Unfolded Protein Response 0.0005 0.0014 ns ns ns ns
Apoptosis <0.0001 <0.0001 ns ns <0.0001 ns

Transcription and Splicing <0.0001 ns ns ns <0.0001 ns
Matrix Remodeling 0.0309 ns ns ns ns ns

Chromatin Remodeling ns ns ns ns 0.0355 ns
Lipid Metabolism ns ns ns ns 0.0189 ns

Myelination ns ns ns ns ns ns
Tissue Integrity ns ns ns ns ns ns

Axon and Dendrite Structure <0.0001 <0.0001 ns ns <0.0001 ns
Carbohydrate Metabolism <0.0001 <0.0001 ns ns <0.0001 ns

Growth Factor Signaling <0.0001 <0.0001 ns ns 0.001 ns
Neural Connectivity <0.0001 <0.0001 ns ns <0.0001 ns

Neural Cytoskelaton 0.0036 0.0101 ns ns 0.045 ns
Oxidative Stress <0.0001 0.0003 ns ns ns ns
Trophic Factors <0.0001 <0.0001 ns ns <0.0001 ns

Vesicle Trafficking <0.0001 <0.0001 ns ns <0.0001 ns

Autophagy <0.0001 <0.0001 ns ns <0.0001 ns
Transmitter Response and Reupatke <0.0001 <0.0001 ns ns <0.0001 ns

Transmitter Syntheis and Storage <0.0001 <0.0001 ns ns <0.0001 ns
Transmitter Release <0.0001 <0.0001 ns ns <0.0001 ns

Baseline 24hr post-LPS
Table 2: C57BL/6J Mice Male/Female Comparison's

Pathways



63 

Figure 3. 2: Pathway scores for C57BL/6J mice show LPS induced upregulation of 

pathways for neuroinflammation, metabolism, and plasticity.  

The upregulation occurs across all ages for pathways (A-D), or only at select ages for pathways 

(E-G). Sex differences are observed in p15 naïve mice across all pathways, 3mo naïve mice in B-

E, and LPS stimulated 3mo mice in pathways F-G. Open circles with dashed lines represent 

female mice while grey denote naïve and red denotes LPS stimulated. Solid triangles with solid 

lines represent male mice, while grey and red denotation is like that of females. Significance 

between naïve and LPS stimulated groups can be found in Table 1 and between females and 

males in Table 3.2. 
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Figure 3. 3: Pathway scores for C57BL/6J mice show LPS induced downregulation of 

pathways show sex dependent and independent differences. 

This occurs across all ages in females and mainly adults (3m and 24m) in males. Females and 

males show no sex differences in 24m group. Few pathways show a downregulation that is 

consistent across males and females (A-D) while most of the downregulated pathways exhibit 

sex dependent differences in both baseline and LPS stimulated groups (E-L). Open circles with 

dashed lines represent female mice while grey denote naïve and red denotes LPS stimulated. 

Solid triangles with solid lines represent male mice, while grey and red denotation is like that of 

females. Significance between naïve and LPS stimulated groups can be found in Table 1 and 

between females and males in Table 3.2.  
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Figure 3. 4: Pathway scores for C57BL/6J mice show LPS induced downregulation in 

females only.  

This occurs across all ages for some pathways (A-C) or only in young mice (D). Open circles with 

dashed lines represent female mice while grey denote naïve and red denotes LPS stimulated. 

Solid triangles with solid lines represent male mice, while grey and red denotation is like that of 

females. Significance between naïve and LPS stimulated groups can be found in Table 1 and 

between females and males in Table 2.       
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Figure 3. 5: TREM2 deficiency amplifies sex differences and dampens LPS mediated 

changes in gene expression.  

PCA analysis was done using Nanostring’s Advanced Analysis feature. Females (A) and males (B) 

were analyzed separately to understand the relationship between age and LPS stimulation. The 

values listed in the plots represent the ratio of variation elucidated by its adjacent axis. Females 

and males were then combined into either Naïve (C) or LPS stimulated (D) groups to determine 

sex differences. Using nSolver software, we then generated heatmaps of z-scores for females (E) 

and males (F) and grouped them by age and then treatment. 
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Table 3. 3: Summary of p-values from within sex comparisons between naive and LPS treated 
TREM2 KO mice.  

Naïve and LPS stimulation groups were analyzed within sex. We then conducted an all-pairwise 

comparison with a correction for multiple comparisons using the Bonferroni method. Statistical 

significance was set to a p-value < ; *0.05, **0.01, ***0.001, ****0.0001.  
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p15 3mo 24m p15 3mo 24m
Activated Microglia <0.0001 0.0134 ns <0.0001 <0.0001 <0.0001

Cytokines <0.0001 0.0038 ns 0.0021 <0.0001 0.0004
Angiogenesis <0.0001 ns ns ns <0.0001 0.0005

Unfolded Protein Response 0.0329 0.0152 ns <0.0001 <0.0001 0.0009
Apoptosis 0.0002 ns ns <0.0001 ns ns

Transcription and Splicing ns ns ns <0.0001 <0.0001 ns
Matrix Remodeling ns ns ns ns <0.0001 ns

Chromatin Remodeling 0.0002 ns ns <0.0001 ns ns
Lipid Metabolism 0.0308 0.0263 ns <0.0001 0.016 ns

Myelination ns 0.0367 ns 0.0396 <0.0001 ns
Tissue Integrity 0.0015 ns ns ns 0.0004 0.0002

Axon and Dendrite Structure 0.007 ns ns <0.0001 0.0051 ns
Carbohydrate Metabolism ns ns ns <0.0001 ns ns

Growth Factor Signaling 0.0006 ns ns <0.0001 ns ns
Neural Connectivity 0.0038 ns ns <0.0001 0.0074 ns

Neural Cytoskelaton <0.0001 0.0427 0.0188 ns <0.0001 ns
Oxidative Stress ns ns ns <0.0001 <0.0001 ns
Trophic Factors 0.0188 ns ns <0.0001 ns ns

Vesicle Trafficking 0.0036 ns ns <0.0001 ns ns

Autophagy ns ns ns <0.0001 ns ns
Transmitter Response and Reupatke 0.0287 ns ns <0.0001 ns ns

Transmitter Syntheis and Storage ns ns ns <0.0001 ns ns
Transmitter Release 0.0075 ns ns <0.0001 ns ns

Table 3: Trem2 KO Mice LPS/Naive Comparison's
Female MalePathways
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Table 3. 4: Summary of p-values from within treatment comparisons between female 

and male TREM2 KO mice. 

Females and males were analyzed within treatment; naïve (baseline), and 24hr post-LPS. We 

then conducted an all-pairwise comparison with a correction for multiple comparisons using the 

Bonferroni method. Statistical significance was set to a p-value < ; *0.05, **0.01, ***0.001, 

****0.0001. 
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p15 3mo 24m p15 3mo 24m
Activated Microglia ns 0.0008 ns ns <0.0001 0.0007

Cytokines ns <0.0001 0.0021 0.0212 <0.0001 ns
Angiogenesis 0.0084 <0.0001 <0.0001 0.0005 ns ns

Unfolded Protein Response ns ns 0.0292 <0.0001 <0.0001 <0.0001
Apoptosis 0.0071 0.0007 0.0013 <0.0001 <0.0001 <0.0001

Transcription and Splicing ns <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Matrix Remodeling ns ns ns ns <0.0001 ns

Chromatin Remodeling 0.0014 0.0015 0.0003 <0.0001 <0.0001 0.0004
Lipid Metabolism 0.0101 ns ns <0.0001 <0.0001 0.0034

Myelination ns 0.0003 ns ns <0.0001 ns
Tissue Integrity ns <0.0001 <0.0001 ns 0.0054 <0.0001

Axon and Dendrite Structure ns <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Carbohydrate Metabolism ns 0.0113 0.001 <0.0001 <0.0001 <0.0001

Growth Factor Signaling 0.0115 0.0005 <0.0001 <0.0001 <0.0001 <0.0001
Neural Connectivity 0.0183 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

Neural Cytoskelaton 0.0022 0.0003 0.0007 <0.0001 0.0002 ns
Oxidative Stress ns 0.0089 0.001 <0.0001 <0.0001 <0.0001
Trophic Factors ns 0.0079 0.0139 <0.0001 <0.0001 0.0004

Vesicle Trafficking 0.0365 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

Autophagy ns 0.0018 <0.0001 <0.0001 <0.0001 <0.0001
Transmitter Response and Reupatke 0.0271 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

Transmitter Syntheis and Storage ns <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Transmitter Release 0.0067 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

Table 4: Trem2 KO Mice Male/Female Comparison's
Baseline 24hr post-LPSPathways
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Figure 3. 6: Pathway scores that were upregulated in response to LPS in C57BL/6J mice 

are dysregulated in TREM2 deficient mice.  

