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ABSTRACT 

 
 

THE NEUROINFLAMMATORY NEXUS: GLIAL DYSFUNCTION IN THE PATHOGENESIS 

AND THERAPEUTIC TARGETING OF NEURODEGENERATIVE DISEASE AND 

NEURODEVELOPMENTAL DISORDERS 

 

Chronic neuroinflammation is increasingly recognized as a fundamental driver of both 

neurodegenerative and neurodevelopmental disorders, linking immune dysregulation, glial 

dysfunction, and disease progression. In neurodegenerative protein misfolding disorders 

(NPMDs), including Alzheimer’s disease, Parkinson’s disease, and prion diseases, sustained 

microglial and astrocytic activation exacerbates protein aggregation, synaptic dysfunction, and 

neuronal loss, accelerating cognitive decline. Similarly, in neurodevelopment, aberrant 

inflammatory signaling during critical windows of brain maturation impairs synaptic formation, 

alters neurotransmitter systems, and predisposes individuals to long-term cognitive and 

behavioral deficits. Despite distinct manifestations, both disease categories share a pathological 

feature: a maladaptive neuroimmune response disrupting neural homeostasis. While 

neuroinflammation is widely implicated in these disorders, defining its molecular mechanisms, 

identifying therapeutic targets, and understanding environmental contributions remain critical 

research needs. This dissertation begins to address these gaps by investigating 

neuroinflammation as both a therapeutic target in NPMDs and a mechanistic link between 

environmental exposures and neurodevelopmental disruption. 

The first investigation evaluates SB_NI_112, a novel brain-penetrant RNA-based 

therapeutic designed to selectively inhibit NF-κB and NLRP3 inflammasome pathways, key 

regulators of glial activation and chronic neuroinflammation. Pharmacokinetic and biodistribution 

studies in small- and large-animal models were first conducted to assess SB_NI_112’s CNS 
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penetration and safety. These studies confirmed robust brain bioavailability (~30%) and a 

favorable safety profile, supporting its viability for therapeutic application. Following these 

findings, SB_NI_112 was tested in a murine prion disease model, where treatment significantly 

reduced microglial and astrocytic activation in disease-relevant brain regions, preserved 

hippocampal neurons, and mitigated neurodegeneration. These neuroprotective effects 

corresponded with improved cognitive performance in novel object recognition tasks, indicating 

functional preservation despite ongoing prion pathology. Notably, SB_NI_112 treatment 

extended survival, reinforcing inflammasome inhibition as a viable therapeutic strategy for 

NPMDs. These findings provide strong proof-of-concept for targeting neuroinflammatory 

pathways to slow disease progression and preserve cognitive function in neurodegenerative 

protein misfolding disorders. 

The second investigation examines the role of environmental neurotoxicants in triggering 

neuroinflammation and impairing neurodevelopment. Using a juvenile mouse model, this study 

demonstrates that chronic low-dose manganese (Mn) exposure (50 mg/kg via drinking water) 

first alters gut microbiome composition, depleting the relative abundance of beneficial 

Lactobacillaceae, and increasing the relative abundance of pro-inflammatory 

Erysipelotrichaceae, contributing to gut-brain axis dysfunction. These microbial shifts coincide 

with significant gliosis in the enteric nervous system, suggesting early neuroimmune activation 

at the gut interface. This inflammatory response extends to the brain, where widespread 

microglial and astrocytic activation is observed alongside disruptions in neurotransmitter 

production and metabolism, including altered dopamine and serotonin homeostasis. 

Functionally, these neuroimmune and neurochemical disruptions correspond with changes in 

behavior, indicating impaired neural processing. The presence of inflammatory lesions in the 

intestinal lining further implicates gut inflammation as a mediator of Mn-induced 

neurodevelopmental deficits. These findings highlight the systemic impact of Mn exposure, 
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reinforcing the link between environmental toxins, neuroinflammation, and behavioral 

dysregulation. 

Together, these studies further support the growing body of evidence that 

neuroinflammation is a primary driver of neurological disease rather than a secondary 

consequence, reinforcing the need for targeted neuroimmune interventions. By examining 

shared inflammatory features across NPMDs and environmentally induced neurodevelopmental 

disruptions, this work provides additional insight into how glial dysfunction contributes to 

neurological pathology. These findings support the continued development of neuroimmune-

modulating therapeutics, emphasize early intervention, and highlight the importance of 

environmental risk mitigation. By bridging molecular, pharmacological, and environmental 

perspectives, this dissertation contributes to the broader understanding of neuroinflammation in 

disease progression, challenging traditional distinctions between neurological disorders and 

providing a foundation for future studies. The implications extend beyond basic science, offering 

translational potential for clinical intervention, public health strategies, and regulatory policies to 

reduce the burden of neuroinflammatory disease. 
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CHAPTER 1 – NEUROINFLAMMTION ACROSS THE LIFESPAN: LINKING PATHOLOGY OF 

NEURODEGENERATIVE AND NERUODEVELOPMENTAL DISORDERS 

 

The Emerging Role of Neuroinflammation in Neurological Disease 

Neurological disorders affect millions globally, with devastating impacts on individuals, 

families, and healthcare systems1. Among these conditions, neurodegenerative protein 

misfolding disorders (NPMDs) and neurodevelopmental disorders represent particularly 

challenging therapeutic targets, despite their distinct manifestations2, 3. This dissertation 

advances a central hypothesis: chronic neuroinflammation, driven by sustained glial activation 

and dysregulated immune signaling, represents a fundamental pathological mechanism that 

shapes neurological dysfunction across the lifespan. While these conditions manifest at distinct 

stages of life and present with different neurological impairments, they share common 

pathological mechanisms rooted in chronic glial dysfunction and aberrant immune responses4, 5. 

Microglia and astrocytes, as the principal supporting cells and immune regulators of the 

central nervous system (CNS), play essential roles in maintaining neural homeostasis, 

modulating synaptic function, and responding to injury6, 7. Under physiological conditions, these 

cells orchestrate a highly dynamic interplay, facilitating neuronal support and immune 

surveillance8. In neurodegenerative disorders, these cells respond to protein aggregation and 

cellular stress9, 10, while in neurodevelopmental contexts, they guide critical processes of circuit 

formation and refinement11, 12. However, when inflammatory responses become excessive or 

persist beyond their intended resolution, a maladaptive cycle emerges that exacerbates 

neuronal dysfunction and disease progression, regardless of the initial trigger13-15.  

Chronic neuroinflammation has emerged as one of the most important, yet historically 

underappreciated, factors in the pathogenesis of neurological disorders16, 17. While the role of 
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acute inflammatory responses in immune defense and tissue repair is well established, the 

consequences of prolonged, low-grade inflammation within the CNS have only recently become 

a major focus of research18, 19. This persistent inflammatory state represents a critical 

intersection between environmental factors, genetic susceptibility, and cellular stress 

responses20. Increasing evidence suggests that systemic inflammation—originating from 

peripheral immune activation, metabolic dysfunction, or environmental exposures—can 

penetrate the CNS and further drive neuroinflammatory cascades, compounding the 

pathological effects of resident glial dysfunction21-23.  

The temporal dynamics of neuroinflammation also play a crucial role in determining its 

impact on neural function and development5, 15, 24. In the context of neurodegenerative 

disorders, chronic inflammation appears to both initiate and perpetuate pathological processes, 

creating a self-reinforcing cycle of cellular damage and immune activation25, 26. Similarly, in 

neurodevelopmental disorders, early-life inflammatory events can disrupt critical periods of brain 

development, leading to lasting alterations in neural circuit formation and function27, 28. 

Understanding these temporal relationships is essential for developing targeted therapeutic 

interventions that can effectively modulate inflammatory responses at different stages of 

disease progression.   

 

Inflammatory Mechanisms in Neurodegenerative Protein Misfolding Disorders (NPMDs) 

In neurodegenerative protein misfolding disorders, the intersection of protein 

aggregation and chronic inflammation creates a particularly challenging therapeutic landscape29, 

30. While traditionally studied through the lens of protein accumulation, mounting evidence 

identifies chronic neuroinflammation as a primary driver of disease progression31, 32. Alzheimer's 

disease (AD), the most prevalent NPMD, exemplifies this complex pathology through the 

accumulation of amyloid-beta (Aβ) plaques and tau neurofibrillary tangles, accompanied by 
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persistent glial activation33. Central to this inflammatory response is the activation of microglia 

and astrocytes, which influence disease progression through both neuroprotective and 

neurotoxic mechanisms6, 34, 35. 

The inflammatory cascade in NPMDs is largely mediated by the NF-κB signaling 

pathway, which functions as a master regulator of inflammation36. Beyond its direct 

transcriptional activation of pro-inflammatory cytokines, NF-κB primes the NLRP3 

inflammasome, a cytosolic multiprotein complex that amplifies neuroinflammatory responses by 

facilitating the maturation and release of IL-1β and IL-1837. This activation leads to a cascade of 

events including pyroptotic cell death in microglia, impaired autophagic clearance of misfolded 

proteins, and sustained inflammatory signaling37. The combined activity of NF-κB and NLRP3 

creates a self-perpetuating cycle of neuroinflammation that accelerates disease progression38, 

39.  

Microglia in NPMDs transition from a homeostatic surveillance state to an activated 

phenotype characterized by altered morphology and function40, 41. In their surveillance state, 

microglia exhibit a ramified morphology with numerous fine processes that continuously monitor 

the extracellular environment42. Upon activation, these cells retract their processes and adopt 

an amoeboid morphology suited for phagocytosis and cytokine secretion42. While this response 

initially serves a protective function by attempting to clear pathological protein aggregates, 

chronic activation leads to a dysregulated state that contributes to disease progression2, 38, 39, 43, 

44. The sustained release of pro-inflammatory mediators such as TNF-α, IL-1β, and IL-6 creates 

an oxidative environment that compromises neuronal function and survival, while 

simultaneously impairing the ability of microglia to effectively clear protein aggregates45. 

Astrocytes undergo parallel changes in NPMDs, shifting from their normal supportive 

functions to a reactive state that further contributes to disease pathology26. Under physiological 

conditions, astrocytes maintain ion homeostasis, regulate neurotransmitter clearance, and 
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provide metabolic support to neurons26. However, in the context of chronic inflammation, 

reactive astrocytes exhibit impaired glutamate uptake, disrupted metabolic support for neurons, 

and increased production of pro-inflammatory factors. This transformation not only compromises 

their ability to maintain neuronal health but also reinforces the inflammatory environment 

created by activated microglia6, 46. The interaction between reactive astrocytes and activated 

microglia creates a feed-forward loop of inflammation that becomes increasingly difficult to 

resolve as disease progresses46.  

The central role of NF-κB and NLRP3 signaling in driving NPMD progression highlights 

these pathways as promising therapeutic targets36, 47. This dissertation will investigate a novel 

approach to interrupting this inflammatory cascade while preserving essential neuroimmune 

functions through the development of SB_NI_112, a brain-penetrant RNA-based therapeutic 

designed to selectively inhibit both NF-κB and NLRP3 signaling pathways48-50. By targeting 

these two critical nodes in the inflammatory cascade, we will examine whether this dual-

targeting strategy can effectively modulate the self-perpetuating cycle of inflammation that 

characterizes NPMDs48-50.  

Prior to investigating the therapeutic potential of SB_NI_112, we conducted a 

biodistribution and toxicity study to ensure the safety of the drug in mice and to confirm its ability 

to cross the blood-brain barrier (BBB). Following these critical safety and pharmacokinetic 

assessments, we utilized a mouse model of prion disease, selected for its distinct advantages in 

studying neuroinflammatory mechanisms in protein misfolding disorders51. Unlike the protracted 

progression of AD and Parkinson's disease, prion diseases exhibit an accelerated disease 

course due to the self-replicating nature of misfolded prion proteins (PrPSc)52. This compressed 

timeline enables systematic evaluation of therapeutic interventions across all stages of 

neurodegeneration, from initial protein aggregation through terminal disease. In our study, we 

examined the effects of SB_NI_112 on glial activation states, inflammatory signaling cascades, 
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and disease progression, with particular emphasis on early intervention timing. The rapid and 

predictable progression of prion pathology, coupled with robust glial activation and inflammatory 

responses, provides an optimal experimental system for evaluating how modulation of the NF-

κB/NLRP3 axis might influence disease progression. 

Beyond direct effects on glial activation, this research investigates how modulation of the 

NF-κB/NLRP3 axis influences broader aspects of neurodegeneration, including protein 

aggregation, synaptic function, and neuronal survival. The complex interplay between 

inflammatory signaling and protein misfolding suggests that successful therapeutic strategies 

must address multiple aspects of disease pathology. Through detailed examination of these 

pathways in the prion disease model, this work aims to provide insights that may be applicable 

to other protein misfolding disorders where similar inflammatory mechanisms contribute to 

disease progression50.  

 

Early-Life Inflammation and Neurodevelopmental Trajectories 

While glial dysfunction in neurodegeneration contributes to the breakdown of an already 

mature nervous system, similar inflammatory mechanisms during early brain development can 

profoundly alter neurodevelopmental trajectories53-55. During critical developmental windows, 

perturbations in glial signaling can have lasting neurological consequences5, 56. Persistent 

microglial activation can result in excessive synaptic pruning and impaired neuronal 

connectivity, while reactive astrocytes disrupt neurotransmitter balance, weaken blood-brain 

barrier integrity, and amplify inflammatory cascades57, 58. This sustained neuroimmune 

imbalance creates a pathological environment characterized by heightened excitotoxicity and 

oxidative stress, increasing the likelihood of cognitive and behavioral impairments that persist 

into adulthood59.  
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The second major investigation of this dissertation will examine how environmental 

factors, particularly manganese (Mn) exposure, influence neurodevelopment through 

inflammatory mechanisms60, 61. This work will focus on understanding how early-life exposure to 

Mn might trigger and sustain inflammatory responses that alter developmental trajectories. 

Given that early-life Mn exposure occurs primarily through drinking water and infant formula, this 

research will place particular emphasis on understanding how the gastrointestinal tract and 

enteric nervous system may mediate neurodevelopmental impacts before direct central nervous 

system effects occur62. 

Using a juvenile mouse model, this work will investigate how chronic low-dose Mn 

exposure via drinking water potentially affects both the enteric and central nervous systems. 

The research examines several key aspects of Mn-induced inflammatory responses: alterations 

in the gut microbiome composition, changes in enteric nervous system signaling, and activation 

of inflammatory pathways that may impact neural circuit development63, 64. Of particular interest 

will be the potential role of glial cells—both enteric glia and central nervous system microglia 

and astrocytes—in mediating these effects. 

This investigation will build upon emerging epidemiological evidence suggesting links 

between Mn exposure and neurodevelopmental disorders, particularly ADHD and ASD65, 66. 

While large-scale cohort studies have identified correlations between elevated Mn 

concentrations in drinking water and increased ADHD risk, the mechanisms underlying these 

associations remain poorly understood67. Through controlled experimental studies, this work will 

seek to elucidate the inflammatory pathways that might mediate these effects, with particular 

attention to how early-life exposure may influence long-term neurological outcomes. 

A critical component of this research involves understanding the role of the enteric 

nervous system (ENS) in mediating Mn-induced neurotoxicity. The ENS, frequently described 

as the "second brain," comprises an extensive network of neurons and glial cells within the 
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gastrointestinal tract that maintain gut motility, immune function, and microbial homeostasis68. 

This intricate neural network contains as many neurons as the spinal cord and utilizes many of 

the same neurotransmitters and signaling molecules found in the central nervous system68. The 

ENS maintains bidirectional communication with the CNS through multiple pathways, including 

the vagus nerve, systemic immune signaling, and neuroendocrine mechanisms, enabling 

peripheral inflammatory signals to influence central neuroinflammation69. 

In a broader context, presence of Mn in drinking water and infant formula raises 

significant public health concerns, particularly in regions where groundwater contamination is 

prevalent70. Formula-fed infants face an especially high risk of excessive Mn exposure, as 

powdered formula mixed with contaminated water can substantially elevate Mn intake beyond 

levels encountered through breast feeding62. This vulnerability is compounded by the 

developmental timing of exposure, occurring during critical periods of brain development when 

inflammatory disruption can have maximal impact on long-term neurological outcomes71.  

 

Bridging Pathways: A Framework for Understanding Neurological Disease 

The following research explores neuroinflammation across neurological disorders, 

investigating how inflammatory mechanisms fundamentally shape neurological dysfunction 

throughout the lifespan. By bridging insights from neurodegenerative protein misfolding 

disorders (NPMDs) and neurodevelopmental disorders, this research challenges traditional 

boundaries between these conditions. Current approaches typically segment neurological 

disorders based on age of onset or primary pathological mechanisms, but emerging evidence 

suggests inflammatory responses represent a critical biological process that transcends 

conventional categorizations72, 73.  

Specifically, this dissertation investigates neuroinflammatory mechanisms in NPMDs and 

the neurological consequences of developmental exposure to manganese (Mn). The research 
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aims to elucidate how chronic neuroinflammation, driven by sustained glial activation and 

dysregulated immune signaling, operates as a fundamental pathological mechanism, potentially 

influencing outcomes across life stages. The framework explores the relationship of early-life 

immune challenges creating enduring alterations in neuroimmune signaling, potentially 

predisposing individuals to later dysfunction74, 75. This concept of inflammatory priming suggests 

a dynamic, interconnected view of neurological health76. 

Methodologically, animal modeling and molecular techniques probe the complex 

interactions between inflammatory pathways, environmental exposures, and neurological 

outcomes. By examining cellular mechanisms and systemic responses, this dissertation 

develops a comprehensive understanding of how inflammatory processes contribute to 

neurological dysfunction. The scientific significance lies in its potential to reframe our 

understanding of neurological disorders. By demonstrating the interconnected nature of 

inflammatory mechanisms, this research opens new avenues for therapeutic strategies 

addressing a spectrum of conditions. The insights generated support continued holistic 

approaches to understanding neurological pathology.  

The following chapters will delve into these interconnected research domains, presenting 

a comprehensive investigation of neuroinflammatory mechanisms across the lifespan. Chapter 

2 examines the biodistribution and safety profile of SB_NI_112, providing critical insights into 

the pharmacokinetics, toxicity, and initial characterization of this novel therapeutic agent 

targeting the NF-κB and NLRP3 inflammatory pathways. Chapter 3 focuses on the preclinical 

testing of SB_NI_112 in a prion disease model, offering a detailed examination of the drug's 

efficacy in modulating glial activation, reducing neuroinflammation, and potentially slowing 

disease progression, with behavioral and histological assessments demonstrating improved 

cognitive functions and reduced neuronal loss. Chapter 4 shifts focus to the 

neurodevelopmental consequences of manganese exposure, exploring the intricate 
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relationships between environmental toxicants, glial dysfunction, and neuroinflammation. This 

chapter investigates the impact of chronic manganese exposure on the central and enteric 

nervous systems, examining microglial activation, alterations in dopaminergic signaling, and 

disruptions to the gut-brain axis.  

To conclude this dissertation, Chapter 5 synthesizes the presented research domains, 

integrating insights from the preceding chapters to discuss the broader implications for 

understanding neuroinflammation as a cross-disease pathogenic mechanism. This 

comprehensive discussion explores how environmental factors, glial cell dynamics, and 

inflammatory pathways contribute to both neurodevelopmental and neurodegenerative 

disorders, ultimately proposing potential therapeutic strategies and future research direction. 