The upregulation occurs within a subset of pathways and specific ages (A-D). Other pathways 

show downregulation in a subset of pathways within specific ages (E-G). Aged animals (24m) 

consistently show sex differences in their baseline or LPS stimulated conditions. Open circles 

with dashed lines represent female mice while grey denote naïve and red denotes LPS 

stimulated. Solid triangles with solid lines represent male mice, while grey and red denotation is 

like that of females. Significance between naïve and LPS stimulated groups can be found in Table 

3 and between females and males in Table 3.4.       
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Figure 3. 7: Pathways that were downregulated in response to LPS in C57BL/6J mice 

consistently lack any response in TREM2 deficient mice.  

Some pathways do show a significant change in LPS induced gene expression (A-C, E-H, J-L), but 

these are only in male p15 and 3mo mice. In a few instances there is an upregulation instead of 

a downregulation (E, H, J, L). Females rarely show any response to LPS. Females and males 

consistently show sex differences in 24m group. Open circles with dashed lines represent female 

mice while grey denote naïve and red denotes LPS stimulated. Solid triangles with solid lines 

represent male mice, while grey and red denotation is like that of females. Significance between 

naïve and LPS stimulated groups can be found in Table 3 and between females and males in 

Table 3.4. 
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Figure 3. 8: Pathway scores for pathways that showed no differences in C57BL/6J mice 

now demonstrate consistent sex difference in all pathways regardless of treatment.  

P15 males are the only group that show a significant response to LPS treatment. Open circles 

with dashed lines represent female mice while grey denote naïve and red denotes LPS 

stimulated. Solid triangles with solid lines represent male mice, while grey and red denotation is 

like that of females. Significance between naïve and LPS stimulated groups can be found in Table 

3 and between females and males in Table 3.4.       
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Figure 3. 9: TREM2 KO is the dominant driver of female baseline and LPS stimulated 

groups. 

Naïve males are highly regulated by age until old age where TREM2 deficiency causes distinct 

clustering. LPS stimulated males are highly driven by age and TREM2 deficiency. PCA analysis 

was done using Nanostring’s Advanced Analysis feature. C57BL/6J and TREM2 KO females (A-B) 

and males (C-D) were analyzed within either naïve or LPS stimulated groups to understand how 

the TREM2 deficiency affected each mouse at their respective life stage.  
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Chapter 4 
 

 

 

Alternaria Exposure in Adult Mice Causes Sex 
Specific Changes in a Brain Region Specific 
Manner 
Introduction 

Allergic airway inflammation affects 19.2 million adults and 7.1 million children 

according to the CDC distributed national survey. However, the landscape of research 

around allergic inflammation effects on the CNS is currently lacking. The studies that do 

address these issues tend to utilize compounds such as aluminum hydroxide to induce a 

robust antibody response toward a given allergen 38. These adjuvants themselves are 

still being actively studied to fully understand the mechanism of function that allows 

them to be such potent Th2 stimulators. Often used allergens include pseudo-allergens 

like ovalbumin (OVA) which lacks key characteristics in allergen physiology making its 

use limited to a laboratory setting 17,39–41.  Meanwhile, studies that do utilize natural 

allergens, like various grass pollens (e.g. rye-grass, timothy grass), dust-mite extracts, or 
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even fungal extracts (e.g. Alternaria), tend to also utilize the above mentioned 

paradigms or unnatural means of introducing the allergen, such as intranasal or 

intraperitoneal instillation 40,42–44. 

From these studies we can garner insight into how to allergic inflammation can 

affect the CNS in a highly polarized system. Allergens have been shown in multiple 

studies to be associated with internalizing disorders such as anxiety like behaviors and 

poor socializing behavior 44,45. Others have remarked on the high correlation between 

those suffering from autism-spectrum disorder (ASD) and allergies 46. This could itself be 

because of the effect that allergic inflammation has on microglia, specifically. Microglia 

are known to contribute to synaptic pruning and neurogenesis regulation 47–49. 

Following induction of allergic inflammation, Dr. Klein and her group found that there 

was a concurrent decrease in phagocytic microglia present in the dentate gyrus (CD68+, 

Iba1+) of the hippocampus and an increase in the olfactory bulb 50. Interestingly, the 

decreased microglia presence in the DG was accompanied by an increase in the number 

of newly born neurons, indicating an inability of microglial to properly regulate the 

amount of neurogenesis occurring.  In fact, our own lab has also shown that natural 

exposure to fungal allergens, such as Alternaria extract particulates induces a strong 

peripheral Th2 mediated immune response 51. After only 96hr of continuous exposure in 

a whole-body exposure chamber, lung afferent-relevant brain regions showed 

decreased proinflammatory gene expression (TNFα, IL-6) and potentially the immune 

setpoint (Arg1/iNOS ratio). This observation was accompanied by a decrease in 
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microglial immunoreactivity in both the medulla and hippocampus indicating that the 

results mentioned in Klein et al. 50 was due to allergen exposure and not adjuvant 

priming 18.  

In the current studies we utilize Alternaria extract, a fungus known to be highly 

prevalent in arid climates, which causes robust Th2 polarized immune 

response18,51,100,133. What makes Alternaria pernicious is it’s high prevalence in indoor 

and outdoor environments96,97 and its ability to induce and exacerbate ongoing 

inflammatory conditions, such as asthma99,134.  The robust inflammation has been 

shown to be driven by the proinflammatory mechanism NFκB, which translocate to the 

nucleus when released from IkB via activation of IKK complex. This leads to the release 

of proinflammatory cytokine and chemokines (e.g. IL-33, IL-1β, MMP9 and MCPT-1)134.  

This proinflammatory process does appear to be dependent on IL-33 and CARMA3 134–

136 which has also been shown to mediate the infiltration of different cell types. Partly 

what drives these reactions is the protease activity that is inherent to Alternaria137 

which drives IL-33 expression and potentiates various sensory signaling pathways (i.e. 

pain stimuli) via activation of protease activating receptor (PAR) 2 though serine 

residues138. However, PAR2 KO mice do not show difference in cytokine responses 

indicating that aspects of inflammation are mediated by different, yet converging, 

pathways139. Never-the-less, Alternaria, along with other allergens like house-dust-mites 

and cockroach allergens, has been shown to act through PAR2 to initiate allergic 

inflammation in the lungs137,138 possibly through activation of β-arrestin-2 pathway 



86 

which increases leukocyte infiltration in the lungs140. The signaling leads to the 

activation of the early growth factor (Egr)-1 gene leading to increased growth factor 

responses141.  

Neuroinflammation arising from systemic inflammation is thought to be 

mediated by various mechanisms28. A couple prominent pathways in inhalation 

inflammation studies include interactions with olfactory sensory nerves29, in which 

environmental stimulants or immune activating substances can lead to changes in 

olfactory bulb synaptic protein level30,62,142,143. I therefore collected olfactory bulb (OB) 

from mice to analyze the potential changes in inflammatory status in response to 

Alternaria exposure. Another common pathway is via vagal nerve144 which terminates in 

the medullary nuclei known as the nucleus tractus solitaire (NTS)145,146 and receives 

sensory afferents from the lungs. This region is also know to how the efferent drivers of 

breathing147. To determine if this sensory input induces changes to this nuclei, I isolated 

the medulla starting from the 4th ventricle and the start of the spinal cord from the right 

hemisphere of the CNS (-5.5 to -6.5 mm past bregma on a sagittal plane). Part of that 

sensory feedback with Alternaria induced inflammation is through PAR2 activation 

which is known to both potentiate painful stimuli from TRPA1 channels in the 

lungs148,149, and is sufficient in itself to induce the transition into chronic pain 

disorders150. A pontine nuclei that is known to convey painful stimuli to higher brain 

structures is the parabrachial nucleus (PBN)151,152. Therefore, In the same mice I also 

dissected the brainstem (BS) which consisted of the medullary region mentioned before 
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and the pontine region. Also, since male and females are known to have different 

responses to inflammation, both peripherally and centrally, I will analyze both sexes in 

parallel to determine neuroimmune response in each sex, respectively.    
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Results 

Continuous exposure to Alternaria extract causes robust lung inflammation 

For this experiment I utilized an environmental mouse chamber that can inject a 

continuous and stable suspension of aerosolized particulates (Figure 4.1). This chamber is 

detailed in Chapter 2 but will be summarized here. The production of the aerosol was described 

in Peng et al. 2018. In brief, filtered air is used to automize a liquid suspension of Alternaria 

before it is dried and passed along to the chamber. The particulates are evenly dispersed across 

the chamber which is kept under a blackout covering and maintained on a 12:12 hr light cycle 

using LED lights located at the top of the chamber. At the bottom of the chamber, there are 

small exit ports that allow for real time sampling of the aerosol for metrics such as particulate 

size (Scanning Mobility Particle Sizer, SMPS; Laser Aerosol Particle Sizer, LAPS) and distribution 

(Condensation Particle Counter, CPC).  

In our initial experiments Dr. Tara Nordgren, in collaboration with Dr. Lo, performed 

bronchoalveolar lavage (BAL) washes with saline following 96hr of continuous exposure to 

Alternaria particulates. With the BAL fluid they counted and centrifuged the number of cells 

onto a glass slide and labeled them differentiating stains (Diff-Quick stain) and counted based on 

physical characteristics to determine the cell populations present in the lungs. I was shown that 

inhaled Alternaria, and not intranasal administration, leads to a significant increase in the 

number of infiltrating immune cells and resident alveolar macrophages (Figure 4.2A-B). It was 

also shown that inhaled Alternaria leads to an increase in the presence of other immune cells 

such as neutrophils and eosinophils (Figure 4.2C) which are suggestive of an allergic 

inflammatory state.  
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Our colleagues in Dr. Lo’s lab have also recently published an article characterizing the 

inflammatory response in the lungs resulting from 7d exposure51. Here they demonstrated that 

the lung inflammation resulting from Alternaria extract is typical of an allergic inflammation; 

increased abundance of eosinophils, T-lymphocytes, and a robust neutrophil response. They also 

remark on the significant upregulation of many proinflammatory and immunomodulatory genes 

in the lungs of mice exposed. This paper nicely summates the extent of peripheral inflammation 

in our 7d exposure model.   

Inhalation of Alternaria for 96hr induces a decrease in inflammatory genes in the 
medulla 

 Given the robust lung inflammation resulting from 96hr continuous exposure to 

Alternaria, it was hypothesized that the CNS would exhibit an increase in neuroinflammatory 

genes. We therefore assayed the expression of gene previously implicated in systemic and 

emission particulate-induced immune response: Arginase 1, iNOS, NOX2, TNFα, and IL-6 (Figures 

4.3 and 4.4). Initial experiments assaying the entirety of the CNS without the medulla detected 

no significant difference in the expression of these genes from cDNA prepared samples (Figure 

4.3). It was then asserted that the modulation of neuroimmune state may be for focal in its 

localization. So, the medulla, a brain region known to house both efferent and afferent 

connections from the lungs147,153, from the same mice were assayed for the same panel of genes 

previously listed.  Surprisingly, Alternaria exposure was sufficient in causing a significant 

decrease in the expression of multiple proinflammatory markers. Both Arginase 1 (Figure 4.4A; 

t=3.434, df=20) and iNOS levels (Figure 4.4B; t=2.293, df=20) were both significantly decreased 

thought the ratio between them unchanged. This is important because Arginase-1 and iNOS 

both compete for the same substrate, arginine, to be utilized towards either tissue 
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recovery/remodeling vs. pathogen defense production of reactive nitrogen species, respectively. 

Our result indicated a potential shift in immune setpoint, and not a shift in overall polarity. 

NADPH oxidase (gp91-phox subunit; NOX2), TNFα, and IL-6 are all classic proinflammatory 

molecules described in Chapter 1. While there were no differences in NOX2 or IL-6 expression, 

we did note a significant decrease in TNFα in Alternaria exposed mice (Figure 4.4E, t=2.090, 

df=20) further indicating a downregulation of immune setpoint.  

Inhaled Alternaria decrease Iba1 and not GFAP immunoreactivity  

As mentioned in Chapter 1, microglia are the resident immune cell type in the CNS and 

can act as the brains “bio-sensors” towards endogenous or exogenous insults. Iba1 is expressed 

by microglia, while glial fibrillary acidic protein (GFAP) is expressed by astrocytic cells. We 

analyzed Iba1 and GFAP immunofluorescence in the stratum radiatum of the CA1 region in the 

hippocampus and the dorsal medulla of mice exposed to Alternaria for 96hr continuously. The 

general characteristic stellate morphology is still observed across all samples (Figure 4.5A-D), 

however, the quantified immunofluorescence of Iba1 per image was significantly reduced 

significantly in both brain regions (Figure 4.5E, G) while GFAP immunolabeling did not (Figure 

4.5F, H).  

Female mice exhibit a transient and chronic response to Alternaria exposure in multiple 
brain regions 

To further characterize the CNS response towards continuous exposure to Alternaria 

exposure, we exposed adult male and female mice continuously for various durations and then 

dissected out olfactory bulb (OB), medulla from right hemispheres (MD), and full brainstem 

from the left (MD and pontine region; BS). These time points were selected based on previous 

data showing decreased immune response at 96hr (5d time point), the shift from innate to 
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adaptive immunity (7d), and long-term effects given a more mature allergic inflammatory 

response (28d). RNA isolated from the brain structures then assayed using Nanostring’s 

Neuropathology panel, which assays 780 genes associated with neuropathological pathways. 

The gene counts are the result of direct counting of oligo-probes labeling mRNA transcripts that 

are then normalized to specific housekeeping genes, listed in Table 1.1. Pathway scores and 

differential expression analysis were generated using Nanostring’s Advanced Analysis software. 

Figure 4.6 – 4.10 summarize this data for each sex and each brain region. To better categorize 

the pathways into groups that described whether there was a significant shift from 5d – 7d 

exposure (Dynamic; green), 0d – 28d (Chronic; blue), or both (Dynamic/Chronic; red).  

Overall, adult females show a dynamic and long-lasting shift in gene expression that 

seems to change depending on the duration of exposure and brain region involved (Figure 4.6 

and 4.7). In the BS tissue, though no significant changes in individual gene expression was 

observed, conceivably due to the lack of statistical power and high variation in control samples, 

we did see modulations in entire pathways which is summarized in Figure 4.6A. Figure 4.6B 

shows all the Dynamically modulated pathways, those with significant differences between 5d – 

7d, which are mainly comprised of plasticity and aging pathways (e.g. Apoptosis and Chromatin 

Remodeling), neuron-glial communication (Trophic Factors), Transmitter response and reuptake, 

and unfolded protein response (metabolic). Long-term changes are seen in pathways associated 

with Matrix remodeling, indicating a possible downregulation in this inflammatory pathway. 

More impressive, was the number of both Dynamically and Chronically affected pathways 

(Figure. 4.6D) which shows most neuropathology pathways. From this data we can conclude 

that neuroinflammation are affected chronically, since each neuroinflammatory pathway 
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(Activated Microglia, Cytokines, and Matrix Remodeling) were all significantly different when 

comparing 0d – 28d. This is concurrent with similar modulations in metabolic pathways 

(Autophagy, Carbohydrate and Lipid Metabolism, and Oxidative Stress), neurotransmitter 

pathways (Vesicle Trafficking and Transmitter Release), tissue integrity (Axon/Dendrite 

Structure, Neural Connectivity, and Neural Cytoskeleton), and Disease Association. 

Interestingly, when we assayed the MD from females, we saw no changes in individual 

gene expression nor pathways. However, we did see that in OB samples that few pathways were 

Dynamically affected by Alternaria exposure which included those associated with plasticity and 

aging (Apoptosis and Growth Factor Signaling), metabolism (Lipid Metabolism and Oxidative 

Stress), and neurotransmission (Transmitter Synthesis and Storage, and Vesicle Trafficking; 

Figure 4.7B). It was also noted that 2 genes, Erg1 and Fos (adjusted p-value = 0.00357 and 

0.0107, respectively; both associated with Growth Factor Signaling), were significantly 

upregulated only at 7d exposure (Figure 4.7C-D). The data shown in Figures 4.7C-D were 

generated from normalized counts in GraphPad Prism to highlight the time course of gene 

expression. The significance was determined using the DE analysis in the nSolver Advanced 

Analysis feature which utilizes the Benjamini-Hochberg correction for multiple comparisons.  