The concluding chapter emphasizes the significance of this work in advancing our 

understanding of neurological health, highlighting the critical role of neuroinflammation in 

shaping disease progression across the lifespan. 
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CHAPTER 2 – LARGE- AND SMALL-ANIMAL STUDIES OF SAFETY, PHARMACOKINETICS, 

AND BIODISTRIBUTION OF INFLAMMASOME-TARGETING NANOLIGOMER IN THE BRAIN 

AND OTHER TARGET ORGANS1 

 
Overview 

Immune malfunction or misrecognition of healthy cells and tissue, termed autoimmune 

disease, is implicated in more than 80 disease conditions and multiple other secondary 

pathologies. While pan-immunosuppressive therapies like steroids can offer limited relief for 

systemic inflammation for some organs, many patients never achieve remission, and such 

drugs do not cross the blood−brain barrier, making them ineffective for tackling 

neuroinflammation. Especially in the brain, unintended activation of microglia and astrocytes is 

hypothesized to be directly or indirectly responsible for multiple sclerosis, amyotrophic lateral 

sclerosis, Parkinson’s disease, and Alzheimer’s disease. Recent studies have also shown that 

targeting inflammasomes and specific immune targets can be beneficial for these diseases. 

Furthermore, our previous studies have shown targeting NF-κB and NLRP3 through brain 

penetrant Nanoligomer cocktail SB_NI_112 (abbreviated as NI112) can be therapeutic for 

several neurodegenerative diseases. Here, we show safety-toxicity studies, followed by 

pharmacokinetics and biodistribution in small- (mice) and large-animal (dog)studies of this 

inflammasome-targeting Nanoligomer cocktail NI112. We conducted studies using four different 

routes of administration: intravenous, subcutaneous, intraperitoneal, and intranasal, and 

identified the drug concentration over time using inductively coupled plasma mass spectrometry 

in the blood serum, the brain (including different brain regions), and other target organs such as 

 

1 This chapter appears in its entirety as: Risen, S., Sharma, S., Gilberto, V. S., Brindley, S., Aguilar, M., 
Brown, J. M., Chatterjee, A., Moreno, J. A., & Nagpal, P. (2024). Large- and Small-Animal Studies of 
Safety, Pharmacokinetics, and Biodistribution of Inflammasome-Targeting Nanoligomer in the Brain and 
Other Target Organs. ACS Pharmacology & Translational Science, 7(11), 3439–3451. 
https://doi.org/10.1021/acsptsci.4c00068 

https://doi.org/10.1021/acsptsci.4c00068
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liver, kidney, and colon. Our results indicate that the Nanoligomer cocktail has a strong safety 

profile and shows high biodistribution (F ∼ 0.98) and delivery across multiple routes of 

administration. Further analysis showed high brain bioavailability with a ratio of NI112 in brain 

tissue to blood serum of ∼30%. Our model accurately shows dose scaling, translation between 

different routes of administration, and interspecies scaling. These results provide an excellent 

platform for human clinical translation and prediction of therapeutic dosage between different 

routes of administration. 

 

Introduction 

 The human immune system is the key line of defense in the body against infections and 

disease and is critical for our survival. Misrecognition of healthy cells, tissue, and organs by the 

immune system causes more than 80 chronic conditions, and these autoimmune diseases 

affect more than 24 million people in the US alone, with rising prevalence77. These diseases 

disproportionality affect women and are among the leading causes of death among young- and 

middle-aged women78. Besides being directly implicated in neurological diseases related to 

motor function like multiple sclerosis (MS) and amyotrophic lateral sclerosis (ALS), several other 

neurodegenerative diseases like Parkinson's disease (PD) and Alzheimer's disease (AD) are 

now hypothesized to be linked to nonspecific microglial activation38, 79-81, the resident immune 

cells in the brain. While there are no available cures for these autoimmune diseases and more 

specifically for neuroinflammation, pan-immunosuppressive steroids, and other nonspecific 

therapies are utilized for managing symptoms and prolonging disease progression or symptom 

manifestation for systemic diseases. However, such nonspecific immune suppressive methods 

have significant side effects, especially systemic effects while treating long-term chronic 

conditions82. Therefore, more targeted immune modulation83, 84 as well as detailed 
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pharmacokinetic (PK) and route of administration studies are necessary for corticosteroids and 

pan-immunosuppressive therapies to manage adverse effects and contraindications82.  

Specific Immune Targeting Can Minimize Side-Effects 

Selective inhibition of key inflammatory nodes/targets such as TNF, IL-17, IL-23, and IL-

6 has improved the remission rates and replaced standard-of-care for a growing number of 

autoimmune diseases83, 84. While recent advances in even more target-specific therapies such 

as tyrosine kinase 2 instead of Janus kinase inhibitors offer further hope in reducing side-effects 

(e.g., abnormal changes in blood cell, cholesterol, triglyceride levels, etc.)85, use of more 

traditional pharmaceutical modalities such as small-molecule-based targeting is slow and low-

throughput with mixed safety profile. On the other hand, high-throughput approaches such as 

design-based antisense oligonucleotides86 can potentially improve translation rates, but suffer 

from delivery challenges, especially for neurological diseases87, 88 and accumulation in first-pass 

organs89, 90. The emergence of new RNA-targeting antisense modalities such as Nanoligomers 

can have the combined advantage of high delivery and biodistribution profile of small molecules, 

extremely high target-binding affinity (KD ∼ 3--5 nM) like antibodies, with the specificity and 

ease of design using nucleic acid-targeting50, 91-95. Nanoligomers are peptide nucleic-acid-based 

RNA therapeutic modality that have shown targeted up- and downregulation of proteins, with 

extremely high specificity, minimal off-targets, and a high safety profile50, 91-95. However, more 

detailed safety-toxicity and biodistribution studies need to be conducted across small- and large-

animal models for these new modalities to gain greater acceptance toward human clinical 

translation and pharma adoption. 

Small- and Large-Animal Studies for Safety and Biodistribution and Intraspecies Scaling 

While rodents are acceptable small-animal models for autoimmune and neurological 

disease modeling and induction, dogs are the preferred large-animal model for clinical drug 

translation to further assess the safety profile, central nervous system (CNS), 
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PK/pharmacodynamic (PD), and biodistribution parameters96. We conducted extensive small- 

and large-animal studies for our targeted inflammasome inhibitor, an NF-κB and NLRP3 

inhibitor combination (herein described as SB_NI_112 or NI112 in short) as the active 

pharmaceutical ingredient (API)91-95, to assess safety-toxicity, develop a PK and biodistribution 

model to obtain relevant pharmacological parameters, and obtain insights for interspecies 

scaling for further translation. We observed extremely high biodistribution parameters across 

different routes of administration (biodistribution parameter F > 0.98), excellent drug delivery 

across the blood--brain barrier (BBB) (brain tissue concentration ≥25--30% of blood serum 

bound concentration), rapid absorption across different brain sections, lack of accumulation in 

first-pass organs, as well as renal clearance of unbound/excess drug (or missense molecules)92, 

95. These pharmacological results prove the potential for further translation and the need for the 

adoption of new therapeutic modalities for the benefit of millions of patients across multiple 

autoimmune and CNS diseases. 

 

Results and Discussion 

We utilized four different routes of administration: intravenous (IV), subcutaneous (SQ), 

intraperitoneal (IP), and intranasal (IN) for a comprehensive assessment of safety-toxicity and 

biodistribution profiles in both small-animal (C57BL/6 mice) and large-animal (beagle dog) 

models. We explored dose-scaling in different routes, biodistribution parameters, and 

interspecies scaling reported in this work. 

Safety-Toxicity Assessment: Long-Term Repeat Dosing, 14 Day Acute (5× MTD) Dosing in 

Small- and Large-Animals for CNS 

We first started with a maximum tolerable dose (MTD) assessment of the NF-κB and 

NLRP3 inhibitor combination NI112_mouse [nfkb1 (Sequence: AGTGGTACCGTCTGCTA) and 

nlrp3 (Sequence: CTTCTACTGCTCACAGG)]. Prior studies have shown assessment of NI112 
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in relevant disease models (MS, AD, Prion/Creutzfeldt-Jacob disease, neuroinflammation, and 

autoimmune diseases) 48, 50, 91-95, and Nanoligomer selectivity and high-binding affinity92, 95 (KD 

3.17 nM, other PNA/RNA and PNA/DNA binding studies showed KD 5--8 nM97) along with rapid 

biodistribution and clearance. We observed a strong safety-toxicity profile in both animal models 

for longer-term repeat dosing (IP, 150 mg/kg, 3× a week for 12 weeks, Figures 2.1A-B, as well 

as single-dose acute toxicity (5× MTD for IV), followed by 14-day toxicity assessment and 

clinical monitoring (Figure 2.1C-F).  
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Figure 2.1. Long-term safety-toxicity and acute single-dose studies reveal the high safety 
profile of NI112 Nanoligomer. (A) 12-week dosing of NI112 3× a week shows no change in the 
immune profile of mice blood serum, as shown using 36-plex cytokine and chemokine markers, 
measured for treated and untreated animals (n = 4/group), ns = nonsignificant using unpaired t-
test for each cytokine. (B) H&E-stained histology of kidney, liver, and colon samples from mice 
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after high-dose (150 mg/kg 3× a week) long-term (12 weeks) treatment shows no immune cell 
infiltration or any immunogenic response. Histologic findings in each tissue were diagnosed and 
graded for severity on a 0–5 scale based on inflammation and hemorrhage; 0 = absent, 1 = 
minimal (10% of tissue affected), 2 = mild (10–25% of tissue affected), 3 = moderate (26–50% 
of tissue affected), 4 = marked (51–75% of tissue affected), and 5 = severe (75% of tissue 
affected). There were no significant histologic findings/differences in the liver, kidney, or colons 
of mice treated with NI112. Kidney nephrons displayed no evidence of inflammation within the 
glomeruli, supporting the renal clearance shown previously for Nanoligomer 
molecules. (19,20) (C) Immune panel studies of dogs treated with 75 mg/kg NI112_dog which 
corresponds to 500 mg/kg dosing in mice, and is well above the MTD. Dogs were monitored for 
2 weeks post administration. The results show a lack of any immunogenic response, and no 
change in neutrophils, lymphocytes, monocytes, or eosinophils in blood. (D) Similar assessment 
of overall health using total protein (TP), albumin (A), globulin (G), and A/G ratio. (E) 
Assessment of the liver panel of these animals, and (F) metabolism. The red dashed lines show 
upper and lower normal limits for each measurement. The curves show mean values and bars 
show standard deviation (mean ± standard deviation, SD). These extensive studies show 
minimal side effects and a lack of long-term health concerns even at such high acute doses. 
 
 

An important finding was that a single route (IV) showed a measurable MTD (100 mg/kg 

in mice, between 15 and 65 mg/kg in dogs), while other routes showed values well over 450–

500 mg/kg, beyond the limit of testing parameters due to solubility limits. As shown in 

MTD Table 2.1 below, the use of missense Nanoligomers (dog NI112 in mice) also showed no 

tolerability issues for 450–500 mg/kg IV.  
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Admin Route Molecule Species MTD (mg/kg) 

IV Nl112_Mouse Mouse 100 
SQ     >450 
IV Nl112_Dog (Missense) Mouse >450 
SQ     >450 
IV Nl112_Dog Dog 15 
SQ     >67.5 

 
Table 2.1. MTD Measurements for Mice and Dog Studies Using IV and SQ Route of 
Administration. n = 4 for mice studies, n = 1–3 for dog studies. 1-test subject each in mice and 
dog studies showed side-effect/tolerability limit with the IV route, the mouse had experienced 
seizure-like behavior, and the dog exhibited excess salivation and vomiting. 
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IV route demonstrates extremely rapid delivery and uptake of Nanoligomers in the brain 

and other organs (∼minutes), and some test subjects showed some adverse events (AEs) at 

high concentrations (75 mg/kg in dogs). However, the PK and biodistribution of other routes are 

slightly slower, leading to better tolerance for high drug-dosing. This along with lack of such 

MTD for missense administration suggests that the AEs are related to the speed/rapid uptake 

and target inhibition in the brain and other organs, rather than potential side-effects of the 

API/drug. The lack of such threshold for missense Nanoligomer also suggests the specificity of 

target engagement by the drug. We note during dog studies, one subject animal showed acute 

injection site pain, swelling, and discomfort at 75 mg/kg SQ dosing, which was traced back to 

the high pH of SQ injection due to the use of unbuffered saline media to dissolve dried NI112 

powder. However, all subsequent dosing used phosphate-buffered saline, and no animal 

showed any issues with site injection pain or swelling.  

Using these MTD values, we conducted two types of repeat-dosing (using IP) and acute-

dosing tests (using IV and SQ). Due to rapid aging in mice, we used 13 to 15-week-old mice for 

longer-term (12 week) repeat dosing (3× a week, for chronic diseases) with IP injections to 

assess any biochemical or histological changes compared to sham-treated control animals. As 

shown in Figure 2.1A, we conducted a detailed blood serum evaluation using 36-cytokine and 

chemokine biomarkers in blood for any potential immunological or adverse outcomes (through 

clinical/health monitoring). We did not observe any statistical change any biomarker. 

Furthermore, we conducted a detailed histological evaluation and scoring for the first pass and 

clearance organs (liver, kidney, and colon, Figure 2.1B) for chronic-dosed animals, essential for 

drug metabolism and excretion. We did not observe any evidence of accumulation, organ 

damage, toxicity, or any immune cell infiltration, as shown using H&E staining. Also, in long-

term studies, there was no evidence of accumulation or resulting inflammation in the medulla or 

nephrons (within glomeruli, Figure 2.1B), supporting renal clearance for Nanoligomer 
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molecules92, 95. These results again demonstrate the high safety profile of the drug for repeated 

dosing over longer periods. 

Next, we conducted acute dose toxicity monitoring in large-animal models (dogs) using 

75 mg/kg dose IV administration (5× MTD for IV route). Using the body surface area (BSA) 

scaling factor [canine equivalent dose (CED) (mg/kg) = mouse dose (mg/kg) × (mouse 

Km/canine Km)], where Km is the BSA scaling factor to estimate the canine equivalent dose 

from mouse studies98. This dose factor for safety-toxicity and PK analysis was 0.1598. We 

assessed the impact of extremely high doses (e.g., 5× MTD using IV administration) or potential 

acute drug toxicity in a large-animal model (dogs). We monitored these animals over the 

recommended 14-day period, with extensive clinical sign monitoring and health checkups, and 

detailed biomarker assessment, as shown in Figure 1C--F. We dosed dogs using IV and SQ at 

75 mg/kg dose. While few test subjects showed some short-term AEs, and 75 mg/kg dose was 

marked as above MTD in our studies, we sought to further evaluate any adverse health impact. 

Using a battery of complete blood count (CBC)/chemistry tests for potential immunogenic 

response (by monitoring neutrophils, lymphocytes, monocytes, or eosinophils in blood, Figure 

2.1C), overall health (total protein TP, albumin A, globulin G, and A/G ratio, Figure 2.1D), liver 

enzymes [T-bilirubin, alkaline phosphatase (ALP), alanine transaminase (ALT), gamma-glutamyl 

transferase (GGT), Figure 2.1E], and metabolic markers (like cholesterol, creatine kinase, 

glucose, and plasma protein, Figure 2.1F), we did not observe any pathogenic change in any 

test subject. We also monitored red blood cells, electrolytes, and kidney function for the acute-

dosed beagle dogs to assess any adverse health impact through these biochemical markers. 

We did not observe any lasting health effects throughout the biomarker assays and the 14-day 

clinical monitoring. We also repeated these studies at the estimated MTD values for different 

routes, but again did not observe any abnormal values or clinical concern in any test subject. 



 20 

 

This showed a well-tolerated, nontoxic, and nonpathogenic safety profile of API Nanoligomer 

NI112 treatment using extremely high (acute) dosing in large animals. 

Modeling Biodistribution of the API in Blood Serum and Target Organs 

We measured API NI112 concentration [using inductively coupled plasma mass 

spectrometry (ICP--MS), see Methods] in blood for 4-different administration routes (IV, IP, IN, 

and SQ) in mice, with time, and used the multiexponential decay to estimate the time-dependent 

bound and unbound API concentration (Figure 2.2A). 
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Figure 2.2. Bound and Unbound API NI112 with time using different routes of 
administration. (A) Mice studies showing NI112 concentration in blood serum with time using 
four different routes of administration at MTD IV (100 mg/kg), IP (500 mg/kg), SQ (450 mg/kg), 
and IN (500 mg/kg). The multiexponential decay with time was used to derive bound and 
unbound API (NI112) concentration with time using (B) IV; (C) SQ; (D) IP; and (E) IN route. 
Right Y axis shows the ratio of unbound/bound API in blood serum. The curves show mean 
values, with the bars showing standard deviation (mean ± SD). Number of animals n = 4/group 
for IV and SQ, n = 6/group for IN and IP route of administration. 
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Briefly, the longtime-decay exponential of blood serum API (bound serum) was 

assessed as a fraction of the unbound API (Figure 2.2B-E), and observed the unbound API 

decays with time, almost to zero, within 24 h of drug administration in mice. Another important 

observation was that while IV and IP routes exhibited an appreciable unbound/bound API ratio 

(Figure 2.2B, D), SQ and IN routes had a very low ratio of unbound API measured in the blood 

(Figure 2.2C, E). Eventually (∼24 h post administration) all the measured API is bound. These 

results are consistent with our prior studies, which tracked any unbound API (and all missense 

sequences) cleared through urine by the animals92, 95. We also used PK solver99 to derive PK 

parameters for the API in blood serum and measurement of biodistribution coefficient (F = 

AUCTest Route/AUCI.V. AUCmax: area under the curve), as shown in Figures S10 and S11. While IV 

and SQ routes showed rapid uptake in the blood (T 2 h) compared to IP and IN, the target organ 

brain tissue concentration showed higher variance. The half-life in blood (∼1--2 days) was also 

significantly lower than in the brain (∼1--2 weeks), showing the rapid uptake of API in different 

organs and drug clearance from the bloodstream through urine92, 95. 