Male mice exhibit mainly a transient response to Alternaria exposure in multiple brain 
regions 

 Male mice tended to exhibit transient responses, with few pathways showing long-term 

changes. BS tissue samples (Figure 4.8) exhibited the most significantly modulated pathways, 

though these changes were largely transient. The pathways categorized as Dynamic (Figure 

4.8B) included most of the inflammatory pathways (Activated Microglia and Cytokines), 

neuroplasticity and aging pathways, (Angiogenesis, Apoptosis, and Growth Factors), tissue 
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integrity (Axon/Dendrite Structure, Chromatin Remodeling, and Tissue Integrity), Trophic 

Factors, Transmitter Release, and Disease Association. Chronically affected pathways (Figure 

4.8C) only included Myelination and Unfolded Protein Response pathways, which demonstrated 

a down regulation relative to naïve controls. In pathways that were both Dynamically and 

Chronically affected (Figure 4.8D) included mainly metabolic pathways (Carbohydrate 

Metabolism and Oxidative Stress) and Matrix Remodeling pathways, which seem to be 

downregulated in male mice long-term like female mice.  

 Interestingly, male MD did show some modulations in pathway scores, though no 

individual gene expression changes (Figure 4.9). Most of these pathways are categorized at 

Dynamic (Figure 4.9B) and include Growth Factor Signaling, Neural Connectivity, and Trophic 

Factors. Lipid Metabolism was categorized as Chronic and was relatively upregulated (Figure 

4.9C).  

 The OB tissue also had most pathways categorized as Dynamic, but also showed Chronic 

pathways and significantly and a single downregulated gene throughout exposure (Figure 4.10). 

The Dynamic pathways (Figure 4.10B) include those associated with neuroplasticity/aging 

(Angiogenesis and Apoptosis), Myelination, Neural Cytoskeleton, and Vesicle Trafficking. Chronic 

pathways included Autophagy and Transcription/Splicing pathways, which were significantly, 

though mildly, up- and downregulated, respectively. Surprisingly, the single gene that was 

downregulated throughout the exposures was Cldn15 (p = 5.91e-5). Claudins are tight junction 

proteins that are known to mediate permeability through a cell layer. What’s interesting is that 

most literature regarding Cldn-15 is associated with intestinal permeability154,155 though it is 
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expressed in the CNS. It’s main role is as a paracellular pore-forming claudin that passes small 

ions at low levels156.   

Male olfactory bulb shows indications of microglial activation following 7d exposure to 
Alternaria 

 To determine if the gene expression changes in the olfactory bulb were concurrent with 

changes in microglia in this same region, we assay the lateral edge of the olfactory bulb in male 

and female mice. We focused on the glomeruli since these are where the olfactory sensory 

neurons make their first synaptic connection to the bulb. Inflammation in the nasal mucosa, the 

region of the nasal cavity in which the olfactory sensory neurons reside, can cause death of OMP 

(olfactory marker protein; in mature olfactory sensory neurons) and GAP43 (growth associated 

protein 43; found in newborn olfactory sensory neurons). This led to microglial activation in this 

same region, and loss of vGlut2 in glomeruli specifically30. In Dr. Klein’s 2018 publication, they 

exposed female mice to grass pollen and found an increase in the microglia as a result50. It was 

hypothesized that since female mice exhibited an increase in Fos and Erg1, that we would see 

indication of cellular activity and possibly mobility (increased cell number). However, in females, 

we saw no change in glomeruli microglia in number, mean fluorescent intensity, or percent of 

activated microglia (Figure 4.11C-D, E-F). However, in males we saw a significant and consistent 

decrease in Cldn15, a tight junction protein that maintains barrier integrity and permeability. 

Base on this it was hypothesized that males would either show the same results or worse, since 

loss of barrier function indicates robust inflammation155. To our amazement, male mice did not 

show any changes in cell number or MFI, but they did have a significantly higher percentage of 

activated microglia when compared to naïve controls. This indicates that the microglia are 
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responding to the Alternaria and agrees with Dr. Klein’s work, since she specifically looked at 

CD68/MHCII positive microglia which indicated that they were actively phagocytic.  

CA1 hippocampal microglia change in complexity in response to Alternaria exposure 

 Given the peak response at the 7d time point, we next wanted to test whether this 

correlated with a difference in microglial cell morphology in the stratum radiatum within the 

CA1 region of the hippocampus. In our previous publication we, we found that IBA1-1 positive 

microglia had a decreased MFI. In the Klein et al. paper, they described a similar effect in the 

number of microglia within this same brain region. And in more recently publication by Dr. 

Saitoh et al. they demonstrated that postnatal allergic inflammation, which was established at 

p3, showed a decreased morphological complexity as measured by Sholl analysis. We therefore 

wanted to know if the peak response in our model, the 7d exposure, would correlate with a 

similar change in microglia morphology; that is an increased complexity. We initially imaged 

microglia at 63X magnification to obtain z-stack confocal images. These images were then taken 

into Neurolucida software, where the cell body and processes were traced. An example of a 

traced microglia can be seen in Figure. 4.11A. Next, the built in Sholl analysis feature was used 

to obtain quantification of both Intersections (Figure 4.11D-E) and Nodes (, or bifurcations in a 

process. The data was brought into R studio where it was initially transformed using a 

logarithmic transformation to induce a more normally distributed dataset (Figure. 4.11B-C). The 

log value was used when analyzing the data with a linear mixed effects model. This allowed us 

to analyze the data given the fact that we are resampling from the same animal (Cell.Number) 

multiple times. This is used to as our random effects factor for this reason. We found that our 

peak, 7d exposure paradigm was able to induce a sex specific effect in the number of nodes 
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close to the soma specifically in females. Surprisingly, we did not see any changes in the number 

of intersections in male or female mice. Though, males did show a slight increased between radii 

25µm and 40µm. We did have statistically significant decrease at a single radii (20µm; p = 

0.03239). However, this was not consistent across the remaining radii. In females however, 

there was a significant of increase in the number of nodes close to the microglia soma (10µm, 

15µm, 20µm; p = 0.018122, 0.17.017, 0.035694, respectively). More animals for each group are 

needed.    
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Discussion 

 In summary the use of Alternaria particulates in our environmental chamber allows for 

robust allergic inflammation. The use of our chamber was initially described and Peng et al.18 

where we showed that following only 96 hours of continuous exposure was sufficient to induce 

and increase and the influx of cells into the lungs as well as an increase and alveolar 

macrophages and a trending increase and neutrophil and eosinophils in the lungs. Later work by 

our colleagues in the Dr. David Lo laboratory demonstrated that seven days of continuous 

exposure induces a significant increase in the neutrophil, eosinophil, and T-cell lymphocytes in 

the lungs. Interestingly the number of B cell positive cells and lung digest was significantly 

decreased and Alternaria groups. Also shown in this publication is gene expression data 

analyzed using Nanostring technology, which shows a significant increase in multiple cytokines 

and chemokines from lung tissue, two of which were IL-1β and IL-33. In Snelgrove et al.134 they 

established that following acute intranasal exposure to Alternaria extract induces an immediate 

upregulation of IL-33 and IL-1β protein in lung epithelial tissue, and an increase in the number of 

adaptive immune cells present in lung BALF (e.g. neutrophils, eosinophils, alveolar 

macrophages). The increased immune cell infiltration is partly IL-33 dependent, since mice 

lacking the binding receptor to IL-33 (ST2-/-) show reduced cell infiltration, and serine protease 

dependent since preincubation of Alternaria with a serine protease inhibitor prevented IL-33 

and subsequent inflammatory signaling. Other groups have confirmed this pathway by using 

CARMA3 conditional KO mice, which have been shown to modulate IL-33 release and 

subsequent immune signaling135,136.  
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 The protease activity of allergens is often what is lacking when using pseudo-allergens 

such as ovalbumin, which gives our experimental approach a unique perspective. Alternaria has 

been shown to activate the GPCR PAR2 via it’s serine protease activity, however, there appears 

to be come confusion over whether this interaction has any effects on the allergic immune 

response that occurs in the lungs138,139. Regardless of whether PAR2 is solely responsible for 

Alternaria induced lung inflammation or just additive, it does present a potential mechanism 

that can drive peripheral inflammation. Work from colleagues at UC Riverside has demonstrated 

that Alternaria-induced activation of PAR2 leads to β-arrestin-2 signaling140. A pitfall in our 

experimental approach was the inability to analyze the olfactory mucosa in response to 

Alternaria induced inflammation. However, other reports have shown that indeed, the mucosal 

region of the nasal cavity exhibits robust inflammation in response to Alternaria. Alternaria has 

been shown to cause significant reductions in tight junction proteins such as occludin, ZO-1, and 

claudin-1 in human derived epithelial cells157. Interestingly, other studies showed that the 

inflammation from Alternaria exposure led to increased lethality of influenza A intra-nasal 

inoculation. Heat-inactivation of the protease activity in Alternaria extract significantly affected 

survivability, increased leukocyte infiltration magnitude, and depleted alveolar macrophage 

numbers43,158.  