Further measurements of API NI112 were done in the target organ (the brain, Figures 

2.3 and 2.4) and other potential target and/or first pass and clearance organs (liver, kidney, and 

colon, Figure 2.5). 
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Figure 2.3. High drug bioavailability and BBB-crossover for neurological disease 
application. (A) Mice studies showing NI112 concentration in brain tissue with time using four 
different routes of administration at MTD IV (100 mg/kg), IP (500 mg/kg), SQ (450 mg/kg), and 
IN (500 mg/kg). (B) Ratio of brain tissue to bound API concentration in blood serum shows a 
fairly consistent value (∼25–30%) for three routes of administration IV, IP, and SQ. Right Y axis 
shows the ratio of brain tissue/bound API in blood serum for IN administration which is 1 order 
of magnitude lower (∼3%). (C) High bioavailability of API (NI112) in different brain regions with 
different dosing regimens (3× a week and 2× a week) using IP and IN route at 150 mg/kg dose. 
The curves show mean values, with the bars showing standard deviation (mean ± SD). Number 
of animals n = 4/group for IV and SQ, n = 6/group for IN and IP routes of administration. 
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Figure 2.4. Dosing and repeat dose modeling data for small-animal studies in the target 
organ (the brain). (A) IP administration of API NI112 concentration in brain tissue normalized 
with drug KD (5 nM, Nanoligomer measured KD of 3.37 nM, (19,20) other PNA studies show 
values 5–8 nM (27)) with time using IV (100 mg/kg dosing). The blue curve with standard 
deviation shows the measured values after a single dose at MTD, whereas red (2× a week) and 
green (3× a week) are modeled values, shown without SE for clarity. (B) SQ dosing (450 mg/kg) 
showing single and repeat dosing effects on target organ (the brain) concentration normalized 
by KD. (C) IP (500 mg/kg) and (D) IN (500 mg/kg) show high drug bioavailability of API (NI112) 
in brain regions with different dosing regimens (3× a week and 2× a week). The curves show 
mean values, with the bars showing standard deviation (mean ± SD). Number of animals n = 
4/group for IV and SQ, n = 6/group for IN and IP routes of administration. 
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Figure 2.5. NI112 tissue concentration in the first pass and clearance organs. Mice studies 
showing NI112 concentration in different first pass and clearance organ tissues with time using 
IP and IN routes of administration (A) liver, (B) kidney, and (C) colon. The curves show mean 
values, with the bars showing standard deviation (mean ± SD). Number of animals n = 6/group 
for IN and IP routes of administration. 
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We found high drug bioavailability (∼30% of the drug) in the brain across the BBB, 

compared to API concentration in the blood, and much higher values in liver, kidney, and colon. 

We even observed excellent biodistribution among different brain regions (hippocampus, 

thalamus, cortex, cerebellum, and brainstem, Figure 2.3C), providing good confidence for drug 

delivery and using other Nanoligomer target sequences for different neuronal disease 

applications. We also developed a model for predicting the target organ concentration and 

precise dosing concentration and dose frequency (Figure 2.4). The predictive nature of such 

PK/PD biodistribution profile, combined with detailed disease model studies in small-animals 

could provide an excellent platform using dose scaling and similar interspecies translation 

parameters for large-animal model.  

Biodistribution in the Large-Animal Model (Dogs) 

We measured NI112 concentration with time in blood serum for IV, and SQ dosing in 

dogs (Figures 2.6–8).  
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Figure 2.6. Large-animal dog studies using IV administration of API NI112 at different 
concentrations. (A) Blood serum concentration of the API with 5, 10, 15, and 75 mg/kg dosing 
in beagle dogs. Multiexponential decay of API concentration was used to determine bound and 
unbound serum concentrations for (B) 5 mg/kg; (C) 10 mg/kg; (D) 15 mg/kg (MTD, n = 3/group); 
and (E) 75 mg/kg (5× MTD) IV dose. The blue curve (bound) and red curve (unbound) show API 
in blood, along with the Ratio of unbound/bound API (green curve, shown on Right Y-axis). The 
curves show mean values, with the bars showing standard deviation (mean ± SD). 
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Figure 2.7. Large-animal dog studies using SQ administration of API NI112 at different 
concentrations. (A) Blood serum concentration of the API with 45, 67, and 75 mg/kg dosing in 
beagle dogs. Multiexponential decay of API concentration was used to determine bound and 
unbound serum concentrations for (B) 45; (C) 67; and (D) 75 mg/kg SQ dose. The blue curve 
(bound) and red curve (unbound) show API in blood, along with the Ratio of unbound/bound API 
(green curve, shown on Right Y-axis). The curves show mean values, with the bars showing 
standard deviation (mean ± SD). 
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Figure 2.8. Dose scaling in dog studies using IV and SQ administration of API NI112 at 
different concentrations. (A) IV concentration of bound serum shows a nearly constant ratio 
with the lowest concentration (5 mg/kg). The ratio of 75/5 mg/kg (inverted triangle), 15/5 mg/kg 
(upward triangle), and 10/5 mg/kg (square) shows flatline values. (B) Linear regression between 
the bound serum ratio and the dose ratio, with dashed curves showing the 5 and 95% 
confidence intervals. (C) Bound serum ratio between respective SQ doses. (D) Linear 
regression between bound serum ratio and dose ratio, showing easily predictable dose scaling 
that can be used to determine dosing and target organ concentrations in large-animals (beagle 
dogs). The curves show bound API from mean values, and the bars show standard deviation 
(mean ± SD). 
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We obtained PK parameters for different routes and concentrations used. The PK 

parameters showed similar peak API concentration as rodents but significantly higher bound 

API concentrations with time and much higher AUC values due to higher target mRNA and 

protein concentration (NF-κB and NLRP3) in dogs than mice, well beyond BSA scaling used. 

These AUC ratios also correspond to interspecies scaling and are better predictors than BSA 

estimation (Km ratios) used for dose scaling between mice and dog studies. We also modeled 

multiexponential decay to estimate the bound and unbound API concentration with different IV 

(Figure 2.6) and SQ (Figure 2.7) doses. Our model showed a strong predictive, linear 

relationship (ratios/slope slightly lower than 1) between the bound serum API concentration with 

time and dose ratios (Figure 2.8). Therefore, our PK parameters and the model showed an 

excellent biodistribution profile for API NI112, and very predictive dose scaling for both small- 

and large-animal models. Therefore, we proceeded to combine our model results (small- and 

large-animal) to develop interspecies scaling and translation parameters for API NI112. 

Using the detailed PK, biodistribution, and scaling models for large and small mammals, 

we attempted to develop interspecies scaling and translation parameters. While the proposed 

BSA scaling utilized the Km ratio as a simplistic model, several studies have highlighted the 

inadequateness of such simple model scaling and the need for more concrete (AUC) and other 

PK and biodistribution-based modeling parameters to scale. We observed that even though the 

doses were BSA-scaled between large-animal (dog) and small-animal (mice) studies for both IV 

and SQ administration of API based on Km (the Km dose factor for dog/mice was 0.15), the 

value we observed for two routes was not one (Figure 2.9). 
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Figure 2.9. Scaling between large-animal (dog) and small-animal (mice) studies using IV 
and SQ administration of API NI112 at different concentrations. The doses chosen were 
based on the Km scaling described above [CED (mg/kg) = mouse dose (mg/kg) × 
(mouse Km/canine Km)] to estimate the canine equivalent dose from mouse studies. The dose 
factor for dogs/mice was 0.15. (29) The curves show bound API from mean values, and the bars 
show standard deviation (mean ± SD) 
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Using the ratio of these scaled doses between species, we observed a clear ratio of 5--

6.5 for SQ, and between 12 and 15 for IV administration, presumably based on accessible 

target ratio (NF-κB and NLRP3 protein amount between species) and AUC ratios (Figure 2.9). 

Our previous studies showed that 150 mg/kg NI112 IP dosing in mice was therapeutic in several 

neurological diseases49, 50, 93. Based on dose scaling for different routes in mice shown here 

(Figure 2.4), it corresponds to 50 mg/kg SQ and 30 mg/kg IV dosing in mice. For interspecies 

scaling, using both BSA (factor 0.15) and SQ and IV factors shown in Figure 2.9, CED 

corresponds to 1.5 mg/kg SQ and 0.35 mg/kg IV dosing in dogs and using BSA scaling from 

dog to human, an estimated human equivalent dose (HED) of 0.5--0.75 mg/kg SQ and 0.175 

mg/kg IV. For a 70 kg human, this roughly translates to therapeutic dosing of 35--52 mg of API 

through SQ and 12.5 mg dosing through IV. We continue to develop a predictive model for 

further scaling for human translation but can use these models and scaling/translation ratios to 

provide a better estimate for HED. Together, the developed model and pharmacological 

biodistribution parameters obtained provide a good foundation for further translation and 

assessment of the API.  

 

Conclusions 

In conclusion, we conducted a detailed safety-toxicity assessment (long-term repeat 

dosing and extremely high 5× MTD acute dosing) in small- (C57BL/6 mice) and large-animal 

(beagle dogs) models for the assessment of neurotherapeutic API NI112. We assessed 

histological, detailed biochemical (through multiplexed ELISA), and extensive CBC/chemistry 

biomarker monitoring of immune, metabolic, liver, kidney, and cardiac function. Not a single test 

subject showed any lasting health impact of the drug administration, and no evidence of any 

immunogenic response, drug accumulation, tissue damage, or immune cell infiltration was 

observed. Overall, the animals showed that the new Nanoligomer modality has a strong safety 
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profile. We also conducted detailed PK and biodistribution studies using different routes of 

administration (IV, SQ, IP, and IN) at different doses, and obtained relevant PK parameters. We 

observed high biodistribution across the target organ, the brain (∼30% of API in the brain across 

BBB, compared to that bound in blood serum), and across the different brain regions (the 

hippocampus, thalamus, cortex, cerebellum, and the brain stem) and high therapeutic 

bioavailability (>15--40 KD) for low/moderate dosing and effective target engagement. We found 

good agreement between administered dose ratios and measured API across the blood serum, 

the brain, and other first-pass and clearance organs as well as good agreement between 

interspecies parameters obtained. While the simple BSA scaling did not provide directly 

translatable doses (BSA-scaled doses across species do not result in ratios of 1), the values 

obtained here can provide an excellent starting point/platform for further testing and clinical 

translation of the API for inflammatory and CNS diseases. 

 

Methods 

Nanoligomer Synthesis 

NFκB and NLRP3 antisense Nanoligomers were synthesized at Sachi Bio following 

established methods detailed elsewhere91, 93, 94. Briefly, the 17-base-long peptide nucleic acid 

(PNA)91, 93, 94, 100 sequence was selected to optimize solubility and specificity, targeting the start 

codon regions of nfkb1 (Sequence: AGTGGTACCGTCTGCTA) and nlrp3 (Sequence: 

CTTCTACTGCTCACAGG), within the Mouse genome (GCF_000001635.27), identified using 

our bioinformatics toolbox94. The PNA was synthesized on a Vantage peptide synthesizer 

(AAPPTec, LLC) by using solid-phase Fmoc chemistry. Fmoc-PNA monomers, wherein A, C, 

and G monomers were shielded with Bhoc groups, were obtained from PolyOrg Inc. Post 

synthesis, the peptides were attached to gold nanoparticles and subsequently purified using 

size-exclusion filtration. The conjugation process and the concentration of the purified 
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Nanoligomer was measured using absorbance at 260 nm (for PNA detection) and 400 nm (for 

nanoparticle quantification). 

In Vivo Mice Studies 

Adult female and male C57Bl6/J mice purchased from Jackson Laboratories were 

housed throughout all experiments at ∼18–23 °C on a 12-light/12-dark cycle. Fresh water 

and ad libitum food (Tekland 2918; 18% protein) were routinely provided to all cages. Animals 

were consistently health checked by the veterinary staff at Colorado State University (CSU). 

This protocol was approved by the CSU Institutional Animal Care and Use Committee (IACUC) 

and Laboratory Animal Resources staff. 

Tissue Collection 

Mice were culled after deep anesthetizing with isoflurane, and ∼1 mL of blood was 

removed via cardiac puncture followed by cervical dislocation. The brain was sliced sagittally, 

the right side of the brain was fixed in 10% normal buffered formalin (NBF) and the left 

hippocampus, thalamus, brainstem, and a piece of the left cortex and cerebellum tissue were 

removed, flash-frozen, and stored at −80 °C until further processing. The liver, kidney, and 

colon were also removed, fixed in 10% NBF, and processed (paraffin-embedded) for 

immunostaining (details below). 

Large-Animal Dog Studies 

All aspects of the study were approved by the CSU IACUC (protocol ID 4320, approved 

April 18, 2023). Fifteen healthy, purpose-bred, mixed-sex (14 female, 1 male) beagles between 

2 and 3 years of age were enrolled. Dogs weighed a mean of 8 kg with a range of 6.7 to 10.6 

kg. All animals were housed in an on-site research facility and were fed, cleaned, socialized, 

and examined daily by Laboratory Animal Resource staff or veterinarians. Due to animal 

temperament and intergroup aggression, dogs were housed in 1 group of 5 dogs, 2 groups of 3 

dogs, and 2 groups of 2 dogs. Each dog was identified by a distinct ear tattoo. Dogs were 
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offered water continuously and were fed Exclusive Adult Dog Chicken & Brown Rice Formula 

dry food in the mornings. Blood samples were collected at time t = 0, 2, 4, 8, 12, 24, 48 h, 7, 

and 14 days. VCOG Grading Scale was used. 1 being mild; asymptomatic or mild symptoms, 

clinical signs, or diagnostic observations only; interventions not indicated. 2 being moderate; 

outpatient or noninvasive intervention indicated; moderate limitation of activities of daily living 

(ADL). 3 being severe or medically significant but not immediately life-threatening; 

hospitalization or prolonged hospitalization indicated; disabling, significantly limiting ADL. 4 

being life-threatening consequences; urgent interventions indicated. 5 being death related to 

AE.  

Multiplexed ELISAs 

Blood serum and tissue homogenates from mice were subjected to analysis using the 

ThermoFisher 36-plex Procartaplex cytokine/chemokine panel91, 93. The process involved 

homogenizing 25 μL of 10 mg/mL brain tissues with ProcartaPlex Cell Lysis Buffer 

(ThermoFisher) and 5 mm stainless steel beads (Qiagen) at 25 Hz for 1.5--3 min, utilizing a 

Qiagen/Retsch Bead Beater. After homogenization, samples underwent centrifugation at 16 

000g for 10 min at 4 °C. Following centrifugation, homogenized samples were evaluated for 

protein concentration using the DC Protein Assay (Bio-Rad) kit protocol. Protein measurements 

were acquired with a Tecan GENios microplate reader. 

The homogenate was then processed in accordance with the manufacturer’s provided 

protocol and analyzed using a Luminex MAGPIX xMAP instrument. Standards for each 

cytokine/chemokine were utilized at 1:4 dilutions (8-fold dilutions), alongside background and 

controls. Subsequently, sample concentrations were determined from a standard curve using 

the Five Parameter Logistic (5PL) curve fit/quantification method. 

Inductively Coupled Plasma Mass Spectrometry 
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ICP-MS quantification was conducted following established protocols as outlined 

in prior publications92, 95. Briefly, tissue samples underwent homogenization in a 

TissueLyser II bead mill (Qiagen, Germantown, MD) at 30 Hz for 3 min, with the 

addition of 1 μL of deionized water per 1 mg of organ tissue. Homogenates were 

subsequently digested in 500 μL of aqua regia (3:1 hydrochloric acid to nitric acid) for 4 

h at 100 °C. Pellets resulting from the digestion process were resuspended in water and 

subjected to analysis using a NexION 2000B single quadrupole ICP--MS system 

(PerkinElmer, Waltham, MA). The sample introduction utilized a Meinhard nebulizer with 

a cyclonic glass spray chamber, and a nickel sample and skimmer cone were employed 

in conjunction with an aluminum hyperskimmer cone. A seven-point linear standard 

curve was generated within a concentration range of 0--250 ppb Au, and linearity was 

defined at an R^2^ value of greater than 0.995. The 1000 ppm gold standard solution 

(Ricca Chemical Company, Arlington, TX), and TraceMetal grade 70% HNO3 

(ThermoFisher Scientific, Waltham, MA) were used as obtained. All water used was 

sourced from a Milli-Q system (Millipore, Burlington, MA). Subsequent data analysis 

was carried out using Microsoft Excel. 

Hematoxylin and Eosin Staining for Tissue Morphology 

Brains and visceral organs were fixed in 10% NBF at room temperature for at least 48 h. 

Tissues were processed using a Leica TP1020 Automatic Benchtop Tissue Processor and 

embedded in paraffin wax (Cancer Diagnostics, Cat #: EEPAR56). Tissues were sectioned on a 

ThermoFisher Scientific HM 325-2 Manual Microtome at 5 μm thickness and mounted on 

positively charged glass slides (Superfrost Plus, Cancer 232 Diagnostics, Cat #: 4951) for 

staining and analysis. One section per animal was deparaffinized and stained with hematoxylin 
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(Cancer Diagnostics, Cat#: #HTV-4) and eosin (Cancer Diagnostics, Cat#: #ETV) (H&E) for the 

determination of histopathological changes. Whole tissue images were taken for analysis using 

an Olympus DP70 camera using an Olympus UPlanSApo 20× objective (N.A. = 0.75). 

Statistics 

Statistical tests, numbers of mice, and p-values are indicated in the figure legends. 

GraphPad Prism and Microsoft Excel were used for the statistical analysis. 

Ethics Approval 

Mice were euthanized by deeply anesthetizing with isoflurane, followed by decapitation. 

All mice were bred and maintained at Lab Animal Resources, accredited by the Association for 

Assessment and Accreditation of Lab Animal Care International, in accordance with protocols 

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

dog experiments were also approved by the Clinical Review Board and the Institutional Animal 

Care and Use Committee at Colorado State University. 
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CHAPTER 3 – TARGETING NEUROINFLAMMATION BY PHARMACOLOGIC DOWN-

REGULATION OF INFLAMMATORY PATHWAYS IS NEUROPROTECTIVE IN PROTEIN 

MISFOLDING DISORDERS2  

Overview 

Neuroinflammation plays a crucial role in the development of neurodegenerative protein 

misfolding disorders (NPMDs). This category of progressive diseases includes, but is not limited 

to, Alzheimer's disease, Parkinson's disease, and prion diseases. Shared pathogenesis involves 

the accumulation of misfolded proteins, chronic neuroinflammation, and synaptic dysfunction, 

ultimately leading to irreversible neuronal loss, measurable cognitive deficits, and death. 

Presently, there are little to no effective treatments to halt the advancement of NPMDs. We 

hypothesized directly targeting neuroinflammation by downregulating the transcription factor, 

NF-kB and the inflammasome protein, NLRP3, with the brain-penetrant, non-toxic, SB_NI_112, 

would be neuroprotective. To achieve this, we used a cocktail of RNA targeting therapeutics 

(SB_NI_112) shown to be brain-penetrant, non-toxic, and targeting both NF-kB and NLRP3. We 

utilized a mouse-adapted prion strain as a model for NPMDs to assess aggregation of misfolded 

proteins, glial inflammation, neuronal loss, cognitive deficits, and lifespan. Prion-diseased mice 

were treated either intraperitoneally or intranasally with SB_NI_112. Behavioral and cognitive 

deficits were significantly protected by this combination of NF-kB and NLRP3 down-regulators. 

Treatment reduced glial inflammation, protected against neuronal loss, prevented spongiotic 

change, rescued cognitive deficits, and significantly lengthened lifespan of prion-diseased mice. 

We have identified a non-toxic, systemic pharmacologic that down-regulates NF-kB and 

 

2 This chapter appears in its entirety as: Risen, S. J., Boland, S. W., Sharma, S., Weisman, G. M., Shirley, 
P. M., Latham, A. S., Hay, A. J. D., Gilberto, V. S., Hines, A. D., Brindley, S., Brown, J. M., McGrath, S., 
Chatterjee, A., Nagpal, P., & Moreno, J. A. (2024). Targeting Neuroinflammation by Pharmacologic 
Downregulation of Inflammatory Pathways Is Neuroprotective in Protein Misfolding Disorders. ACS 
Chemical Neuroscience, 15(7), 1533–1547. https://doi.org/10.1021/acschemneuro.3c00846 

https://doi.org/10.1021/acschemneuro.3c00846
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NLRP3, prevents neuronal death and slows the progression of neurodegenerative disease. 