 Overall, the exposure paradigm utilized in these experiments can induce a strong Th2-

mediated allergic inflammation response. The peripheral inflammation is specific to airway 

related organs such as the upper (nasal cavity) and lower (lungs) airways. This allowed us to ask 

the question of whether the inflammation from Alternaria exposure is globally affected or brain 

regions specific.  
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 Previous work in allergic inflammation and CNS responses has shown that mature Th2 

allergic inflammation is capable of affecting neuroinflammatory and microglial phenotype. In 

her 2016 publication, Dr. Klein and colleagues induced a polarized Th2 mediated immune 

response in females C57BL/6 mice by IP injection of adjuvant (Al(OH)3) and Phl p 5.0101 timothy 

grass pollen in the weeks preceding. Following intranasal challenge with the same allergen, the 

group found that hippocampal microglia were decreased in both overall number MHC-II 

immuno-reactivity, which would indicate phagocytic capability50. Interestingly, the olfactory 

bulb showed the opposite effect; increased microglia cell numbers, MHC-II and CD-68 immuno-

reactivity. Our own group has also demonstrated a similar change in microglia immune reactivity 

following only 96hr of continuous exposure to Alternaria fungal extract. We demonstrated in 

this publication that inflammatory genes in the medulla, and not the rest of the brain without 

medulla, exhibited a significant decrease in neuroinflammatory genes TNF-α and iNOS along 

with the anti-inflammatory gene Arginase 1. The decrease in both iNOS and Arginase 1 indicate 

not shift towards immune polarity, but potentially a change in baseline response to insults. In 

the same study it was shown that in the CA1 region of the hippocampus and in the dorsal 

medulla, there was a significant decrease specifically in IBA1 positive cells. This would mean that 

the findings documented in Klein et al. are established earlier in the immune response towards 

allergens than previously thought, since our experiments did not include any immune priming or 

use of adjuvants. It could also be due to the perverse nature of Alternaria inflammation, since it 

has been shown to act as a natural adjuvant towards other allergens such as rye-grass159. A 

more recently publication utilizing ovalbumin (OVA) and Al(OH)3 to sensitize mixed sex mice 

starting at p3-p11 followed by weekly intranasal administration, showed similar effects in 

microglial IBA1 immunoreactivity in the hippocampus (both CA1 and dentate gyrus) in both p30 
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and p70 adult mice160. The changes in immunoreactivity were concurrent with changes in 

microglial morphology (measured using Sholl analysis), phagocytic capability (CD-68 positive 

microglia), and an increase in multiple excitatory synaptic markers. This indicates a few things. 

One, allergic inflammation may be causing a stereotyped “allergic-brain-response” which 

includes a change in neuroinflammatory state and microglia that leads to alterations in neuronal 

and synaptic populations. Two, these effects are regionally restricted, so global effects may be 

subtle if even measurable. And third, there is still no distinction between male and female 

responses, which is important to fully understand how peripheral allergic inflammation is 

affecting the CNS. 

 To further understand how our exposure paradigm affects the CNS, both male and 

female C57BL/6J mice were exposed to Alternaria extract for either 0d (naïve controls), 5d (peak 

innate immune response), 7d (beginning of adaptive immune response), and 28d (long-term, 

mature inflammation). Following exposures, the brains were removed, and various gross-

anatomical brain regions were isolated (olfactory bulb (OB), medulla (MD; right hemisection), 

and the medulla plus the pons (BS; left hemisection). Interestingly, even though Alternaria 

induced robust peripheral inflammation the resulting changes in gene expression, as measured 

by Nanostring nCounter technology, were subtle and mainly affected pathways as a whole and 

rarely individual genes. Partly, this is due to the variance observed in naïve samples, indicating 

inter-individual variance in homeostatic states. Upon exposure to aerosolized Alternaria at all 

time-points, the variance was greatly reduced possibly indicating a stereotyped response. 

Female BS tissue exhibited a dynamic and long-lasting change in pathways associated with 

neuropathology. This means that female mice may be better able to modulate its gene 
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expression response in response to peripheral allergic inflammation. Also, it should be noted, 

that the initial downregulation is gene expression noted in our 2018 publication, is also captured 

in our pathway analysis. What’s more interesting, is the peak response occurring at 7d, around 

the time of lymphocyte intervention, followed by another downregulation in pathways like that 

shown in literature. This gives us a better understanding of the kinetic response to allergic 

inflammation and validates the current understanding of neuroimmune responses to allergens. 

The MD, the lungs afferent projection site, was surprisingly silent in response to Alternaria. 

Given the increase response to Alternaria in the BS samples it is hypothesized that pontine 

regions are driving the changes in pathway. In the OB tissue was more transient in its response 

with the 7d timepoint was still being the peak. Most of the pathways are associated with 

plasticity and aging, metabolism, and neurotransmitter processing. Additionally, there is a 

significant increase in two genes: early growth response (Erg) 1 and FBJ osteosarcoma oncogene 

(Fos). First, Fos is a commonly used early response gene that is used as a proxy for cellular 

activity145. Erg1 is associated with cellular motility and proliferation, and has been shown to be 

driven by β-arrestin signaling141. This could indicate that the inflammatory response at the 

mucosal region involves interactions with PAR2 receptors in the nasal cavity leading to gene 

expression changes in the OB in the form of proliferative or motility type cellular activity.  

 Male BS were not affected by Alternaria exposure in the long-term as much as in female 

mice. Most of the pathways were transiently affected by Alternaria exposure. These pathways 

were a mixture of inflammatory, neuroplastic, metabolic and neurotransmitter associated 

pathways. Surprisingly, a majority of the chronically affected pathways are associated with 

metabolism. This presents a similar, yet sex specific response to allergen exposure. This is the 
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first study to date to analyze male and female mice in parallel and our results indicate that sex 

should be considered when considering neuroinflammatory outcomes. The MD in males did 

show responsiveness towards Alternaria, though this was mainly transient. The only long-term 

effect was in lipid metabolism, which was elevated at 28d. Given the tissues rich source of 

myelin, this could indicate increased regulation. However, the MD was also the more variable in 

its control samples, so this could be indicative of vagal afferent signaling inducing persistent 

pressure on gene expression. The OB showed similar, mainly transient, regulation of pathways. 

These included pathways associated with plasticity and aging and other integrity and 

neurotransmitter associated pathways. Only autophagy and transcription and splicing, both 

associated with metabolism, are modulated chronically in upward and downward directions, 

respectively. This could be a response to the significant decrease in Cldn15 throughout the 

exposure. Cldn15 codes for a tight-junction protein that mediates tissue barrier permeability. 

The fact that Alternaria induced a consistent decrease in Cldn15 gene expression could indicate 

an increase in the permeability and thus susceptibility of male OB to Alternaria exposure43,158.  

To determine whether the OB of males or females were indeed showing increased 

susceptibility to Alternaria extract, we analyzed glomeruli microglia from 7d exposed mice. In Dr. 

Klein’s 2018 publication, they exposed female mice to grass pollen and found an increase in the 

microglia as a result50. It was hypothesized that since female mice exhibited an increase in Fos 

and Erg1, that we would see indication of cellular activity and possibly mobility (increased cell 

number). However, in females, we saw no change in glomeruli microglia in number, mean 

fluorescent intensity, or percent of activated microglia (Figure 4.11C-D, E-F). However, in males 

we saw a significant and consistent decrease in Cldn15, a tight junction protein that maintains 
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barrier integrity and permeability. Base on this it was hypothesized that males would either 

show the same results or worse, since loss of barrier function indicates robust inflammation155. 