Though mouse models do not always predict human patient success, and the study was limited 

due to sample size and number of dosing methods utilized, the findings here serve as a proof of 

principle for continued translation of therapeutic SB_NI_112 for prion disease and other 

misfolded protein diseases. Based on success in a murine prion model, we look forward to 

continued testing in a variety of neurodegenerative disease models, including Alzheimer’s 

Disease and Parkinson’s Disease.  

 

Introduction 

Chronic inflammation in the brain has emerged as a significant contributor to 

neurodegenerative disease pathogenesis and progression. Alzheimer's disease (AD), 

Parkinson's disease (PD), and prion diseases share many common characteristics; 

accumulation and aggregation of misfolded proteins, glial activation, chronic neuroinflammation, 

neuronal loss, cognitive deficits, and death101-105. These diseases can be placed under the 

broader category of neurodegenerative protein misfolding disorders (NPMDs) and are 

associated with the presence and aggregation of misfolded amyloid-β (Aβ) in AD, alpha 

synuclein (α-Syn) in PD, or the prion protein (PrPSc) in the brain, which lead to behavioral 

deficits and subsequent progressive neuronal death106. Many disease modifying treatments 

have been directly targeted toward the aggregated proteins associated with such disease, 

though none have been successful in stopping disease progression107-109. Innate immune 

activation of microglia and astrocytes appears to be particularly important in the context of 

NPMDs110-112. Furthermore, new evidence suggests that the compounded effect of misfolded 

proteins leads to further glial and astrocyte activation51, 106, 113, 114. Therefore, chronic 

neuroinflammation has been identified as a promising therapeutic target for NPMDs. However, 
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the only current interventions include anti-inflammatory steroids, but their effectiveness as 

neurotherapeutic countermeasures has not yet been established physiologically115, 116.   

During NPMD-induced neuroinflammation, there is significant crosstalk between 

microglia, astrocytes, and neurons via critical inflammatory cell signaling events involving 

initiation of the nuclear factor kappa B (NF-κB) pathway and subsequent NOD (nucleotide-

binding oligomerization domain), LRR (leucine rich repeat), and pyrin-containing 3 (NLRP3) 

inflammasome formation117-119. NF-κB, when translocated into the nucleus, promotes 

transcription of several inflammatory cytokines and chemokines, including NLRP3, pro-

interleukin-1β (pro-IL-1β), and pro-interleukin-18 (pro-IL-18), triggering a cascade of microglial 

and astrocytic inflammation120. These reactive astrocytes are directly toxic to neurons and 

endothelial cells during prion disease121, 122. Many recent studies, including human patient, in 

vitro, and in vivo animal models, have pointed to the assembly of the NLRP3 inflammasome in 

microglia and astrocytes as a significant contributor to inflammatory-related amplification of 

misfolded proteins in NPMDs38, 123-127. Formation of the NLRP3 inflammasome is a critical step 

for activation of pro-inflammatory cytokines and perpetuation of the immune response through 

microglial pyroptosis128, 129. Pro-caspase-1 is activated by proximity-induced autocatalytic 

activation upon recruitment to the NLRP3 inflammasome. Active caspase-1 cleaves pro-IL-1β 

and pro-IL-18 into their mature and biologically active forms, cytokines IL-1β and IL-18128, 130. In 

mouse models of APP/PS1 mutation and a tauopathy, NLRP3 inflammasome assembly has 

been identified as a significant contributor to inflammatory-related amplification of Aβ plaques 

and neurofibrillary tangles38, 123. Similarly, the NLRP3 inflammasome promotes α-Syn production 

in mouse models of PD126, 127. Activation of NF-kB in prion disease augments neuronal death by 

increasing the expression of pro-apoptotic genes and triggering the release of cytochrome C, 

resulting in mitochondrial dysfunction and endoplasmic reticulum stress131. Additionally, the 

upregulation of inflammatory cytokines IL-1β and tumor necrosis factor (TNF), formerly known 
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as tumor necrosis factor alpha (TNFα), at sites of synaptic damage trigger the production of 

reactive oxygen species including hydrogen peroxide and nitric oxide, leading to excitotoxicity 

and neuronal death132-134.   

Based on the extensive evidence supporting central involvement of NLRP3 

inflammasome formation following NF-κB activation in the progression of NPMD's, it is important 

to develop potential therapeutics to inhibit NF-κB and NLRP3. Therapeutic intervention to target 

and inhibit NLRP3 inflammasome formation arises as a potential three-hit treatment against 

NPMDs by: 1) reducing inflammatory signaling amongst microglia and astrocytes117-119, 2) 

preventing propagation of misfolded proteins114, 123, and 3) upregulating microglia autophagy to 

accelerate removal of misfolded proteins135-137. No studies to date have explored combined NF-

κB and NLRP3 inhibition as a therapeutic intervention for NPMD's.  

In the present study, we utilized non-toxic, brain-penetrant Nanoligomers designed to 

downregulate NF-κB and NLRP393. Nanoligomers are stable, non-toxic, and bioavailable, with 

the capability to cross the blood brain barrier (BBB) through various routes of administration91. A 

previous study displayed effective gene regulation in vivo with a similar Nanoligomer therapeutic 

aimed at down-regulation of NF-κB and tumor necrosis factor receptor 1 (TNFR1) in an LPS-

induced murine model of neuroinflammation93. The combined NF-κB and NLRP3 down-

regulator, SB_NI_112, displays high target specificity and minimal off-targeting (Sharma et al., 

2022). To study the impact of targeting NLRP3 inflammasome formation as a therapeutic for 

NPMDs, we utilized a mouse model of infectious prion disease in wild-type (C57BL/6) mice. A 

prion model allows for study of a naturally occurring NMPD without the need for transgenic 

mice. Prion diseases are rare neurodegenerative diseases that result from the native 

conformation of the cellular prion protein (PrPC) misfolding to the infectious form, PrPSc138, 139. All 

prion diseases display the common characteristics of NPMDs, including the accumulation and 

aggregation of a misfolded protein (PrPSc), glial activation, chronic inflammation, neuronal loss, 
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cognitive deficits, and death91, 93. Previous literature has shown that therapeutics developed for 

prion disease mice can be translated into other NPMDs, though the few compounds shown to 

reduce signs of prion disease in mouse models are associated with several negative side 

effects132. In this study, we found that treatment with SB_NI_112 to down-regulate NF-κB and 

NLRP3 reduced glial inflammation, protected against neuronal loss, prevented spongiotic 

change, rescued cognitive deficits, and significantly lengthened lifespan of prion-diseased mice. 

These findings, if validated clinically, have important implications for improving the quality of life 

for patients suffering with NPMDs.  

 

Results & Discussion 

Attempts to slow the progression of NPMDs have proven to be difficult. Many promising 

treatments are toxic or must be delivered directly to the brain, making translation to human 

patients difficult107, 132, 140, 141. NPMDs have highly complex etiology, making the root cause, or 

multiple causes, difficult to identify and target. Neuroinflammation has arisen as a promising 

target, as chronic stimulation of the brain's immune system leads to increased protein misfolding 

and neuronal death51, 106, 111. The NF-κB pathway and subsequent NLRP3 inflammasome 

formation have been identified as key contributors to chronic neuroinflammation present in 

NPMDs124, 125, 131, 133. Here, we employed a mouse prion model to test the efficacy of a combined 

NF-κB and NLRP3 down-regulator for NPMD treatment.  

Wild-type, C57Bl6/J, (Jackson Laboratories) mice were infected intracerebrally with 

0.1% prion brain homogenates from Rocky Mountain Laboratories (RML) or normal brain 

homogenates (NBH) derived from C57Bl6/J mice as the controls. SB_NI_112 treatment began 

at 10 weeks post-inoculation (wpi) or approximately 40% of prion disease progression and 

continued until the mice succumbed to the disease (Figure 3.1). As the disease progressed and 

treatment continued, behavioral assessments including novel object recognition, burrowing, and 
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nesting, were performed at 12 wpi to train and establish a baseline for each experimental 

cohort, then continued throughout the study. All three behavioral assessments measure 

hippocampal integrity, the brain region known to show the first clinical pathology including glial 

inflammation and spongiotic change142, 143.  
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Figure 3.1. Experimental Design. Wild-type C57BL/6 mice were inoculated with RML mouse-
adapted prion or normal brain homogenate (NBH). Incubation period is 10 weeks. Prion 
diseased mice were treated with NF-kB and NLRP3 down-regulator SB_NI_112 or vehicle via 
intraperitoneal (i.p.) or intranasal (i.n.) routes of exposure, twice a week at 10 mg/kg starting at 
10 weeks post inoculation (wpi). Mice were monitored for changes in cognition and behavior 
throughout the disease progression. At 20 wpi brain tissue was dissected for analysis of disease 
progression including glial inflammation, spongiotic change, and neuronal loss. Created with 
BioRender.com 
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SB_NI_112 penetrates the blood-brain barrier and is systemically non-toxic. 

 With a focus on reducing inflammation in the brain, it was important to assess whether 

SB_NI_112 effectively crosses the blood brain barrier (BBB). Biodistribution and toxicity testing 

was completed in naïve C57BL/6 female and mice. Penetration of SB_NI_112 across the blood-

brain barrier was confirmed with ICP-MS and detected in the hippocampus (76.1 nM +/- 44.3), 

cortex (49.9 nM +/- 11.4), cerebellum, (96.9 nM +/- 45.0) and brainstem (96.6 nM +/- 32.4) 

(Figure 3.2A), which is significantly higher than the dissociation constant of SB_NI_11295.  
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Figure 3.2. NF-kB and NLRP3 down-regulator SB_NI_112 penetrates the brain and is 
systemically non-toxic.  Levels of SB_NI_112 in brain regions following dosing at 150 mg/kg 
i.p. three times per week for two weeks (A). Expression of IFN-g measured with ELISA (B). N=2 
for NBH + Vehicle, N=4 for RML + Vehicle and RML + SB_NI_112 i.p. 10 mg/kg. One-way 
ANOVA, error bars = SEM, *p < 0.05. Weights of mice following a single dose of 500 mg/kg 
SB_NI_112 i.p. (C). Representative images at 20x of colon, kidney, and liver for female (D-F) 
and male (G-I) C57BL/6 mice one week after 500 mg/kg dose. 
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Down-regulation of NF-κB and NLRP3 with SB_NI_112 leads to dampening of chronic 

inflammation while preserving key immune pathways needed to respond to infectious pathogens 

(Nuvolone et al., 2015). Despite down-regulation of NF-κB and NLRP3, interferon gamma (IFN-

γ) expression was significantly higher in prion infected mice treated with SB_NI_112 (p = 0.048 

(2-way t-test, Excel) or 0.0468 (One-way ANOVA, Graphpad Prism)), and not significantly 

different from control NBH mice (Figure 3.2B). This displays the use of SB_NI_112 specifically 

interferes with the NF-κB and NLRP3 pathway but does not alter expression of immune 

signaling molecules essential for response to infections. 

Both female and male naïve C57BL/6 mice treated with a single dose of SB_NI_112 at 

500 mg/kg intraperitoneally (i.p.) had no weight loss 1 week after dosing (Figure 3.2C) and 

displayed no morphologic toxicity in the colon (Figure 3.2C, F), kidney (Figure 3.2D, G), or liver 

(Figure 3.2E, H) via hematoxylin and eosin staining. No immune cell infiltration was identified in 

these organs and the parenchymal cells were intact. Based on previous studies completed with 

similar therapeutics91, 93, we chose to dose mice conservatively at 10 mg/kg two times per week. 

Prion-diseased mice were split into 3 treatment groups: vehicle i.p., SB_NI_112, intranasal (i.n.), 

and SB_NI_112 i.p. 

To confirm therapeutic SB_NI_112 successfully inhibits both NF-κB and NLRP3, we 

performed western blots to analyze the ratio of active NF-κB (phosphorylated p65; p-p65) 

compared to inactive form (p65) and NLRP3 protein expression. Interestingly, we identified a 

higher success of inhibition with intraperitoneal delivery than intranasal. SB_NI_112 provided 

significant reduction of p-p65 in prion disease mice compared to untreated counterparts (Figure 

3.3A, B, and D: p-value = 0.0333).  
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Figure 3.3. Intraperitoneally delivered SB_NI_112 significantly reduces phosphorylated 
p65 and NLRP3 protein expression in prion-diseased mice. Western blot images for 
phosphorylated-p65 (p-p65;A), p65 (B), and NLRP3 (C). Quantification of p-p65/p65 protein 
expression normalized to GAPDH (D). Quantification of NLRP3 protein expression normalized 
to GAPDH (E). N=3 for all groups. One-way ANOVA, error bars = SEM, * p< 0.05. 
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Intraperitoneal treatment also significantly reduced NLRP3 expression in prion-diseased 

mice compared to untreated counterparts (Figure 3.3C, E; p-value = 0.0380). This difference in 

effectiveness is likely due to inconsistency of intranasal delivery compared to and intraperitoneal 

method. The higher success of SB_NI_112 dosed intraperitoneally to inhibit NF-κB and NLRP3 

is supported by the following behavioral and histological results obtained. 

Prion-induced behavioral and cognitive deficits occur significantly later in mice treated with NF-

κB and NLRP3 down-regulator. 

 Down-regulation of NF-κB and NLRP3 significantly protects against behavioral and 

cognitive changes associated with RML treated prion disease. RML mouse-adapted prion strain 

preferentially seeds and accumulates in the hippocampus142, 143. Two common hippocampal 

behaviors affected by RML prion disease include nesting and burrowing activity144, 145. To 

assess nesting, mice were given napkins to nest in overnight and scored between one (no nest 

formed) and five (fluffy built nest) weekly starting at 16 wpi. Monitoring of nest formation was 

found to be significantly higher among i.p. treated mice at 20 wpi (average score 4.5, p = 

0.0001), 21 wpi (average score 3.2, p = 0.0007), and 22 wpi (average score, 2.5, p = 0.0216) 

(Figure 3.4A) compared to vehicle-treated prion-infected (average score 1 at 20 wpi, and 0.5 at 

21 and 22 wpi) nest formation, while i.n. treated mice show a trend though no significant change 

in nesting throughout the disease.  
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Figure 3.4. Behavioral and cognitive deficits are protected by NF-kB and NLRP3 down-
regulation with SB_NI_112 in prion diseased mice. A significant increase in the ability of the 
mice to build proper nests at 20, 21, and 22 wpi with SB_NI_112 i.p. compared to vehicle 
treatments. Two-way ANOVA, error bars = SEM, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 
0.0001. In the hippocampal burrowing assay, i.p. and i.n. SB_NI_112 treated mice showed 
significantly better ability to burrow, along with high dose SB_NI_112 i.p. at 16 weeks, 
compared to untreated counterparts (B). Two-way ANOVA, error bars = SEM, * p< 0.05, ** p< 
0.01. Only i.p. SB_NI_112 showed a significant difference in discrimination index at 20 wpi, 
higher discrimination index trends with i.n. SB_NI_112 (C). Both i.p. and i.n. SB_NI_112 treated 
mice had significantly higher scores in spatial novel object recognition at 22 wpi (D). N=9-12. 
One-way ANOVA with pos-hoc analysis, error bars = SEM, * p< 0.05, ** p< 0.01, *** p< 0.001, 
**** p< 0.0001 
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Similarly, a significant increase in the ability of the mice to build proper nests at 19 wpi 

(average score 4.5, p = 0.0039) and 21 wpi (average score 3.2, p = 0.0005) was shown with 

high dose i.p. treatment with SB_NI_112 compared to vehicle treatments (average score 2.5 at 

19 wpi and 1 at 20 wpi).  

Mice were given a plastic tube filled with food pellets within their home cages for 30 min 

to burrow freely. Following this time, the food pellets left in the tubes were weighed and the 

percent burrowed calculated. Prion-diseased mice are known to stop burrowing as the disease 

progresses144-146, but at 20 wpi, 21 wpi, and 22wpi, prion-diseased mice given therapeutic 

SB_NI_112 (i.n. and i.p.) had a later onset of deficits in burrowing activity (Figure 3.4B), 

showing a significance of protection at 20 wpi (average percent burrowed 47, p = 0.0475 for i.n.; 

average percent burrowed 42, p = 0.0032 for i.p.), trending through 22 wpi. (Figure 3.4B) A 

significant difference in the hippocampal burrowing assay was only indicated at 16 wpi (average 

percent burrowed 75, p > 0.0365) when mice were treated with the high dose SB_NI_112 

compared to the vehicle (average percent burrowed 51).  

Cognitively, mice with RML-induced prion disease have a significant decrease in the 

ability to recognize a familiar object as the RML prion strain begins to aggregate within the 

hippocampus, the brain region essential for memory and learning143-145. Both i.n. and i.p. 

SB_NI_112 treatment protected prion-induced deficit in novel object recognition when compared 

to vehicle-treated diseased mice (Figure 3.4C, D). The ratio of time the mouse spent with the 

novel object to the familiar object (seen 24 hours beforehand) was calculated and noted by the 

discrimination index. The closer the discrimination index (DI) is to a value of one the more intact 

the hippocampal memory is, implying lower disease progression in the animal. At 20 wpi, only 

SB_NI_112 i.p. showed a significantly higher discrimination index compared to untreated 

counterparts (mean discrimination index score 0.253, p > 0.05), with a trend of improvement 

with low dose i.n. SB_NI_112 (mean discrimination index -0.152) (Figure 3.4C). At 22 wpi, both 
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i.p. (mean discrimination index score 0.449, p < 0.0005) and i.n. treated mice (mean 

discrimination index score 0.434, p < 0.005) had a significant increase when compared to 

vehicle-treated diseased mice with a discrimination index of -0.174 (i.e., preferring the familiar 

object) (Figure 3.4D). There was also a trend towards improved novel object recognition in high 

dose treated mice compared to untreated counterparts at 22 wpi. 

Down- regulation of NF-kB and NLRP3 with SB_NI_112 treatment reduces glial inflammation. 

Brain tissues were collected at 20 wpi and 24 wpi from low dose treatment groups. 

Formalin-fixed tissues were processed and embedded into paraffin wax and sectioned at 5µm. 

Brains were stained for both microglial and astrocytic inflammation (Figure 3.5-6).  
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Figure 3.5. Microglial inflammation is significantly decreased by NF-kB and NLRP3 down-
regulation with SB_NI_112 in prion diseased mice at 20 wpi. Representative images of the 
hippocampus, thalamus, cortex, and cerebellum with Iba1+ cells, a marker of activated 
microglia, with vehicle (A-D), SB_NI_112 i.n. (E-H), and SB_NI_112 i.p. (I-L) treatment. 
Quantitative analysis of each brain region identifies a significantly lower number of Iba1+ cells in 
the hippocampus (M), thalamus (N) cortex (O), and cerebellum (P) with both i.n. and i.p. 
treatment. Arrows represent examples of positive cells. Arrows represent examples of positive 
cells. Scale bar = 20µm, N=3-4. One-way ANOVA, error bars = SEM, *p > 0.05, **p> 0.001, ***p 
> 0.0001. 
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Figure 3.6. Astrocytic inflammation is significantly decreased by NF-kB and NLRP3 
down-regulation with SB_NI_112 in prion disease mice at 20wpi. Representative images of 
the hippocampus, thalamus, cortex, and cerebellum with S100b+ cells, a marker of activated 
microglia, with vehicle (A-D), SB_NI_112 i.n. (E-H), and SB_NI_112 i.p. (I-L) treatment. 
Quantitative analysis of each brain region identifies a significantly lower number of S100b+ cells 
in the thalamus (N) and a trend of a decrease of inflamed astrocytes in the hippocampus (M) 
and cortex (O), and cerebellum (P) with treatment.  Arrows represent examples of positive cells. 
Arrows represent examples of positive cells. Scale bar = 20µm, N=3-4. One-way ANOVA, error 
bars = SEM, * p< 0.05. 
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Microglia inflammation was identified as Iba1+ cells (Figure 3.5), and S100β+ cells 

denote inflamed astrocytes (Figure 3.6). Four main brain regions known to be affected in RML 

prion infection were analyzed: the hippocampus, cortex, thalamus, and cerebellum. 