To our amazement, male mice did not show any changes in cell number or MFI, but they did 

have a significantly higher percentage of activated microglia when compared to naïve controls. 

This indicates that the microglia are responding to the Alternaria. This in some ways agrees Dr. 

Klein’s work, since she specifically looked at CD68/MHCII positive microglia which indicated that 

they were actively phagocytic. 

 Previous data from our lab and others50,160 have shown that microglia respond to allergic 

inflammation by exhibiting a decreased immunofluorescence in hippocampal and medullary 

brain regions. In Saito et al. they also measured microglial complexity using Sholl analysis, which 

applies concentric circles centered around microglial cell bodies to determine the number of 

process intersections and nodes that the processes of these cells use to sense their surrounding 

environment. To determine whether microglial are responding to Alternaria exposure during 

peak response times (7d duration) we analyzed microglia in the CA1 region of the hippocampus 

in adult male and female mice. Microglia were imaged in z-stacked images at 63X magnification, 

and then retraced in Neurolucida’s 3D environment, which allowed for more accurate 

representations of microglial process complexity since we could rotate our cells in 3 dimensions 

to verify the origin all processes captured during imaging. The data from these measurements 

were then analyzed in R studio where a utilized a Linear Mixed Effects Model in to control for 

the repeated sampling from the same animal (SampleID) and across radii (Radius.um.). This code 

was adapted from Dr. Wilson et al.161 and converted to R by Dr. Adrian Zucco to be used in R. 

The data was brought into R studio where it was initially transformed using a logarithmic 
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transformation to induce a more normally distributed dataset (Figure. 4.11B-C). The log value 

was used when analyzing the data with a linear mixed effects model. This allowed us to analyze 

the data given the fact that we are resampling from the same animal (Cell.Number) multiple 

times. This is used to as our random effects factor for this reason. In our 2018 publication we 

demonstrated that microglia in the brainstem and the hippocampus behave in similar ways to 

Alternaria expression. I then demonstrated that gene expression within the brainstem fluctuates 

throughout the immune response to Alternaria, initially decreasing at 5d exposure, then 

increasing at 7d, and settling normally somewhere in between. Based on these results it was 

hypothesized that microglia would exhibit an increased cellular complexity at 7d exposure since 

it is our peak response in all brain regions. We found that males and females again, have a very 

different response to Alternaria exposure. While microglia within the CA1 region of the 

hippocampus in males are mainly unaffected by Alternaria, females exhibit a significant increase 

in the number of nodes within the first 15 microns of the cell body. A recent publication by Dr. 

Saitoh et al. showed that postnatal female mice with a strong Th2 allergic response toward OVA 

at exhibited a decreased cellular complexity as measured by Sholl analysis in adulthood. This 

could indicate that we are capturing a transience increase in cellular complexity, an observation 

that is in part supported by our gene expression analysis. However, given the insufficient sample 

size of our current dataset, more animals for each group are needed before making any final 

conclusions.     

 Based on the data presented allergic inflammation has both brain region and sex 

dependent effects. Our initial analysis indicated to use that the decreased in neuroimmune 

molecules discussed by us and others was potentially a result of innate immune signaling, since 
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at 5d we see decreased gene expression via our pathway analysis. We also demonstrated that in 

the hippocampus, microglia seem to have a direct correlation to the neuroimmune kinetics 

observed in the brainstem, a finding we noted in our initial experiments. However, this was only 

observed in female mice, which is the same sex used in the previous discussed publications by 

other labs50,160. What was more surprising, was the significant change in gene expression of OB 

genes that were associated with Alternaria inflammation pathways in females (Erg1 and Fos) 

and barrier dysfunction in males (Cldn15) at our 7d time point. This was concurrent with no 

change glomeruli associated microglia in female mice but did cause an increase in the percent of 

activated microglia in males. Overall, allergic inflammation from Alternaria causes context 

dependent changes in neuroimmune state.  
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Figure and Legends 

Figure 4. 1. Environmental chamber design.   

Schematic of the overall design of the exposure chamber for mouse studies. (1) The aerosol is 

generated by passing inlet air through multiple filters, including a HEPA filter before it feeds into 

a sealed liquid suspension of Alternaria extract mixed is dH2O. This is then atomized and 

dehydrated before passing into the chamber. (2) The exposure chamber is equipped with a LED 

light, with installed timer, aluminum sheets to allow for particulate dispersion, and a blackout 

sheet that covers it while mice are being exposed. (3) During exposures, the engineering team 

monitors in real time various metrics of the particulates in the chamber to insure consistent 

dosing. HEPA = High Efficiency Particulate Air; SMPS = Scanning Mobility Particulate Sizer; CPC = 

Condensation Particle Counter; LAP = Laser Aerosol Particle Sizer.  

Figure was originally published in Peng X, Madany AM, Jang JC, et al. ASN Neuro. 

2018;10.doi:10.1177/1759091418782304  
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Figure 4. 2  Exposure to Alternaria particulate matter promotes lung inflammation.  

Bronchioalveolar lavage (BAL) of the lungs from mice exposed to Alternaria demonstrated an 

increase the in the cell number of: (a) total cell number, (b) alveolar macrophages, (c) and other 

types of immune cells such as neutrophils (Neut), eosinophils (Eos), and lymphocytes (Lymph). 

Data presented as mean ± SEM. Statistical differences were calculated by one-way ANOVA with 

post hoc Dunnett’s multiple comparison test using GraphPad Prism. *p < 0.05. 

Figure was originally published in Peng X, Madany AM, Jang JC, et al. ASN Neuro. 

2018;10.doi:10.1177/1759091418782304 
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Figure 4. 3. Neuroinflammatory gene expression from whole brain without medulla 

measured using qPCR of cDNA from 96hr aerosolized Alternaria particulates or ambient 

air.  

Data were from whole brains that had the medulla removed prior to RNA isolation. Data are 

presented as the mean ± SEM of three independent experiments with the total sample size of 

naïve n = 15 and chamber (Alternaria-exposed) n = 15. Statistical differences were calculated 

using an unpaired t test with GraphPad Prism. *p<0.05. iNOS = inducible nitric oxide synthase; 

NOX2  = NADPH oxidase; TNFα = tumor necrosis factor alpha; IL-6 = interleukin 6.  

Figure was originally published in Peng X, Madany AM, Jang JC, et al. ASN Neuro. 

2018;10.doi:10.1177/1759091418782304 
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Figure 4. 4. Neuroinflammatory gene expression from isolated medulla measured using 

qPCR of cDNA from 96hr aerosolized Alternaria particulates or ambient air.  

Data were from whole brains that had the medulla removed prior to RNA isolation. Data are 

presented as the mean ± SEM of three independent experiments with the total sample size of 

naïve n = 15 and chamber (Alternaria-exposed)n = 15. Statistical differences were calculated 

using an unpaired t test with GraphPad Prism. *p<0.05. iNOS = inducible nitric oxide synthase; 

NOX2  = NADPH oxidase; TNFα = tumor necrosis factor alpha; IL-6 = interleukin 6.  

Figure was originally published in Peng X, Madany AM, Jang JC, et al. ASN Neuro. 

2018;10.doi:10.1177/1759091418782304 
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Figure 4. 5. Immunofluorescent analysis of Iba1+ microglia and GFAP+ astrocytes in mice 

exposed to 96hr of aerosolized Alternaria-particulates.  

Glial immunofluorescence was analyzed in the dorsal medulla below the 4th ventricle (A and B) 

and the CA1 region of the hippocampus (C and D). Mice were either left in ambient air (A and C) 

or 96hr of Alternaria particulates (B and D).  Microglia are labeled with Iba1 (magenta), 

astrocytes with GFAP (green), and nuclei with DAPI (blue). Immunofluorescence was quantified 

using NIH Image J (E-H) and data are represented as mean ± SEM from a total sample size of n = 

6 (ambient air) and n = 6 (Alternaria-exposed). Statistical differences were calculated by unpair t 

test using GraphPad Prism, *p<0.05.   

Figure was originally published in Peng X, Madany AM, Jang JC, et al. ASN Neuro. 

2018;10.doi:10.1177/1759091418782304 
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Figure 4. 6. Pathway score analysis of adult female brainstem from mice indicates 

females have extensive changes in gene expression that are dynamic and long-lasting.  