Representative images of each brain region for all treatment groups are displayed for both 

microglial (Figure 3.5A-L) and astrocytic gliosis (Figure 3.6A-L), and arrows point out examples 

of positively stained cells. 

In the thalamic region, both microglial and astrocytic inflammation were significantly 

suppressed by down-regulation of NF-κB and NLRP3 with SB_NI_112, both i.n. and i.p. (Figure 

3.5N and 3.6N respectively) at 20 wpi. Within the thalamic region, vehicle treated samples had a 

mean of 775.4 Iba1+ microglia per mm2, followed by SB_NI_112 i.p. treatment with a mean of 

168.6 Iba1+ microglia per mm2 (p = 0.0115 compared to vehicle), and SB_NI_112 i.n. treatment 

with a mean of 168.6 Iba1+ microglia per mm2 (p = 0.0087 compared to vehicle). In regards to 

astrogliosis in the thalamus, vehicle treated samples had a mean of 421 S100β+ astrocytes per 

mm2, followed by SB_NI_112 i.p. treatment with a mean of 270 S100β+ astrocytes per mm2, (p 

= 0.0613 compared to vehicle), and SB_NI_112 i.n. treatment with a mean of 240.8 S100β+ 

astrocytes per mm2, (p = 0.0282 compared to vehicle). Within the hippocampal region, vehicle 

treated samples had a mean of 246 Iba1+ microglia per mm2, followed by SB_NI_112 i.n. 

treatment with a mean of 56.31 ba1+ microglia per mm2 (p = 0.0019 compared to vehicle), and 

SB_NI_112 i.p. treatment with a mean of 36.75 Iba1+ microglia per mm2 (p = 0.0010 compared 

to vehicle). In the cortex, vehicle-treated samples had a mean of 203 Iba1+ microglia per mm2, 

followed by SB_NI_112 i.n. treatment with a mean of 33.22 Iba1+ microglia per mm2 (p = 

0.0014 compared to vehicle), and SB_NI_112 i.p. treatment with a mean of 22.32 Iba1+ 

microglia per mm2 (p = 0.0010 compared to vehicle). Lastly, in the cerebellum vehicle-treated 

samples had a mean of 319.6 Iba1+ microglia per mm2, followed by SB_NI_112 i.n. treatment 

with a mean of 80.05 Iba1+ microglia per mm2 (p = 0.0023 compared to vehicle), and 
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SB_NI_112 i.p. treatment with a mean of 57.71 Iba1+ microglia per mm2 (p = 0.0013 compared 

to vehicle). There was a trend towards astrocyte reduction for both i.p. and i.n. treatment groups 

in the hippocampus (Figure 6M), Cortex (Figure 6O), and cerebellum (Figure 3.5P).  

Microglia are closely associated with plaques in multiple forms of human prion disease 

including Creutzfeldt-Jakob disease, Gerstmann-Straussler-Scheinker, and kuru and it has been 

shown that microglia play a role in neuronal cell death during prion disease147, 148. Microglial 

activation appears before the manifestation of clinical signs of prion disease, indicating 

microglial inflammation plays a role in the progression of prion disease. Furthermore, the 

deposition of prion proteins alone does not directly predict regions of neurodegeneration148. In 

addition to microglial activation, astrogliosis is found early in prion disease pathology, and 

reactive or inflamed astrocytes are known to be synaptotoxic in the pathogenesis of prion 

disease121, 122, 149. Further, NF-κB and NLRP3 activation are implicated in the induction of 

neurotoxic astrocytes by microglia. Global microglial ablation of NLRP3 ameliorates A1-like 

astrocytes in vitro and in vivo, decreasing neuronal dysfunction. Our research supports this 

claim by displaying decreased microglial and astrocytic inflammation down-regulating NLRP3 

and NF-κB with brain-penetrant SB_NI_112 (Figure 3.5-6). Though a less significant difference 

was seen in inflamed astrocytes (S100β+ cells) between treated and untreated groups, this may 

be due to temporal differences in microglial and astrocyte activation throughout chronic 

inflammation or a proposed cell-type specific activation of NLRP3 in microglia compared to 

astrocytes150, 151.  

SB_NI_112 protects against prion-induced spongiosis and neuronal loss.  

Morphologic spongiosis or vacuoles within the brain tissue is a hallmark of prion disease 

that increases as the disease progresses138, 139. To assess and quantify this change, we used 

pathological scoring of the hippocampus, thalamus, cortex, and cerebellum following H&E 

staining. Scores were given ranging from + (mild spongiosis) to +++ (high spongiosis) by three 
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blinded researchers Figure 3.6E-P. This revealed protection against spongiform change in both 

i.p. and i.n. SB_NI_112 treatment of prion diseased mice when compared to vehicle-treated 

prion diseased mice at 20 wpi. Representative images from each brain region with 

corresponding average spongiosis score are displayed for RML + Vehicle, RML + SB_NI_112 

i.n., and RML + SB_NI_112 i.p. Overall, down regulation of NF-κB and NLRP3 with SB_NI_112 

protects against hallmark spongiosis in prion disease. Beyond spongiosis, the loss of neurons 

within the hippocampus following RML prion infection is well established142. Therefore, we 

quantified neuronal loss in SB_NI_112 treatment groups to untreated counterparts. Neuronal 

numbers within the CA1 region of the hippocampus (Figure 3.7A-C) were significantly higher 

with down-regulation of NF-κB and NLRP3 by low dose i.n. and i.p. delivered SB_NI_112 

compared to the vehicle (Figure 7D, p>0.05).  
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Figure 3.7. Prion induced neuronal loss and spongiotic change is significantly decreased 

by NF-kB and NLRP3 down-regulation with SB_NI_112 in prion diseased mice. 
Representative images of the NeuN + cells (neuronal cell bodies) in the CA1 region of the 
hippocampus (A-C) Significant decrease in the number of neurons lost at 20 wpi with treatment 
via i.p. and i.n. SB_NI_112 (D). Scale bar = 20mm, N=3-4. One-way ANOVA *p > 0.05. 
Representative images of the spongiotic change in hippocampus, thalamus, cortex, and 
cerebellum with vehicle (E-H)), low dose SB_NI_112 i.n. (I-L), and low dose SB_NI_112 i.p. (M-
P). Pathological scoring of each brain region identifies a protection or decrease of pathological 
score at all brain regions analyzed; + = mild spongiosis, ++ = moderate spongiosis, +++ = 
severe spongiosis. N=3-4. 
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Critically, SB_NI_112 prevents the neuronal loss and spongiform change induced by 

RML prion infection. As neuronal loss is the direct cause of behavioral and cognitive deficits, 

and ultimate fatality due to prion disease, it is imperative potential therapeutics show success in 

this metric142.  

Treatment with SB_NI_112 improved clinical scores and survival in mice despite accumulation 

of PrPSc 

 At 22 wpi, vehicle-treated mice begin to show a significant increase in clinical signs of 

prion disease (Figure 3.8A).  
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Figure 3.8. Prion diseased mice treated with NF-kB and NLRP3 down-regulator had 
significantly lower clinical scores and increased lifespan, independent of PrPSc 
accumulation. Clinical scores of mice treated with i.n. or i.p. SB_NI_112 at 22 and 23 wpi were 
significantly lower than vehicle treated counterparts, continued significance at 24 wpi with i.p. 
SB_NI_112 (A). N=9 for prion positive i.p. and i.n. groups, N=9-12 for all other groups. One-way 
ANOVA, error bars = SEM, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. Mice treated 
with low dose SB_NI_112 i.p. lived significantly longer than untreated counterparts (B) Survival 
curve, ***** (p <0.000001). Total PrP and PrPSc levels detected after proteinase K (PK) ( - 
indicates not added, + indicates added) digestion at 20 wpi measured by immunoblot (C). Total 
PrP relative to β-actin was significantly different among SB_NI_112 i.p. treated and untreated 
groups (D).  N=4 for all groups. One-way ANOVA, error bars = SEM, * p < 0.05. No significant 
difference was seen in total PrPSc relative to PrPC (E). Total PrPSc relative to PrPC was 
equivalent in prion-infected mice treated with vehicle and SB_NI_112 i.n. and i.p. treatment (E). 
N=4 for all groups. One-way ANOVA, error bars = SEM. All immunoblots were performed on 
frontal cortex lysates. 
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At 22 wpi, vehicle-treated mice begin to show a significant increase in clinical signs of 

prion disease (Figure 8A). From 22 wpi to 24 wpi i.p. SB_NI_112 treated diseased mice have 

significantly (p<0.0001 for all weeks) lower clinical scores than vehicle-treated diseased mice, 

and SB_NI_112 i.n. treatments displayed significantly lower scores at 22 wpi (p <0.0001) and 

23 wpi (p = 0.0197). Untreated Prion clinical signs included tail rigidity, hyperactivity, ataxia, 

extensor reflex (clasping), tremors, righting reflex, kyphosis, and poor grooming142, 145, 146. Each 

sign was rated on a scale from 0-5. All clinical sign scores were combined for a total score. 

SB_NI_112 i.p. treated mice had clinical scores with a mean lower than 2 at 22 wpi, 3 at 23 wpi, 

and 5 at 24 wpi, compared to clinical score mean of 6+ points higher in untreated counterparts 

(Fig 3.8A). Mice receiving i.n. treatments averaged scores of 3 at 22 wpi and 7 at 23 wpi (Fig 

3.8A). Of note, clinical scores in high dose treated mice were significantly lower (p = 0.0120) at 

22 wpi, with a trend towards lower scores at 23 and 24 wpi (Supplemental Figures 1E). See 

supporting videos for visual of clasping (supporting videos 1-3), righting reflex (supporting 

videos 4-6), and walking (supporting videos 7-9) in Control (NBH), RML + vehicle, and RML + 

Sb_NI_112 i.p. at 22 wpi. Mice were considered terminal and euthanized after reaching a total 

score of 9 or above. Additionally, mice with a weight loss greater than 10% were considered 

terminal and euthanized. The date of euthanasia was documented for survival analysis (Figure 

8B).  

The lifespan of prion disease mice was significantly increased with i.p. SB_NI_112 

Nanoligomer treatment (p <0.000001) compared to vehicle-treated mice (Figure 3.8B). No 

change or protection of i.n. delivered SB_NI_112 was seen in survival of prion-diseased mice. 

Human sporadic Creutzfeldt-Jakob disease has a mean survival of 7-8 months after diagnosis 

(Salehi et al., 2022). On average, i.p treatment with SB_NI_112 significantly increased prion-

diseased mouse lifespan. Untreated mice had a mean survival of 162 days, i.p. SB_NI_112 

treated 174 days, and i.n. SB_NI_112 163 days. Of note, the first mouse without SB_NI_112 
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treatment reached a clinical score indicative of sacrifice 15 days before the first mouse receiving 

i.p. treatment. 15 mouse days equate to approximately 6 months in human years, a near 

doubling of expected survival time after diagnosis152. Importantly, there was no toxic pathology 

induced by the down regulation of NF-κB and NLRP3 by SB_NI_112 (Figure 2A).  

To determine if SB_NI_112 modulates the accumulation of the misfolded prion protein, 

PrPSc, immunoblotting was performed on cortical brain homogenates for levels of the cellular 

PrPC and proteinase K-resistant PrPSc (Fig 3.8C). Total PrP relative to β-actin was significantly 

different among treated and untreated groups (Figure 3.8D). No significant difference was seen 

in total PrPSc relative to PrPC (Figure 3.8E). Similarly, other studies examining potential prion 

therapeutics have shown similar results in regard to total PrPSc 142, 143. This indicates dampening 

chronic inflammatory signaling protects against prion-associated neurodegeneration 

independent of PrPSc accumulation. SB_NI_112, down-regulator of NF-κB and NLRP3, shows 

efficacy in slowing the disease clinically, behaviorally, and pathologically while increasing 

predicted survival after diagnosis, and use as a combination therapy for individuals diagnosed 

with prion disease.  

NLRP3 inflammasome involvement in progression of prion disease.  

The level of influence the NLRP3 inflammasome has on prion disease progression is still 

debated within the literature. The NLRP3 inflammasome was found to be involved in 

lipopolysaccharide (LPS)-primed microglia after exposure to a synthetic neurotoxic prion 

fragment in vitro124, 125. Previous studies highlight the importance of the NLRP3 inflammasome 

in the production of IL-1β and IL-18 in systemic inflammation and neurodegenerative disease, 

including prion disease38, 120, 123, 126, 127, 153. An in vitro study in BV2 microglia and co-cultured glia 

reported that aggregated prion protein was involved in both priming and activation of the NLRP3 

inflammasome125.   
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Regarding cytokine production in our study, at 16wpi, IL-28 is significantly reduced in i.p. 

treated (average 30.1 pg/mg total protein, p <0.05) mice compared to untreated counterparts 

(average 43.4 pg/mg total protein) (Figure S2). Interestingly, an in vivo study found levels of IL-

1β at end-stage prion disease were not affected by the absence of NLRP3 and that NLRP3 

knockout mice succumbed to RML prion in a similar time frame to wild-type counterparts154. 

Conversely, our in vivo research supports the involvement of the NLRP3 inflammation in prion 

disease progression, as downregulation of NLRP3 and upstream signaling molecule NF-κB 

decreased glial inflammation, protected against neuronal loss, prevented spongiotic change, 

rescued cognitive deficits, and significantly lengthened lifespan of prion-diseased mice. 

Additionally, inflammatory cytokines IL-2, IL-1α, and IL-1β, trended lower in prion-diseased mice 

treated with i.p. SB_NI_112, similar to NBH controls, when compared to untreated counterparts. 

Principal component analysis revealed trending differences between treated and untreated 

prion-diseased mice (p = 0.094) (Figure S2 E). Based on conflicting data, there are likely 

additional inflammatory pathways upregulated by PrPSc in conjunction with the known direct 

degenerative impact PrPSc aggregates have on neurons155.   

 

Conclusions and Future Prospects  

Down-regulation of NF-κB and NLRP3 in a mouse-adapted RML prion model slows 

disease progression by reducing glial inflammation, delaying development of behavioral deficits 

and clinical signs, preventing loss of neurons, and extending lifespan. Because treatments 

successful in prion disease are anticipated to work in other NPMDs due to common 

pathogenesis, these findings, if validated clinically, have important implications for patients 

diagnosed with prion disease and those suffering from more widespread neurodegenerative 

diseases like AD and PD.  
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Though all mice eventually succumbed to disease in this study, PrPSc misfolding and 

accumulation in prion disease, in comparison to other misfolded proteins in NPMDs (Aβ in AD 

and α-Syn in PD), is substantially more rapid and aggressive156. Additionally, properly 

functioning microglia can phagocytose and degrade both Aβ and α-Syn. It is only when 

microglia lose the ability to degrade misfolded proteins and the load of Aβ or α-Syn becomes 

too high that aggregation and progression of disease state occurs in AD and PD respectively38, 

123, 126, 127. Recent research supports chronic inflammation and NLRP3 inflammasome 

stimulation decreases microglial autophagy, leading to increased Aβ or α-Syn production and 

aggregation in the brain135-137. Furthermore, inflammation in other glial cells, namely astrocytes, 

leaves them unable to properly perform metabolic, structural, homeostatic, and neuroprotective 

tasks156.  

It is important to note that though many treatments for NPMDs have been promising in 

early research, many fail due to toxicity and low efficacy rates in animal models or human 

trials106, 157, 158. At this time, our research has identified no measurable toxicity or side effects 

associated with Nanoligomer SB_NI_112 at single high doses of 500 mg/kg or repeated dosing 

of 150 mg/kg. Additionally, the NF-κB and NLRP3 down-regulator is stable and bioavailable, 

has confirmed ability to cross the BBB, and displays high target specificity with minimal off-

targeting. Our mechanism of action results (Figure 3.3) displaying superior inhibition of NF-κB 

and NLRP3 via i.p. route of delivery compared to i.n., combined with behavioral and histological 

data, support that an intraperitoneal dosing method is more successful at delivery therapeutic 

SB_NI_112 to the brain, thus providing better protection against neuroinflammation and prion 

disease progression. 

A secondary study was completed at 150 mg/kg three times per week to explore the 

impact of a higher dose. However, we saw no difference in RML prion associated behavioral 

assessment scores and clinical signs of 10 mg/kg 2x per week and high dose 150 mg/kg 3x per 
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week treatment groups (Figure 3.3), indicating there may be a threshold at which the treatment 

against neuroinflammation, specifically NF-κB and NLRP3, is effective against RML prion 

disease. Because there is no indication to treat with a higher dose, as it does not increase the 

therapeutic effect, we did not continue with additional methods to assess disease progression in 

the high dose study. 

Specifically in prion disease, there have been few small molecules, antibodies and other 

compounds that show promise in treatment of disease pathogenesis. Therapeutic 

oligonucleotides for the prion protein or PrP-lowering antisense oligonucleotides (ASO) have 

proven to lower the toxic load of the disease-causing misfolded prion protein increasing survival 

of infected mice. Critically this was irrespective of the strain or type of prion the mice were 

exposed to but, only successful with the highly invasive intracerebroventricular injection, a 

critical limitation of this treatment159. The use of antibodies as an immunotherapy and small 

molecules against the prion protein has been studied for years and in rodents the progression 

and acceleration of the toxic PrPSc is reduced, but unfortunately the protection of these do not 

translate well to patients158, 160-164. The development of human specific antibodies is showing 

some efficacy in patients however the need for the ability to give the immunotherapy to patients 

earlier, prior to severe disease states, seems to be essential165.  

Nanoligomers present significant benefits compared to other small-molecules, 

antibodies, and antisense oligonucleotide (ASO) platforms. First, their efficient biodistribution 

and facile delivery across the BBB and reaching various sections of the brain without using 

invasive administration methods such as Intracerebroventricular injection used in other ASO 

based treatments159, 166. Second, lack of any immunogenic response, any adverse systemic 

effect or accumulation makes these molecules preferable to other small molecules. This study 

focusing on a Prion infection model, showed that Nanoligomers directed at the inflammasome 

demonstrate neuroprotection, improved animal survival rates, and enhanced cognitive function. 
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This underscores the technology's safety and broader potential applications. Another significant 

advantage of the Nanoligomers discovery engine lies in its capability to selectively target 

specific gene(s) for either upregulation or downregulation of expression as needed. Notably, 

recent research demonstrated that a low dosage of 5 mg/kg of Nanoligomer significantly 

reduced inflammation in the mouse hippocampus during LPS-induced neuroinflammation93. 

Limitations of our study include a low sample size at each individual time point. Higher 

significance may have been achieved with a larger sample size, particularly regarding 

behavioral testing timepoints for the later more diseased timepoints. Moreover, adding more 

behavioral time points (weekly vs. biweekly) could display more detailed changes in behavior as 

prion disease progresses. Additionally, there may be other routes of dosing that provide 

stronger protection against prion disease progression, including intravenous, subcutaneous, or 

oral routes. Finally, because the therapeutic showed high safety efficacy, it would be beneficial 

to test a higher dose concentration and more often frequency in dosing. 

In summary, targeting the NLRP3 inflammasome via down-regulation of NF-kB and 

NLRP3 with SB_NI_112 has promising therapeutic potential for NPMD’s. SB_NI_112 reduces 

inflammatory signaling amongst microglia and astrocytes, which is highly neuroprotective. At the 

least, targeting chronic neuroinflammation in NPMDs is an essential component in the “cocktail” 

of multi-target therapeutic interventions that are likely necessary for successful modification and 

halting of disease. Next steps include studying SB_NI_112 therapeutic intervention in additional 

neurodegenerative murine models of Parkinson’s Disease, Alzheimer’s Disease, Multiple 

Sclerosis, and Amyotrophic Lateral Sclerosis. We also plan to examine other dosing routes 

including oral, intravenous, and subcutaneous. Additionally, we are beginning clinical trial 

research for use of SB_NI_112 in dogs displaying signs of canine cognitive dysfunction. The 

ultimate goal is to translate neurotherapeutic SB-NI_112 for human treatment of NPMDs.  
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Methods 

Mice and Brain homogenates 

C57Bl/6 (Jackson Laboratory) mice were intracranially inoculated with 30µl of 0.1% 22L 

or Rocky Mountain Laboratories (RML) strains of mouse-adapted prions, or normal brain 

homogenate (NBH), in 1% Pen-Strep (1:1 penicillin-streptomycin). Mice were monitored for 

weight loss and clinical signs of prion disease and euthanized after showing signs of terminal 

illness. 20% brain homogenates in phosphate-buffered saline (PBS) were made using beads 

and a tissue homogenizer (Benchmark Bead Blaster 24) and stored at -80C. Brain 

homogenates were aliquoted and treated with UV light for 30 minutes to sterilize before being 

used for cell culture. 

Nanoligomer Design and Synthesis 

The Nanoligomer design, sequences, and synthesis has been described in our previous 

work. Nanoligomers were designed and synthesized (Sachi Bioworks Inc.) according to 

published methods91, 93, 94. The Nanoligomer is composed of a nanobiohybrid molecule based on 

antisense peptide nucleic acid (PNA)91, 93, 94, 167. conjugated to nanoparticle for improved 

delivery. The PNA moiety was chosen to be 17 bases long (to optimize solubility and specificity) 

antisense to the start codon regions of nfkb1 (N terminus- -C terminus, sequence: 

AGTGGTACCGTCTGCTA) and nlrp3 (N terminus- -C terminus, sequence: 

CTTCTACTGCTCACAGG) within the Mouse genome (GCF_000001635.27). Potential PNA 

sequences were screened for solubility, self-complementing sequences, and off-targeting within 

the mouse genome (GCF_000001635.27). The PNA portion of the Nanoligomer was 

synthesized on Vantage peptide synthesizer (AAPPTec, LLC) with solid-phase Fmoc chemistry. 

Fmoc-PNA monomers were obtained from PolyOrg Inc., with A, C, and G monomers protected 

with Bhoc groups. Following synthesis, the peptides were conjugated with gold nanoparticles 

and purified via size-exclusion filtration. Conjugation and concentration of the purified solution 
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was monitored through UV-Vis (Thermo Scientific, NanoDrop) measurement of absorbance at 

260 nm (for detection of PNA) and 400 nm (for quantification of nanoparticles). Nanoligomers 

were stored at 4°C until further use.  

Biodistribution and Toxicity 

Six female and six male C57Bl/6 (Jackson Laboratory) mice, 8-10 weeks of age, were 

injected with a single dose of 500 mg/kg intraperitoneal or intranasal SB_NI_112. Mice were 

monitored for 2 weeks for safety/tox study and dosing. Weight was monitored daily, along with 

any changes in behavior/well-being. At the end of the study, mice were euthanized, and tissues 

harvested for histopathological scoring, blood concentration of any inflammatory markers, 

albumin content in serum. Using three-fold lower concentration than the maximum tolerated 

dose (MTD) (150 mg/kg), eight female and eight male C57Bl/6 mice were dosed for 2 weeks 

with 2 doses/week. Mice were euthanized and harvested to measure distribution of Nanoligomer 

through different tissues using ICP-MS. 

Nanoligomer Administration 

At 10 weeks post RML prion or NBH inoculation, mice were treated two times per week 

either intraperitoneally (i.p.) or intranasally (i.n.) with 10 mg/kg of SB_NI_112 diluted in sterile 

phosphate buffered saline (PBS). For high dose study, mice were treated three times per week 

with 150 mg/kg of SB_NI_112 i.p. Mice receiving treatment i.n. were anesthetized prior to 

administration and laid in an intranasal apparatus that controlled isoflurane throughout the 

intranasal procedure. 

Cognitive assay: Novel Object Recognition 

Mice were tested in a rectangular arena (28cm x 43cm) and habituated by exploring the 

empty arena for ten minutes. During day one of testing, mice were placed in the arena with two 

identical objects (constructed with Legos) and video monitored for 5 minutes of exploration. On 

day two of testing, one of the known objects was replaced by a novel object, and the 5-minute 
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exploration was filmed using a 1080P FHD Mini Video Camera. All objects and the arena were 

cleansed thoroughly with 70% ethanol between trials to ensure the absence of olfactory cues. 

Time exploring both the known and novel object was calculated by blinded observers. 

Discrimination index (DI) calculated following Absolute vs Relative Analysis protocol53. All 

objects were tested prior to use to ensure the mice would explore them. 

Hippocampal Behavioral assays: Burrowing and Nesting 

Briefly, mice were placed in a large cage with a PVC tube (2.33" x 5.75") full of food 

pellets, as described142, 144, 168. The percentage of burrowing activity is calculated from the 

difference in the weight of pellets in the tube before and after 2 hours. To test nesting, we 

placed three fresh napkins in each cage. After 24 hours, cages were examined for nesting 

activity. Nests were scored on a scale of 0-5, where 0 represents no nesting activity, and 5 

represents a high-quality nest. 

Clinical Scoring of mice 

Eight key clinical signs were monitored in mice daily beginning at 20 or 21 wpi. Clinical 

signs included tail rigidity, hyperactivity, ataxia, extensor reflex, tremors, righting reflex, 

kyphosis, and poor grooming. Each sign was rated on a scale from 0-5. All clinical sign scores 

were combined for a total score. Mice considered terminal and euthanized after reaching a total 

score of 9 or above. Additionally, mice with a weight loss greater than 10% were considered 

terminal and euthanized.  

Immunohistochemistry 

Paraffin-embedded brains were sectioned at 4 µm and stained with NeuN antibody 

(1:250; Cell Signaling) for CA1 neuronal counts. Astrogliosis was detected with S100b antibody 

(1:400; Abcam ab41548) and Iba1 antibody (1:400; Abcam, ab5076) was used for microglial 

counts. Nonspecific binding was blocked before primary antibodies with 10% Horse Serum 

(Sigma Aldrich). A biotinylated secondary antibody (Vector Labs) was used, and stain was 
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visualized with diaminobenzidine reagent. All images were taken with CellSens Dimension 

Desktop 3.1 and counted with CellSens (Iba1 and S100b+) or manually (NeuN). 

Immunoblotting 

Cell lysates were isolated using the protein lysis buffer (50mM Tris, 150mM NaCl, 2mM 

EDTA, 1mM MgCl2, 100mM NaF, 10% glycerol, 1% Triton X-100, 1% Na deoxycholate, 0.1% 

SDS and 125mM sucrose) supplemented with Phos-STOP and protease inhibitors (Roche). A 

BCA Protein Assay kit (Thermo Scientific) was used to quantify protein concentration of lysates, 

and 250 mg or 500mg protein was digested with 20 µg/ml proteinase K (PK) (Roche) for PrPSc 

blots for 1 hour at 37C. This digestion allows all other proteins to be digested so PrPSc can be 

detected, therefore loading control antibodies cannot be used for these blots. Digestion was 

terminated with 2mM PMSF and lysates were spun at 40,000 x g for 1 hour at 4C before being 

loaded on a gel. For PrPC blots, 20 mg of samples was used. Samples were run using 4-20% 

acrylamide SDS page gels (BioRad) and then transferred onto 0.45µm PVDF blotting paper 

(MilliPore). Primary antibody Bar-224 (Cayman Chemical Company) was used at 1:1,000 

dilution for PrPSc blots and 1:5,000 dilution for PrPC blots. HRP-conjugated secondary antibodies 

were used at a concentration of 1:5,000 (Vector Laboratories). For PrPC blots, loading control 

GAPDH was ran at a 1:5,000 dilution (MilliPore), with HRP-conjugated anti-mouse secondary at 

1:5,000 dilution (Southern Biotech). The protein antibody complex was visualized using 

SuperSignal West Pico PLUS Chemiluminescent Substrate (Thermo Scientific) and visualized 

with the BioRad ChemiDoc MP. 

Quantification of Cytokine & Chemokine in mouse tissues 

Briefly, dissected brain tissues were flash-frozen and homogenized using a mortar and 

pestle to form a homogenate solution in tissue cell lysis buffer (Thermo Fisher, EPX-99999-

000). Samples were then centrifuged at 16,000xg for 10 min at 4°C and supernatant was 

transferred to a fresh tube. Bio-Rad’s DC Protein Assay Kit was used to determine protein 
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content, and all samples were diluted to 10 mg protein/mL. Quantification of cytokines/ 

chemokine was performed with Cytokine & Chemokine 36-Plex Mouse ProcartaPlex Panel 1A 

(EPXR360-26092-901), analyzed on a Luminex MAGPIX xMAP instrument, and quantified 

using xPONENT software. For standard curves, eight four-fold dilutions of protein standards 

were used 

ICP-MS 

Briefly, tissue samples were homogenized in a TissueLyser bead mill (Qiagen, 

Germantown, MD) at 30 Hz for 3 min with the addition of 1 μl deionized water per 1 mg organ 

tissue. Volumes of homogenates ranging from 10 to 130 μl were then digested in 500 μl of aqua 

regia (3:1 hydrochloric acid to nitric acid) for 4 hours at 100 °C. Pellets were resuspended in 

water and analyzed with a NexION 2000B single quadropole ICP-MS (PerkinElmer, Waltham, 

MA). A Meinhard nebulizer was used with a cyclonic glass spray chamber for the introduction of 

the sample. A nickel sample and skimmer cone were used with an aluminum hyperskimmer 

cone. The ICP-MS was optimized daily with a calibration solution of 1 ppb In, Ce, Be, U, and Pb. 

Au was the analyte monitored. Data was collected using the sample acquisition module in 

Syngistix software (version 2.3). Data was analyzed using Microsoft Excel by converting 

measured Au concentrations to pg/mg organ via organ homogenate volume used. A seven-

point linear curve with a 1000 ppm Au standard solution (Ricca Chemical Co, Arlington, TX) was 

generated at a concentration range of 0- 250 ppb. Indium was spiked into each sample at a 

concentration of 5 ppb. Linearity of the standard curve was defined at an R2 value of greater 

than 0.995. TraceMetal grade 70% HNO3­ was purchased from ThermoFisher Scientific 

(Waltham, MA). All H2O used was from a Milli-Q system (Millipore, Burlington, MA). 

Statistical Analysis 

All data is presented as mean +/- SEM unless otherwise specified. A ROUT (Q = 10%) 

outlier test was performed on all data to identify potential outliers, which were removed from the 
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data set. Differences between experimental groups were analyzed using a One-way ANOVA or 

Two-way ANOVA. Statistical analysis was completed using Prism. Significance is denoted 

throughout the manuscript as * = p ≤ .05, ** = p ≤ 0.01, *** = p ≤ 0.001, and **** = p ≤ 0.0001. 

Ethics Approval 

Mice were euthanized by deeply anaesthetizing with isoflurane followed by decapitation. 

All mice were bred and maintained at Lab Animal Resources, accredited by the Association for 

Assessment and Accreditation of Lab Animal Care International, in accordance with protocols 

approved by the Institutional Animal Care and Use Committee at Colorado State University. 
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CHAPTER 4 – ENTERIC GLIAL INGLAMMATION AND NEURODEVELOPMENTAL 

PERTERBATIONS TRIGGERED BY CHRONIC LOW-DOSE EXPOSURE TO MANGANESE 

VIA DRINKING WATER3 

 

Summary 

Manganese (Mn) is an essential trace element critical for a range of physiological 

functions, including neurotransmitter synthesis and cellular metabolism. However, excessive Mn 

exposure can lead to neurotoxicity, which has been linked to neurodegenerative diseases such 

as Parkinson’s disease (PD) and Alzheimer’s disease (AD). It has been shown that Mn toxicity 

may also contribute to the risk of neurodevelopmental disorders, including attention-deficit 

hyperactivity disorder (ADHD) and other learning disorders. While much of the research on Mn 

toxicity has focused on the central nervous system (CNS), the enteric nervous system (ENS), 

which is often the primary site of Mn exposure, may also play a significant role in mediating 

neurodevelopmental changes. Despite growing recognition of Mn’s potential role in 

neurodevelopmental disorders, the exact mechanisms underlying ADHD-like symptoms remain 

inadequately understood. This study examines the impact of low-dose Mn exposure on 

neurodevelopment in juvenile mice, focusing on behavioral and pathologic changes resembling 

ADHD-related deficits. Mice were exposed to manganese chloride (MnCl2) via drinking water at 

a low dose, and behavioral and pathologic outcomes were subsequently assessed. Notably, a 

significant increase in hyperactivity was observed during open field testing, consistent with 

ADHD-like symptoms. Fecal samples were collected for metabolomic profiling to identify 

 

3 Portions of this chapter are based on material to be submitted for publication as: Risen, S. J., Campos, 
C., Weisman, G., Madrid, N. Z., Lee, D., Streifel, K. M., & Moreno, J. A. (in preparation). Enteric glial 
inflammation and neurodevelopmental perturbations triggered by chronic low-dose exposure to 
manganese via drinking water in juvenile mice. 
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potential alterations in the gut microbiome that may contribute to these neurodevelopmental 

changes. Additionally, glial cell activation in both the ENS and CNS was evaluated through 

immunohistochemistry (IHC), revealing significant inflammatory responses in both 

compartments following Mn exposure. Results demonstrate marked alterations in the gut 

microbiome, coupled with enhanced glial inflammation and shifts in neurotransmitter profiles 

within both the gut and brain. Findings suggest that Mn exposure, even at low environmental 

concentrations, has the potential to disrupt normal neurodevelopmental processes and 

contribute to ADHD-like pathologies. By examining interactions between the gut microbiome, 

the ENS, and the CNS, new insights are gained into the neurodevelopmental consequences of 

Mn toxicity and its potential role in the pathogenesis of neurodevelopmental disorders such as 

ADHD. 

 

Introduction  

The increasing body of evidence linking environmental contaminants to adverse health 

outcomes has increasingly highlighted manganese (Mn), an essential trace element that poses 

significant neurotoxic risks, particularly during critical developmental periods in childhood. While 

manganese is vital for various physiological functions, including neurotransmitter synthesis and 

cellular metabolism, excessive exposure—especially through drinking water—can lead to 

neurodevelopmental disorders such as attention-deficit hyperactivity disorder (ADHD)169.  

Alarmingly, many drinking water supplies worldwide contain manganese concentrations that 

exceed recommended safety levels, thereby exposing millions of children to potential neurotoxic 

effects169.  

Recent research has illuminated the intricate relationship between manganese exposure 

and the gut microbiome, a complex ecosystem crucial for host health and neurodevelopment. 

Dysbiosis, characterized by an imbalance in the gut microbial community, has been implicated 
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in the development and progression of neurodevelopmental disorders, including ADHD170. The 

gut microbiome communicates with the central nervous system (CNS) through the gut-brain 

axis, influencing neurological function via mechanisms such as inflammation and 

neurotransmitter modulation170. Disruption of this microbial community due to manganese-

induced oxidative stress may yield cascading effects on neurodevelopment, potentially 

exacerbating behavioral and cognitive deficits associated with ADHD. 

Epidemiologic studies consistently link manganese exposure to cognitive impairments 

and behavioral abnormalities in children. For instance, in a large cohort study children exposed 

to manganese in drinking water exhibited neurobehavioral deficits, whereas another study 

displayed a correlation between manganese levels and diminished intellectual performance169, 

171. Notably, recent animal studies have shown that low-dose manganese exposure can lead to 

behavioral changes resembling ADHD symptoms, including hyperactivity and alterations in 

neurotransmitter profiles70. These findings suggest that even low concentrations of manganese 

in drinking water can adversely affect cognitive functions, raising critical questions about the 

safety thresholds for manganese exposure in public health guidelines.  

The neurotoxic mechanisms underlying these associations may involve direct effects on 

neurotransmitter systems and brain structures integral to cognitive function, particularly the 

dopaminergic system, which is known to be impaired in ADHD70. Manganese has been shown 

to accumulate in dopaminergic neurons, leading to decreased dopamine levels, a 

neurotransmitter crucial for attention and impulse control172. Furthermore, manganese exposure 

has been linked to disruptions in the glutamine-glutamate-GABAergic cycle, which is vital for 

maintaining proper brain function173. The interaction of manganese with other environmental 

neurotoxins, such as lead, may compound the neurodevelopmental risks, necessitating a 

comprehensive understanding of the multifaceted nature of these exposures174. 
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A critical aspect of the gut-brain axis involves the vagus nerve, which serves as a 

primary conduit for communication between the enteric nervous system (ENS) and the CNS. 

Glial inflammation within the gut, triggered by manganese exposure, may propagate signals 

through the vagus nerve, potentially influencing neurodevelopmental outcomes. Recent studies 

indicate that gut inflammation can lead to the trans neuronal propagation of pathological 

proteins, such as amyloid-beta and tau, from the gut to the brain via the vagus nerve175. This 

suggests that inflammatory mediators released in the gut can travel along the vagus nerve, 

impacting brain function and contributing to neurodevelopmental disorders. Furthermore, 

research has shown that pathological α-synuclein, associated with Parkinson's disease, can 

spread from the ENS to the CNS through the vagus nerve, highlighting the potential for similar 

mechanisms in the context of manganese-induced neuroinflammation176.  

Considering these, this research article aims to explore the potential impact of juvenile 

low-dose manganese exposure via drinking water on the gut microbiome and its subsequent 

implications for neurodevelopmental disorders, particularly ADHD. Using a rodent model, 

juvenile mice were exposed to manganese chloride (MnCl2) at low doses (15 mg/kg or 50 

mg/kg) via drinking water (Figure 4.1).  
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Figure 4.1. Experimental Design. C57Bl/6 mice were given either 15 mg/kg or 50 mg/kg MnCl2 

in water ad libitum posting weaning (Day 21) or NaCl (vehicle). At 1, 2, 3, and 4 weeks of 
exposure, a cohort of mice was sacrificed for post-mortem analysis. Behavioral (open-field) and 
cognitive (novel object recognition) assessments were performed on behavioral cohorts of mice 
at 4- and 12-weeks of exposure. After 13 total weeks of exposure all remaining mice were 
euthanized for post-mortem analysis.  
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Behavioral assessments were conducted using open field tests to evaluate hyperactivity 

and other ADHD-like symptoms. Additionally, fecal samples were collected for bacterial species 

profiling to identify potential alterations in the gut microbiome that may contribute to these 

neurodevelopmental changes. Preliminary results indicate marked alterations in the gut 

microbiome, coupled with enhanced glial inflammation and shifts in neurotransmitter profiles 

within both the gut and brain. Notably, at the 50 mg/kg dose, a significant increase in 

hyperactivity was observed during open field testing, consistent with ADHD-like symptoms. By 

elucidating the pathways through which manganese influences both microbial health and 

neurodevelopment, including the role of the vagus nerve in mediating gut-brain communication, 

this study seeks to contribute to the growing body of literature advocating for stringent 

regulatory measures regarding manganese levels in drinking water and to inform public health 

strategies aimed at safeguarding the neurodevelopmental integrity of vulnerable populations. 