Pathway scores were generated using Nanostring’s Advanced Analysis software. The merge of 

all path scores (A) indicates a mixture of responses. Dynamic pathways are those pathways 

showing statistical significance between 5d and 7d exposure (B) using a Welch’s t-test. 

Chronically modulated pathways were statically significant when comparing 00d and 28d (C), 

indicating only long-term effects in that pathway to Alternaria exposure. And, both 

Dynamic/Chronic pathways that demonstrated significance at both 5d/7d and 0d/28d (D). 

Significance was set to α<0.05. Values are represented as average pathway scores ± SEM; group 

size was n=3 per group.  
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Figure 4. 7. Pathway score analysis of adult female olfactory bulb of mice indicates the 

olfactory bulb is only transiently affected by Alternaria exposure.  

Pathway scores were generated using Nanostring’s Advanced Analysis software. The merge of 

all path scores (A) indicates only transient responses. Dynamic pathways are those pathways 

showing statistical significance between 5d and 7d exposure (B) using a Welch’s t-test. 

Significance was set to α<0.05. Values are represented as average pathway scores ± SEM; group 

size was n=3 per group.   
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Figure 4. 8. Pathway score analysis of adult brainstem from male mice indicates males 

have mainly transient responses to Alternaria with few affected long-term.  

Pathway scores were generated using Nanostring’s Advanced Analysis software. The merge of 

all path scores (A) indicates a mixture of responses, though most dynamically regulated. 

Dynamic pathways are those pathways showing statistical significance between 5d and 7d 

exposure (B) using a Welch’s t-test. Chronically modulated pathways were statically significant 

when comparing 00d and 28d (C), indicating only long-term effects in that pathway to Alternaria 

exposure. And, both Dynamic/Chronic pathways that demonstrated significance at both 5d/7d 

and 0d/28d (D). Significance was set to α<0.05. Values are represented as average pathway 

scores ± SEM; group size was n=3 per group.  
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Figure 4. 9. Pathway score analysis of adult male medulla in mice indicates males exhibit 

few pathways affected by Alternaria exposure.  

Pathway scores were generated using Nanostring’s Advanced Analysis software. The merge of 

all path scores (A) indicates a mixture of responses. Dynamic pathways are those pathways 

showing statistical significance between 5d and 7d exposure (B) using a Welch’s t-test. 

Chronically modulated pathways were statically significant when comparing 00d and 28d (C), 

indicating only long-term effects in that pathway to Alternaria exposure. Significance was set to 

α<0.05. Values are represented as average pathway scores ± SEM; group size was n=3 per 

group.  
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Figure 4. 10. Pathway score analysis of adult male olfactory bulb in mice indicates males 

exhibit mainly dynamic pathways affected by Alternaria exposure with few long-term 

changes.  

Pathway scores were generated using Nanostring’s Advanced Analysis software. The merge of 

all path scores (A) indicates a mixture of responses. Dynamic pathways are those pathways 

showing statistical significance between 5d and 7d exposure (B) using a Welch’s t-test. 

Chronically modulated pathways were statically significant when comparing 00d and 28d (C), 

indicating only long-term effects in that pathway to Alternaria exposure. Significance was set to 

α<0.05. Values are represented as average pathway scores ± SEM; group size was n=3 per 

group.  
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Figure 4. 11. Microglia in male mice have an increased soma volume in response to 7d 

continuous exposure to Alternaria.   

Microglia immunofluorescence was analyzed along the lateral edge of the olfactory bulb. Mice 

were either naïve (A and C) or were exposed to Alternaria particulates for 7d (B and D).  

Microglia are labeled with Iba1 (green), glomeruli with Tomato Lectin Biotinylated (red), and 

nuclei with DAPI (blue). Soma data was collected using Neurolucida (E-H) and data are 

represented as mean ± SEM from a total sample size of n = 3 (naïve groups) and n = 3 

(Alternaria-exposed groups). MFI data was collected using ImageJ software. Statistical 

differences were calculated by unpair t test using GraphPad Prism, *p<0.05.   
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Figure 4. 12. Female microglia from the CA1 region have a decreased Sholl profile  

Microglia from the CA1 region of the hippocampus were labeled with IBA-1 and imaged at 63X 

using z-stacked confocal imaging. (A) The cells were reconstructed in Neurolucida software in 

their 3D environment. The cells were then analyzed using the built in Sholl feature, and the data 

was then migrated to R studio for analysis. (B-C) The data was first log transformed, which 

shifted the data into a more normal distribution. Frequency distributions generated in R 

demonstrate the transformation in male mice using the Intersection metric. (D-G) To total 

number of Intersections (D-E) and Nodes (F-G) of the microglial processes were counted and 

graphed using R. Sholl data was collected are represented as mean ± SEM at each radii. Sample 

size (number of microglia): Female Vivarium n = 2 (41); Male Vivarium n = 3 (41); Female 

Alternaria n = 3 (68); Male Alternaria n = 2 (53). Statistical differences were calculated using a 

linear mixed effects model in R, *p<0.05.  
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Chapter 5 
 

 

 

Conclusions     
 

 This dissertation presents a broad analysis of the CNS response to peripheral 

inflammation and how sex, age, and brain region provide important context for this response. 

To date, most studies that are analyzing the neuroinflammatory response to peripheral 

inflammation tend to use only one sex, or an amalgamation both. In fact, the NIH has 

established a mandate that requires labs to consider both sexes when proposing experiments in 

as part of a larger effort to increase the rigor and reproducibility in biological research79. 

However, the current datasets create a large gap in our understanding of how each sex can cope 

with these types of perturbations. Therefore, we utilized two types of immune stimulants to 

understand how the CNS is affected. First, we used a well-known stimulator of systemic 

inflammation known as IP-LPS. This is where lipopolysaccharide, a component of gram-negative 

bacteria, is injected into the intraperitoneal cavity to induce a robust pro-inflammatory response 

in the periphery and CNS. Next, we used a whole-body exposure chamber established here on 

campus expose mice to aerosolized Alternaria extract continuously, for different durations 

based on the evolution of the immune response (e.g., 5d, 7d, and 28d exposure durations). 

Alternaria is a known fungal allergen that induces a robust allergic inflammatory response. The 
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goal of this dissertation was to partially describe the cellular and molecular differences between 

male and females following immune activation from one of these stimulants.      

I began by analyzing a robust proinflammatory neuroinflammatory response by 

collecting RNA from half-brains 24hr after an IP-LPS stimulus. The Neuropathology panel from 

Nanostring was used to assay many genes (760 genes of interest) without the need of 

amplification, generation of RNS libraries, or computational analysis that is necessary for 

techniques like qPCR or RNAseq. We focused on male and female mice from three age groups 

(p15, 3mo, and 24mo) which constitute the lifespan of a laboratory mouse. In our C57BL/6J WT 

mice we observed a typical pro-inflammatory response that had age and sex specific effects. 

Currently it’s understood that males and females have different immune proclivities that affect 

the outcomes of inflammatory perturbations123. Therefore, the finding that female mice gene 

expression differs from males in distinct ways was hypothesized, though the way in which they 

did differ was not expected. Young female mice had a rather robust modulation of their 

pathway scores in response to IP-LPS compared to males. This resulted in a baseline that 

exhibited sex differences starting at p15 and proceeding till 3mo. However, the LPS driven 

changes to gene expression were sex differences only in 3mo old mice. Whether this was due to 

sexual maturity at this age, or the amount of LPS stimulation in the pups caused a ceiling effect 

in terms of their ability to response is unclear. Further analysis would need to be conducted 

looking at hormone levels during and after stimulation in combination with varying levels of LPS 

amount. Another finding was that 24mo old mice no longer exhibit sex differences. This was 

often seen as male mice baseline levels at 3mo approaching female levels, which plateaued at 

3mo. This may be indicative of the active suppression of masculinizing gene expression in female 
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brains, but it is outside the scope of this work. What is clear though, is that males and female 

WT mice are different in their baseline and LPS stimulated gene expression response except for 

in old mice.  

Next we applied the same IP-LPS stimulation to mice of the same age groups, but this 

time the mice being used had the TREM2 receptor knocked out entirely from their genome78. 