 

Results & Discussion 

 This study provides evidence that chronic manganese (Mn) exposure induces 

widespread neurobehavioral, metabolic, and inflammatory perturbations, highlighting a multi-

systemic mechanism of Mn neurotoxicity. The observed behavioral alterations, gut microbiome 

shifts, neuroinflammatory activation, and disruptions in neurotransmitter metabolism suggest 

that Mn exposure not only affects the central nervous system (CNS) directly but also exerts its 

effects through gut-brain axis dysfunction. These findings reinforce the growing recognition that 

environmental toxicants such as Mn can have far-reaching consequences on neurodevelopment 

by disrupting interconnected physiological pathways177.  
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Manganese Exposure Alters Locomotor Activity, Stereotypic Behaviors, and Cognitive 

Performance in a Sex-Dependent Manner  

To assess the behavioral consequences of manganese (MnCl₂) exposure, we evaluated 

locomotor activity, stereotypic behaviors, and cognitive performance in male and female mice at 

weeks 4 and 12 following exposure to 50 mg/kg MnCl₂ or saline in drinking water. The results 

indicate significant sex-dependent and time-dependent effects of Mn exposure on movement 

patterns, perseverative behaviors, and cognitive processing. Locomotor activity, measured as 

total distance traveled (cm) in an open field test (Figure 4.2A), did not differ significantly 

between MnCl₂-exposed and control groups at Week 4.  
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Figure 4.2. Juvenile mice exposed to MnCl at 50mg/kg in drinking water exhibited 
significant sex-dependent behavioral changes consistent with ADHD-like signs. 
Behavioral assessments were conducted at Week 4 and Week 12 to evaluate locomotor 
activity, repetitive behaviors, and cognitive performance in male and female mice exposed to 50 
mg/kg MnCl₂ in drinking water. (A) Total distance traveled (cm) was not significantly different 
between groups at Week 4 but was significantly reduced in MnCl₂-exposed male mice at Week 
12 (p < 0.05). (B) Stereotypy time (s) was significantly increased in MnCl₂-exposed male mice at 
Week 12 (p < 0.0005), with no significant differences observed in females. (C) Stereotypic 
episode count was unchanged across groups at Week 4 but was significantly increased in 
MnCl₂-exposed male mice at Week 12 (p < 0.05). (D) Discrimination index was significantly 
lower in MnCl₂-exposed male and female mice at Week 12 (p < 0.05), with no significant 
differences at Week 4. Statistical analysis was performed using a Two-way ANOVA with post-
hoc Tukey test, error bars represent SEM, *p < 0.05, **p < 0.005, ***p < 0.0005, ***p < 0.0001. 
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However, by Week 12, MnCl₂-exposed male mice exhibited a significant reduction in 

total distance traveled compared to controls (p < 0.05), while female mice showed no significant 

differences at either time point. This indicates that manganese exposure leads to a progressive 

decline in movement activity in males, while locomotor patterns in females remain unaffected. 

Stereotypic behavior, a measure of repetitive movements, was assessed using 

stereotypy time (s) (Figure 4.2B) and stereotypic episode count (Figure 4.2C). At Week 4, no 

significant differences in stereotypic behaviors were observed between control and MnCl₂-

exposed groups in either sex. However, by Week 12, MnCl₂-exposed male mice exhibited a 

significant increase in stereotypy time (p < 0.0005), while female mice did not show any 

significant differences. Similarly, stereotypic episode count remained unchanged at Week 4 but 

was significantly elevated in MnCl₂-exposed males at Week 12 (p < 0.05). These results 

suggest that chronic manganese exposure increases repetitive behaviors in a sex-specific 

manner, predominantly affecting males.  

Cognitive function was assessed using the discrimination index in a novel object 

recognition test (Figure 4.2D) as a quantification of an animal's ability to differentiate between a 

familiar and a novel object based on exploratory behavior. At Week 4, no significant differences 

in discrimination index were observed between MnCl₂-exposed and control groups. However, by 

Week 12, MnCl₂-exposed male and female mice exhibited a significant increase in 

discrimination index (p < 0.05), indicating increased novelty-seeking behavior. 

The progressive nature of Mn-induced behavioral effects, particularly the reduction in 

locomotor activity and the increase in stereotypic behaviors observed in males at Week 12, 

suggests that Mn accumulates over time, leading to progressive dysregulation of motor control 

pathways172. This aligns with previous reports linking Mn toxicity to basal ganglia dysfunction, a 

key region responsible for motor control and a primary site of Mn accumulation178, 179. The 

increased stereotypy further supports the hypothesis that Mn alters dopaminergic signaling in 
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the striatum, which was corroborated by the observed impairments in dopamine metabolism180, 

181. 

Interestingly, rather than inducing cognitive deficits, Mn exposure resulted in an increase 

in the discrimination index in both sexes at Week 12, suggesting a transient enhancement of 

recognition memory and cognitive flexibility. While this pattern deviates from classical models of 

Mn neurotoxicity, it is possible that Mn-induced changes in dopamine and serotonin metabolism 

initially enhance cognitive function before later-stage neurotoxic effects emerge. Future studies 

should determine whether this cognitive enhancement persists or if it represents a 

compensatory response to early Mn exposure that ultimately declines with prolonged neurotoxic 

insult.  

Manganese Exposure Drives a Time-Dependent Shift in Gut Microbiome Composition 

Associated with Pro-Inflammatory Dysbiosis 

Taxonomic profiling revealed progressive and systematic alterations in gut microbiome 

composition in response to manganese (50 mg/kg MnCl₂) exposure, with the most pronounced 

deviations occurring over time (Figure 4.3A). At Week 1 (Figure 4.3B), microbiomes in both 

treatment cohorts exhibited similar community structures, with a predominance of 

Lactobacillaceae (Firmicutes) and S24-7 (Bacteroidetes).  
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Figure 4.3. Juvenile mice exposed to 50 mg/kg MnCl via drinking water display significant 
changes to gut microbiome abundance. (A) Taxonomic bar plots showing relative microbial 
abundance at Week 1, Week 3, and Week 6 in NaCl (control) and MnCl₂-exposed juvenile mice. 
By Week 6, MnCl₂ exposure led to a distinct microbial profile characterized by a depletion of 
Lactobacillaceae and an enrichment of Clostridia-associated taxa and Erysipelotrichaceae, 
indicative of dysbiosis. (B–D) Pie charts depicting taxonomic distributions at each time point 
illustrate the progressive divergence in microbial composition between treatment groups. (E) 
Weighted UniFrac-based Principal Coordinates Analysis (PCoA) showing microbial beta 
diversity over time. At Week 1, NaCl and MnCl₂ microbiomes largely overlapped, but by Week 6, 
MnCl₂-exposed microbiomes clustered distinctly from controls, indicating progressive 
microbiome divergence. (F) PERMANOVA (Adonis) statistical analysis quantifying microbiome 
variance explained by treatment and time. Manganese exposure significantly altered microbial 
composition (R² = 5.02%, p = 0.043), with temporal changes accounting for a larger proportion 
of variance (R² = 16.03%, p = 0.001). 
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Minor compositional differences were present, but MnCl₂ exposure had not yet elicited a 

distinct microbial divergence from NaCl controls. However, by Week 3 (Figure 4.3C), MnCl₂-

exposed microbiomes demonstrated a marked depletion of Lactobacillaceae, concomitant with 

an expansion of Clostridiaceae and Lachnospiraceae, bacterial families frequently implicated in 

dysbiosis, inflammatory conditions, and metabolic dysfunction. In contrast, NaCl controls 

exhibited relative taxonomic stability, maintaining Lactobacillaceae and S24-7 as dominant taxa. 

By Week 6 (Figure 4.3D), MnCl₂ exposure induced a substantial shift in the gut microbiome, 

marked by a significant expansion of Erysipelotrichaceae, a bacterial family associated with 

inflammatory responses, metabolic dysfunction, and neurodevelopmental disorders182 In 

tandem, MnCl₂-exposed microbiomes exhibited a sustained proliferation of Clostridiaceae, 

Lachnospiraceae, and Ruminococcaceae, while Lactobacillaceae—a taxon integral to gut 

homeostasis, metabolic regulation, and neuroactive compound synthesis—remained markedly 

depleted183. Notably, NaCl controls exhibited only subtle taxonomic fluctuations over time, 

underscoring that the microbial shifts observed in MnCl₂-exposed samples were not attributable 

to natural temporal variation but rather a direct consequence of manganese exposure. 

To evaluate microbial community restructuring, we performed Principal Coordinates 

Analysis (PCoA) using weighted UniFrac distances, a metric that accounts for phylogenetic 

relationships and relative taxon abundance (Figure 4.3E). The PCoA plot visualizes the 

similarities and differences between microbial communities, with each point representing a 

single sample and the distance between points reflecting the degree of similarity. At Week 1, 

microbial communities exhibited substantial overlap between MnCl₂-exposed and NaCl control 

cohorts, suggesting that manganese had not yet exerted a significant influence on microbiome 

composition. However, by Week 3, MnCl₂-exposed microbiomes began to separate from 

controls, with the most pronounced divergence emerging by Week 6, particularly along the first 

two principal coordinate axes (PC1 and PC2), which together explained 71.11% of the total 
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variation. This trajectory indicates that manganese exposure induces progressive, rather than 

immediate, microbial restructuring, reinforcing the taxonomic findings (Figures 4.3A–D) that 

demonstrated a gradual decline in commensal taxa (Lactobacillaceae) and an enrichment of 

inflammatory-associated bacteria (Clostridiaceae, Erysipelotrichaceae). 

Finally, to statistically assess the impact of manganese exposure on microbial 

community composition, a PERMANOVA (Adonis) test was conducted to quantify the proportion 

of variance attributable to experimental factors (Figure 4.3F). The analysis revealed that 

manganese exposure significantly influenced gut microbiome composition, with treatment 

explaining 5.02% of the variance (R² = 0.0502, p = 0.043). Although statistically significant, the 

modest effect size suggests that manganese exposure alone is not the primary determinant of 

microbial community composition but instead exerts an influence that accumulates 

progressively over time. In contrast, temporal progression (Week 1, 3, 6) accounted for a 

substantially larger proportion of microbiome variation (R² = 0.1603, p = 0.001), indicating that 

the gut microbiome undergoes natural shifts over time. Notably, 78.95% of the variance 

remained unexplained, likely reflecting host-specific variability, dietary influences, and other 

environmental determinants. Collectively, these findings suggest that manganese exposure 

induces a gradual yet cumulative microbiome perturbation, culminating in a compositional profile 

enriched in pro-inflammatory taxa, neurodevelopmentally relevant microbial shifts, and markers 

of gut dysbiosis. 

The Mn-induced disruptions to gut microbial composition provide a potential mechanistic 

link between Mn exposure and neurodevelopmental outcomes. The progressive depletion of 

beneficial Lactobacillaceae and the expansion of Erysipelotrichaceae and Clostridia-associated 

taxa suggest that Mn exposure shifts the gut microbiome toward a pro-inflammatory state184. 

The marked increase in Erysipelotrichaceae by Week 6 is particularly concerning, as this 

bacterial family has been linked to inflammatory bowel disease, metabolic dysfunction, and 
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neurodevelopmental conditions such as autism spectrum disorder (ASD) and attention-deficit 

hyperactivity disorder (ADHD)185. The depletion of Lactobacillaceae, which plays a critical role in 

gut homeostasis and neurotransmitter biosynthesis, suggests that Mn exposure may reduce 

microbial contributions to serotonin and dopamine synthesis, further exacerbating 

neurodevelopmental consequences186. 

Manganese Exposure Induces Enteric Gliosis and Persistent Inflammatory Lesions in the Small 

Intestine of Juvenile Mice 

To investigate the impact of manganese (MnCl₂) exposure on enteric neuroinflammation 

and gut immune activation, immunohistochemical staining for glial fibrillary acidic protein 

(GFAP), a marker of enteric glial cell activation, and ionized calcium-binding adapter molecule 1 

(Iba1), a marker of macrophage and microglial infiltration, was performed on intestinal tissue 

collected at 2-, 3-, 4-, and 13-weeks post-exposure. 

Representative images from male (Figure 4.4A–C) and female (Figure 4.4D–F) juvenile 

mice at 3 and 13 weeks illustrate a dose-dependent increase in GFAP+ enteric glial cells, 

particularly in the 50 mg/kg MnCl₂-exposed groups, relative to NaCl controls. Quantification of 

GFAP+ cells (Figure 4.4M) confirmed a statistically significant increase in gliosis in male mice at 

weeks 2, 3, and 4 (p < 0.0001), as well as in female mice at weeks 2, 4, and 13 (p < 0.005 to p 

< 0.0001). 
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Figure 4.4. Developmental exposure to Mn induces enteric gliosis and 
immunopathological lesions in small intestine of juvenile mice. Intestinal tissue collected at 
2-, 3-, 4-, and 13-weeks of Mn exposure was immunohistochemically stained for against 
activated enteric glial cell marker GFAP. Representative images at 20x are displayed for control, 
15 mg/kg, and 50 mg/kg male (A-C) and female (D-F) mice at 3-, and 13-weeks of exposure, 
respectively. Scale bar = 100μm. Inflammatory lesions present at both 4- and 13-weeks of 50 
mg/kg Mn (H and I, respectively), compared to control (G). Solid boxes identify areas of 
inflammation. Iba1+ cells (brown) are present throughout lamina of small intestine villi at 4- and 
13-weeks of 50 mg/kg Mn exposure (K and L, respectively) compared to control (J). Dotted 
boxes identify cluster of Iba1+ cells. Scale bar = 100μm. Quantification of GFAP+ cells was 
completed using Olympus CellSens Software and is presented as cells/mm2. GFAP+ enteric 
glial cells are significantly increased at weeks 2-4 in male mice exposed to 50 mg/kg Mn and 2-, 
4-, and 13-weeks of 50 mg/kg Mn exposure in female mice. No significant increase in GFAP+ in 
any group at all timepoints with 15 mg/kg Mn. One-way ANOVA with post-hoc Tukey test, error 
bars = SEM (n = 3-6 for all groups; outlier analysis performed using ROUT analysis at Q = 1%). 
* = p < 0.05, ** = p < 0.005, *** p < 0.0005, **** p < 0.0001.  

 

These findings indicate a robust activation of enteric glia following manganese exposure, 

suggestive of neuroinflammatory stress within the intestinal nervous system. Notably, no 

significant GFAP+ upregulation was observed in the low 15 mg/kg Mn group, implying that a 

higher Mn burden is required to elicit a pronounced enteric glia response. 
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Histopathological examination further revealed pronounced inflammatory lesions in the 

small intestine of mice exposed to 50 mg/kg MnCl₂ for 4 and 13 weeks (Figure 4.4H, I), 

compared to NaCl controls (Figure 4.4G). The presence of Iba1+ immune cells (macrophages) 

was markedly increased in the MnCl₂-exposed groups, with clustering observed throughout the 

lamina propria and submucosal layers (Figures 4.4K, L), relative to NaCl-exposed controls 

(Figure 4.4J). Solid-boxed regions highlight areas of overt inflammation, whereas dotted-boxed 

regions denote dense immune cell aggregates, suggesting a persistent inflammatory response 

at both early (4-week) and late (13-week) time points. This sustained immune activation raises 

concerns about potential gut barrier dysfunction, as chronic macrophage infiltration is commonly 

associated with intestinal permeability defects, microbial translocation, and systemic 

inflammation187.  

The concurrent activation of enteric glial cells and macrophages in the gut further 

supports the notion that Mn exposure induces a chronic inflammatory state that spans multiple 

organ systems64, 188. The parallel emergence of enteric gliosis and immune cell infiltration 

reinforces the hypothesis that Mn exposure induces gut inflammation, potentially disrupting gut 

barrier integrity and promoting systemic inflammatory signaling that influences brain function. 

Given the well-established role of the gut-brain axis in shaping neurodevelopment, these 

findings raise concerns about whether Mn-induced gut dysbiosis and inflammation could 

contribute to behavioral deficits through inflammatory cytokine signaling and altered microbial 

metabolite production189, 190. 

Manganese Exposure Alters Intestinal Tryptophan Metabolism and Increases the Kynurenine-

to-Serotonin Ratio 

Given the gut dysbiosis and neuroimmune activation observed in MnCl₂-exposed mice, 

we investigated whether manganese exposure affects intestinal tryptophan metabolism, a key 

biochemical pathway involved in neurotransmitter production, immune regulation, and oxidative 
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stress responses. Tryptophan (TRP) serves as a precursor for two major metabolic fates: the 

serotonin (5-HT) biosynthetic pathway, mediated by tryptophan hydroxylase (TPH), and the 

kynurenine (KYN) pathway, catalyzed by indoleamine 2,3-dioxygenase (IDO) (Figure 4.5A). An 

increased KYN/5-HT ratio reflects a metabolic shift favoring kynurenine production, often 

associated with neuroinflammation, excitotoxicity, and cognitive impairments. 
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Figure 4.5. Manganese exposure modulates intestinal tryptophan metabolism by 
significantly increasing KYN/5-HT ratio. Enteric kynurenine (KYN)/5-HT ratio is significantly 
higher in males at 4-weeks (B) and females at 12-weeks of 50 mg/kg Mn exposure2 (C). 
Statistical analysis for each dataset was performed using a Two-way ANOVA with post-hoc 
Tukey test, error bars = SEM (at 4-week time point n =  2 for female NaCl, and n =  3 for all 
other groups; at 13-week timepoint n = 4 for male NaCl, n =  5 for male MnCl2 15 mg/kg, n = 0 
for male MnCl2 50 mg/kg2, n = 5 for female NaCl, n = 6 for female MnCl2 15 mg/kg, and n = 5 for 
female MnCl2 50 mg/kg; outliers removed using ROUT analysis at Q = 1%). * = p < 0.05, ** = p 
< 0.005, *** p < 0.0005, **** p < 0.0001.  
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At Week 4, MnCl₂ exposure at 50 mg/Kg significantly elevated the KYN/5-HT ratio in 

male mice compared to NaCl controls and the 15 mg/Kg MnCl₂ group (p < 0.0001, Figure 5B). 

However, no significant metabolic shift was observed in females at this time point, suggesting a 

sex-dependent delay in manganese-induced neurotransmitter disruptions. By Week 13, a 

marked increase in the KYN/5-HT ratio was observed in MnCl₂-exposed females (p < 0.0001, 

Figure 4.5C). These findings indicate that manganese exposure disrupts tryptophan metabolism 

in a dose-dependent manner in females, with males exhibiting earlier neurotransmitter 

metabolic disturbances, while females experience delayed but pronounced alterations over 

time. 