TREM2 is an innate immune phagocytic receptor that is held at the cell surface because it lacks 

an internal signaling motif and is anchored by DNAX activation protein 12 (DAP12). It is also only 

found on cells of myeloid lineage, which in the case of the CNS means it is solely expressed by 

microglia. Loss of function that arises from TREM2 deficiency is associated with increased 

prevalence of Alzheimer’s pathology and frontal lobe dementia71,76. Its function in microglia is as 

a receptor for lipids from various sources (apoptotic neurons, synapses, APOE, amyloid beta). It 

is also important for chemotactic ability of microglia within the CNS, which prevents them from 

responding to perturbations in homeostasis114. It’s also associated with decreased efficiency of 

glucose metabolism which directly affects the CNS immune response103,113. And finally, it's been 

shown in our lab as well as others, that the TREM2 deficiency prohibits proper phagocytosis 

cellular components such as synapses74,77,162. However, as mentioned throughout this 

dissertation, the research into the potential differences between male and female mice is 

currently lacking.  

We found that TREM2 KO phenotype completely modulated the gene expression 

profiles relative to WT mice of both sexes. In females the PCA clustering was more like WT males 

in the striation of the age groups and clear LPS separation. TREM2 KO males also had a similar 

phenotype. What was most intriguing was that these mice no longer exhibited baseline sex 
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differences at p15 but had large sex differences at 3mo and 24mo. This means that gene 

expression that’s normally unique to male and female mice is partially maintained by proper 

microglia function. This concept is not new, since microglia have been shown in other 

publications to establish sex differences in mice82,163,164. What is exciting about this data is the 

clear sex differences in 24mo mice. This indicates that a lifetime without proper TREM2 signaling 

can cause sex specific changes to baseline gene expression phenotypes. Also, male mice at p15 

and 3mo and female mice at p15 show a robust inflammatory response, which has also been 

shown in the literature to occur in TREM2 KO mice. However, 3mo females do not have a typical 

increased immune response but rather a down-regulation. Whether this means female mice 

have a deficient immune response, or just a maladaptive gene expression response is a question 

that still needs to be answered. Overall, the LPS driven changes in gene expression were largely 

silenced in the TREM2 deficient mice, except for in p15 male mice. It WT they only exhibited a 

proinflammatory change in gene expression. With the TREM2 deficiency, they are more like WT 

p15 females in the robustness of their response. As mentioned before, this could indicate that 

microglia, through the TREM2 receptor, help to establish sex differences in these mice. But it 

leaves the questions as to which sex the TREM2 deficiency is most apparent. When comparing 

the clustering of groups in another PCA plot, this time comparing each TREM2 KO mouse to their 

WT counterparts, we found that female mice showed the most obvious genotype driven effects. 

Males, though clustered separately, were closely associated with each other.  

This means, that male and female mice have sex and age specific differences in baseline 

and stimulated gene expression profiles. Also, microglia seem to play an important role in both 

the stimulated and sex specific effects we observed. What’s more important, is that this dataset 
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allowed us to validate the use the Nanostring analysis format. By utilizing such a robust 

response that has been well documented in the literature, we were able to determine the best 

workflow required for processing RNA from tissues. It also gave us the confidence when going 

forward with our other studies looking at how allergic inflammation affects the response in 

respect to age and sex.      

 To determine if these sex differences are in neuroimmune response are consistent 

across stimulant types we next exposed our mice to an allergic inflammatory signal, which 

causes robust inflammation towards an otherwise inert substance. Allergens affect a large 

portion of the population (19.2 million adults and 7.1 million children according to the 

CDC). Our experiments started with analyzing the effects of Alternaria in adult tissue exposed 

for 96hr. From this we published our first paper in which we described both gene and 

immunofluorescent changes in two different brain regions, the hippocampus and the dorsal 

medulla18. For these initial experiments we used only male mice and describe a change in gene 

expression only in the medulla tissue and not in the whole brain. We also found that the robust 

lung inflammation did not cause inflammation sufficient to cause influx of peripheral 

macrophages into the CNS, a phenomenon that is observable when using a stimulant like LPS13. 

However, the 96hr exposure was sufficient to cause a down regulation in the 

immunofluorescent intensity of IBA-1 positive microglia, but not GFAP positive astrocytes. 

Around the same time as our publication, Dr. Barbara Klein showed in her publication using 

C57BL/6 females, that allergic inflammation from grass pollen (Phl p 5) was able to cause a 

significant decrease in the number of microglia in the hippocampus, and an increase in the 

olfactory bulb50. However, this publication used an extensive protocol to induce a strong, 
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polarized allergic airway response. The interesting finding of our publication, was that this was 

evident without the need for this type of protocol, indicating that the effects being measured in 

this pub may be established much earlier in the immune process. We followed up these 

experiments with a more extensive look at how sex may affect the outcomes of Alternaria 

exposure following various durations.  

 Male and female adult mice were expose for either 5d, 7d, or 28d. This was done to 

encapsulate the innate immune response (5d), beginning of the adaptive response (7d) and 

long-term (28d) effects of Alternaria inhalation. We utilized Nanostring panels, specifically the 

Neuropathology panel used in Chapter 3 to assay many genes instead of a select few, which was 

done in the initial publication with qPCR. Overall, we did not see any overt change in individual 

gene expression except for in the OB tissue, which will be discussed shortly. We then looked at 

the pathway scores for each group, which are generated using Nanostring Advanced Analysis 

feature. The pathways were then grouped based on their “responsiveness” towards Alternaria. 

The Dynamic group had a significant difference between 5d and 7d, the Chronic between 0d and 

28d, and the Dynamic/Chronic both. When observed this way, the BS samples exhibited the 

larger amount of change relative to naïve control mice with females having more long-term 

changes. We found that the pathway scores supported our original findings, where the innate 

immune response led to a decrease proinflammatory gene expression in both males and 

females. This was followed by a peak response at 7d, before settling somewhere in between the 

two timepoints, in terms of their pathway scores.  

Surprisingly, the MD had no responsivity in females and only few modulated pathways 

in males. The lack of response seen in the male MD was also the result seen in the OB, however, 
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there was also a sex specific increase in 3 genes. In females, these upregulated genes were Fos 

and Erg1 which are indicative of cellular avidity and motility, respectively. In males, the only 

gene that was significantly downregulated was Cldn15, which codes for a tight junction protein 

that’s important in barrier function. To determine whether these changes in gene expression 

amounted to any changes in the OB, we used 7d exposed male and female mice to measure 

microglial responsivity within glomeruli along the lateral edge of the OB. As mentioned in 

Chapter 4, Dr. Klein’s 2018 publication found an increase in the microglia in the OB of female 

mice following an extensive allergic inflammation protocol50. It was therefore hypothesized that 

female mice would exhibit an increase in cellular activity and/or mobility (increased cell 

number), while males would show a larger number of activated microglia. However, in females, 

we saw no change in glomeruli microglia in number, mean fluorescent intensity, or percent of 

activated microglia (Figure 4.11C-D, E-F). In males we do not show any changes in cell number or 

MFI, but there is a significantly higher percentage of activated microglia when compared to 

naïve controls. This indicates that the microglia are responding to the Alternaria. This in some 

ways agrees Dr. Klein’s work, since she specifically looked at CD68/MHCII positive microglia 

which indicated that they were actively phagocytic.  

As mentioned previously, the IBA-1 immunoreactivity following 96hr exposure to 

Alternaria was decreased. This seemed to match what was currently shown in the literature, 

though much earlier in the immune process. Since the 7d timepoint was shown to be the peak 

response time, we wanted to know how IBA-1 positive microglia would respond to Alternaria 

exposure. To do this, we constructed 3D renderings of microglia at high magnification using 

Neurolucida software. This allowed us to work in a 3D environment and verify each process as 
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being part of the same microglial cell, a limitation in binary analysis that is currently the norm. . 

A recent publication by Dr. Saitoh et al. showed that postnatal female mice with a strong Th2 

allergic response toward OVA at exhibited a decreased cellular complexity as measured by Sholl 

analysis in adulthood. This could indicate that we are capturing a transience increase in cellular 

complexity, an observation that is in part supported by our gene expression analysis. However, 

given the insufficient sample size of our current dataset, more animals for each group are 

needed before making any final conclusions.   

Taken together, the results summarized in this dissertation provides better appreciation 

for the complexity of neuroimmune responses to peripheral inflammation. Even the type of 

inflammation can have very different effects on the CNS. More importantly, these data 

demonstrate how sex can affect the outcomes of these responses at various ages and within 

different brain regions. As our knowledge within this field expands so should our considerations  

for more holistic experimental approaches.    
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