The progressive increase in the KYN/5-HT ratio in MnCl₂-exposed mice parallels the 

chronic gut inflammation, microbial dysbiosis, and neuroimmune activation observed in previous 

analyses (Figures 4.2–4). Notably, kynurenine pathway activation is commonly linked to chronic 

inflammation, as IDO expression is upregulated in response to pro-inflammatory cytokines, 

including interferon-gamma (IFN-γ) and tumor necrosis factor-alpha (TNF-α). Given that MnCl₂ 

exposure induced persistent enteric gliosis (Figure 4.4), increased inflammatory macrophage 

infiltration (Iba1+ cells), and a shift toward pro-inflammatory microbial taxa (Figures 4.2–3), the 

observed metabolic dysregulation may be a downstream consequence of manganese-induced 

gut inflammation driving a systemic neuroimmune response. 

The metabolic disruptions observed in tryptophan metabolism further reinforce the role 

of gut-derived neurotoxicity in Mn exposure. The increased kynurenine-to-serotonin (KYN/5-HT) 

ratio in Mn-exposed mice suggests a shift in tryptophan metabolism toward kynurenine 

production, a pathway that is often upregulated in response to inflammation191. This shift was 

sex-dependent, with males exhibiting earlier metabolic disruptions at Week 4, whereas females 

showed a delayed but more pronounced alteration at Week 13. Given that kynurenine 

metabolites such as quinolinic acid are neurotoxic and have been implicated in excitotoxicity, 
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oxidative stress, and neuroinflammation, the Mn-induced activation of this metabolic pathway 

could serve as a critical mechanism linking gut dysbiosis to altered neurotransmitter signaling 

and behavioral changes192. Serotonin depletion resulting from this metabolic shift may further 

exacerbate gut-brain axis dysfunction, impacting both intestinal motility and central serotonergic 

neurotransmission193. These findings suggest that Mn exposure alters systemic metabolic 

regulation in a manner that extends beyond the gut and may influence broader 

neurodevelopmental processes. 

Manganese Exposure Induces Widespread Astrogliosis in the CNS of Juvenile Mice 

To assess the impact of manganese (MnCl₂) exposure on neuroinflammatory activation 

in the central nervous system (CNS), we quantified GFAP+ astrocytes, as a rise in the number 

of these cells is a hallmark of reactive gliosis, in three key brain regions associated with motor 

control, dopamine regulation, and neurotoxicity susceptibility during Mn exposure: the striatum 

(ST), globus pallidus (GP), and substantia nigra (SN). Representative immunohistochemical 

images illustrate a dose-dependent increase in GFAP+ astrocytes in both male (Figure 4.6A–L) 

and female (Figure 4.6M–X) mice following MnCl₂ exposure for 13 weeks. 
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Figure 4.6. Mn exposure induces astrogliosis in CNS of juvenile mice. 13-weeks of 
developmental exposure to Mn increases GFAP+ astrocytes in male (A-L) and female (M-X) 
mice in the striatum (ST), globus pallidus (GP), and substantia nigra (SN). Representative 
images at 20x are shown for each brain region in male and female mice. Quantification of 
GFAP+ cells was completed using QuPath Software and is presented as cells/mm2 within in 
corresponding brain region; ST, GP, and SN in both male (D, H, L) and female (P, T, X) groups, 
respectively. Developmental exposure to 15 mg/kg Mn increases GFAP+ astrocytes in the 
globus pallidus of both male and female mice. 50 mg/kg Mn results in increased GFAP+ 
astrocytes in all indicated brain regions for both male and female mice. Statistical analysis for 
each dataset was performed using a One-way ANOVA with post-hoc Tukey test, error bars = 
SEM (n = 3-6 for all groups; outlier analysis performed using ROUT analysis at Q = 1%). * = p < 
0.05, ** = p < 0.005, *** p < 0.0005, **** p < 0.0001. Scale bar = 100μm.    
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In male mice, significant astrogliosis was detected across all three brain regions, with 

quantification revealing a robust increase in GFAP+ cells/mm² in the striatum (p < 0.0001, 

Figure 4.6D), globus pallidus (p < 0.05, Figure 6H), and substantia nigra (p < 0.0005, Figure 

4.6L) in the 50 mg/kg MnCl₂ exposure group compared to NaCl controls. Notably, even at the 

lower MnCl₂ dose (15 mg/kg), a significant increase in GFAP+ astrocytes was observed in the 

globus pallidus (p < 0.05, Figure 6H), suggesting that this brain region may exhibit heightened 

susceptibility to manganese-induced neuroinflammatory stress. 

A similar trend was observed in female mice, with significant MnCl₂-induced astrogliosis 

in the striatum (p < 0.0001, Figure 4.6P), globus pallidus (p < 0.005, Figure 4.6T), and 

substantia nigra (p < 0.0001, Figure 6X) following exposure to 50 mg/kg MnCl₂. Importantly, 

while the globus pallidus exhibited increased GFAP+ cells in response to 15 mg/kg MnCl₂ in 

both sexes, the striatum and substantia nigra only showed significant astrogliosis at the higher 

manganese dose (50 mg/kg), suggesting that the extent of neuroinflammatory activation is both 

region- and dose-dependent. 

These findings indicate that developmental manganese exposure induces widespread 

gliotic activation in basal ganglia-associated brain regions, with the globus pallidus appearing 

particularly vulnerable to Mn-induced astrocytosis. Given the role of these structures in 

dopaminergic signaling and motor function, persistent astrogliosis in these regions may have 

implications for Mn-related movement disorders and neurodevelopmental impairments. 

The widespread neuroinflammatory response observed in both the CNS and ENS 

underscores the systemic impact of Mn exposure on neuroimmune interactions. The significant 

increase in GFAP+ astrocytes in motor-associated brain regions, including the striatum, globus 

pallidus, and substantia nigra, indicates that Mn exposure triggers chronic neuroinflammation in 

key dopaminergic circuits194. The heightened gliotic response in the globus pallidus, even at 

lower Mn doses, suggests that this region is particularly susceptible to Mn-induced oxidative 
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stress195. Given that astrocytes play a central role in synaptic homeostasis, glutamate 

regulation, and neuroimmune signaling, persistent gliosis in these regions could contribute to 

long-term motor impairments and behavioral dysregulation196. These findings highlight the need 

to consider neurodevelopmental toxicants such as Mn within the broader framework of systemic 

inflammation and immune activation, rather than as isolated neurotoxic agents. 

Manganese Exposure Disrupts Striatal Dopamine and Serotonin Turnover in Juvenile Mice 

To determine whether manganese (MnCl₂) exposure alters neurotransmitter 

homeostasis in the striatum, we quantified levels of dopamine (DA) and serotonin (5-HT), along 

with their respective turnover ratios, in MnCl₂-exposed and control mice at 4 and 13 weeks of 

exposure. Given the established role of these neurotransmitters in motor function, reward 

processing, and neurodevelopment, disruptions in their transmitter metabolism may provide 

mechanistic insights into Mn-associated neurotoxicity (Figures 4.7A, 4.7D). 
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Figure 4.7. Developmental exposure to Mn significantly decreases striatal dopamine and 
serotonin turnover in juvenile mice. Dopamine (DA) metabolism pathway (A). Exposure to 50 
mg/kg Mn significantly increases striatal DA levels in female juvenile mice at 4- and 13-weeks 
(B). DA turnover (HVA/DA) is significantly decreased in female mice at 4- and 13-weeks of 
exposure to 50 mg/kg Mn (C). Serotonin (5-HT) metabolism pathway (D). Exposure to 50 mg/kg 
Mn significantly increases striatal 5-HT levels in female and male juvenile mice at 4-weeks of 
exposure and female mice at 12-weeks of exposure (E). 5-HT turnover (5-HIAA/5-HT)) is 
significantly decreased in female mice at 4- and 12-weeks of exposure to 50 mg/kg Mn (F). 
Statistical analysis for each dataset was performed using a One-way ANOVA with post-hoc 
Tukey test, error bars = SEM (At 4-week time point n =  2 male for NaCl, and n =  3 for all other 
groups; at 13-week timepoint n =  5 for male NaCl and MnCl2 15 mg/kg, n = 1 male for MnCl2 50 
mg/kg1, n = 7 for female NaCl, n = 6 for female MnCl2 15 mg/kg, and n = 5 for female MnCl2 50 
mg/kg; Outliers removed using ROUT analysis at Q = 1%). * = p < 0.05, ** = p < 0.005, *** p < 
0.0005, **** p < 0.0001.  
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At Week 4, exposure to 50 mg/kg MnCl₂ significantly increased DA levels in male mice 

compared to controls (p < 0.005, Figure 4.7B). However, by Week 13, female mice exhibited a 

striking elevation in striatal DA levels following 50 mg/kg MnCl₂ exposure (p < 0.0001, Figure 

9B), while male samples were unavailable due to sample degradation. Notably, DA turnover 

(HVA/DA ratio) was significantly reduced in female MnCl₂-exposed mice at both 4 and 13 weeks 

(p < 0.05 to p < 0.005, Figure 4.7C), indicating impaired dopamine metabolism despite 

increased DA accumulation. 

Similarly, MnCl₂ exposure significantly increased striatal serotonin (5-HT) levels in both 

male and female mice at multiple time points. By Week 4, MnCl₂-exposed female and male mice 

exhibited a significant increase in 5-HT levels compared to controls (p < 0.005 to p < 0.0001, 

Figure 9E). However, by Week 13, only female MnCl₂-exposed mice retained significantly 

elevated 5-HT levels (p < 0.0001, Figure 4.7E), suggesting a progressive and sex-dependent 

disruption in serotoninergic regulation over time. 

To assess serotonin turnover, we calculated the 5-HIAA/5-HT ratio, which reflects serotonin 

metabolism and clearance. At Week 4, male MnCl₂-exposed mice exhibited a significant 

reduction in 5-HT turnover (p < 0.05, Figure 4.7F), while at Week 13, MnCl₂-exposed females 

showed a pronounced reduction in serotonin turnover (p < 0.0001, Figure 9F). These findings 

suggest that while 5-HT levels increase following manganese exposure, serotonin metabolism is 

impaired, potentially leading to an accumulation of serotonin in the striatum. 

Taken together, these results indicate that manganese exposure disrupts both dopamine 

and serotonin homeostasis in a dose-dependent and sex-specific manner. The early disruption 

of DA metabolism in males, followed by delayed but pronounced DA and 5-HT dysregulation in 

females, suggests a cumulative neurotoxic effect of manganese that becomes more 

pronounced over time. 
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The findings of this study underscore the need for future research aimed at elucidating 

the mechanisms underlying Mn-induced neurotoxicity and its broader implications for 

neurodevelopmental health. One important area for investigation is the role of the gut 

microbiome in mediating Mn toxicity. Longitudinal studies assessing whether microbial shifts 

precede, coincide with, or follow behavioral alterations will help clarify the causal relationship 

between gut dysbiosis and neurodevelopmental impairment53, 70. Further characterization of 

microbial-derived metabolites, particularly those related to tryptophan metabolism, short-chain 

fatty acids, and neurotransmitter precursors, could provide valuable insights into how gut 

microbiota influence Mn-induced changes in neurotransmission and behavior. 

Given the observed sex differences in behavioral, metabolic, and neuroimmune 

responses, future research should also explore the role of sex hormones in modulating Mn 

susceptibility197. Studies investigating estrogen and androgen signaling in relation to Mn 

bioaccumulation, gut microbial composition, and neuroinflammatory pathways could help 

explain why males exhibit earlier motor impairments and stereotypic behaviors, while females 

show delayed but more pronounced metabolic and inflammatory changes. Additionally, 

investigating whether sex-dependent differences in Mn metabolism influence Mn transport 

across the blood-brain barrier may provide further insight into sex-specific vulnerability to Mn 

neurotoxicity.  

Another critical avenue for future research is the exploration of therapeutic interventions 

aimed at mitigating Mn-induced neurodevelopmental deficits. Probiotic supplementation, 

particularly with Lactobacillaceae strains known to promote neurotransmitter synthesis and gut 

homeostasis, could be evaluated as a potential strategy for restoring microbial balance and 

mitigating Mn-induced dysbiosis198. Given the observed disruption of tryptophan metabolism, 

interventions targeting kynurenine pathway enzymes, such as IDO inhibitors, could be explored 

for their potential to reduce neurotoxic metabolite production199. Anti-inflammatory compounds 
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capable of modulating astrocyte activation and mitigating neuroinflammation, such as omega-3 

fatty acids or gut-targeted immune modulators, may also hold promise as protective strategies 

against Mn-induced CNS and ENS neuroinflammation200. 

Finally, further studies are needed to determine whether early-life Mn exposure leads to 

persistent, long-term neurodevelopmental impairments. Behavioral assessments beyond the 

juvenile period, coupled with neuroimaging and transcriptomic analyses, could help determine 

whether Mn-induced alterations in neurodevelopment stabilize, worsen, or recover over time. 

Given the increasing awareness of environmental factors in neurodevelopmental disorders, 

these findings highlight the importance of assessing dietary and environmental sources of Mn 

exposure, particularly in infants and young children201. Refining regulatory guidelines for Mn 

intake, developing biomarkers for early Mn toxicity, and identifying individuals at heightened risk 

for Mn neurotoxicity should be prioritized in future public health research. 

By integrating behavioral, microbiome, metabolic, and neuroinflammatory analyses, this 

study provides a comprehensive foundation for understanding Mn toxicity as a multi-systemic 

process. The findings emphasize the necessity of interdisciplinary approaches in environmental 

neurotoxicology, bringing together microbiology, neuroimmunology, and behavioral 

neuroscience to unravel the complex interactions between environmental toxins and 

neurodevelopment. 

 

Methods 

Animal Model Exposure  

C57/Bl6 mice (Jackson Laboratories) were housed in microisolator cages (4 to 5 animals 

per cage) and kept on 12-hr light/dark cycles with access to laboratory chow and water. Bi-

weekly, mice were weighed to determine a 50 mg/Kg MnCl2 dose needed per cage to be 

administered in the mouse water bottles. Mn delivered into water bottles were adjusted 
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accordingly, using similar methods in previous studies in (Moreno et al. 2009, 2011, Streifel et 

al. 2012).  An equivalent of 0.9% NaCl was used as the control. All procedures were carried out 

under the supervision of the institutional animal care at Colorado State University under the care 

of veterinary staff at the laboratory animal resources facility. 

Open Field Behavioral Assay 

Open-field activity parameters were determined using Versamax behavior chambers 

with an infrared beam grid detection array to assess animals’ movements in x-, y-, and z-planes. 

Activity was measured in the juvenile exposure group every other day for 2 weeks and for the 

adult exposure group once a week for 2 months during the period of oral gavage. Activity 

parameters were binned every minute for a total of 10 min and then analyzed using Versadat 

software (v. 4.00-127E; Accuscan Instruments, Inc., Columbus, OH). Analysis of juvenile 

animals compared 11–18 animals within each female and male treatment group, whereas 8–10 

animals were assessed in adult treatment groups. 

Novel Object Recognition Assay 

Mice were tested on the same day in randomized order. Mice were given a 10-minute 

familiarization session and recordings with two similar objects were made from small building 

blocks. Mice were then isolated in a clean cage for 60 minutes. The arena and object were 

cleaned with 70% ethanol and let to air-dry prior to adding in an additional animal. One clean 

familiar object and one clean novel object in the original positions of the two identical objects 

during familiarization. After a 60 minutes delay, mice were given 5 minutes to interact with the 

familiar and novel object and recorded for future analysis. Mice were then weighed after this 

behavioral assay. Analysis was performed using GoPro camera for recordings and a timer was 

used to distinguish the amount of time the mice spent on both objects. Minutes were converted 

into seconds by multiplying the time value by 60. Data was then analyzed using Graph Pad 

Prism v9 was used to make graphs and statistical analysis. 
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Immunohistochemistry 

Immunohistochemical stains were performed on whole brain sagittal sections. To 

deparaffinize the tissue sections, slides were heated for 20 minutes at 60°C followed by a series 

of incubations in xylene and graded ethanol (xylene, 1 part xylene to 1 part 100% EtOH, 100% 

EtOH, 95% EtOH, 70% EtOH, 1.0 M TBS) for 5 minutes each. Heat and chemical-induced 

antigen retrieval was performed on the tissue by incubating in 0.01 M sodium citrate (pH = 6.0) 

for 20 minutes at 95°C. Removal of endoperoxides was performed through incubation in 0.3% 

hydrogen peroxide for 30 minutes at room temperature. Wash steps and tissue permeabilization 

were performed using 2% bovine serum albumin [25] and 2% Triton-X in 0.05 M TBS 

respectively. Tissue was blocked in 10% goat or donkey serum diluted in 1.0 M TBS for 1 hour 

at room temperature. After being diluted to their optimized concentrations, primary antibodies 

were incubated on the tissue at 4°C overnight. Iba-1 antibody (1:400; Abcam, ab5076) was 

used for microglial counts. Nonspecific binding was blocked before primary antibodies with 10% 

Horse Serum (Sigma Aldrich). A biotinylated secondary antibody (Vector Labs) was used, and 

stain was visualized with diaminobenzidine reagent. All images were taken with CellSens 

Dimension Desktop 3.1 and counted with CellSens (Iba-1 and GFAP).  

Metal Analysis  

Neurochemistry Analysis of brain tissue and small intestinal tissue  

Small molecule neurotransmitters were measured in the Vanderbilt University Neurochemistry 

Core. Stock solutions of each analyte of interest (5ng/uL each) were made in DI water and 

stored at -80oC.  To prepare internal standards, stock solutions were derivatized in a similar 

manner to samples using isotopically labeled benzoyl chloride (13C6-BZC) as follows: 200uL of 

the stock solution was mixed with 400uL each of 500mM NaCO3 (aq) and 2% 13C6-BZC in 

acetonitrile was added to the solution.  After two minutes, the reaction was stopped by the 

addition of 400uL 20% acetonitrile in water containing 3% sulfuric acid.  The solution was mixed 
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well and stored in 10uL aliquots at -80oC.  One aliquot was diluted 100x with 20% acetonitrile in 

water containing 3% sulfuric acid to make the working internal standard solution used in the 

sample analysis. Tissues were homogenized, using a tissue homogenizer, in 100-750 ul of 0.1M 

TCA, which contained 10-2 M sodium acetate, 10-4 M EDTA, and 10.5 % methanol (pH 

3.8).  Ten microliters of homogenate was used for protein quantification. Samples were spun in 

a microcentrifuge at 10,000 g for 20 minutes at 4oC.  The supernatant was removed for LC/MS 

analysis. Analytes in tissue extract supernatant were quantified using liquid 

chromatography/mass spectrometry (LC/MS) following derivatization with benzoyl chloride 

(BZC).  5uL of supernatant was then mixed with 10uL each of 500mM NaCO3 (aq) and 2% BZC 

in acetonitrile in an LC/MS vial.  After two minutes, the reaction was stopped by the addition of 

10uL internal standard solution. LC was performed on a 2.1 x 100 mm, 1.6mm particle 

CORTECS Phenyl column (Waters Corporation, Milford, MA, USA) using a Waters Acquity 

UPLC.  Mobile phase A was 0.1% aqueous formic acid and mobile phase B was acetonitrile 

with 0.1% formic acid.  MS analysis was performed using a Waters Xevo TQ-XS triple 

quadrupole tandem mass spectrometer. The source temperature was 150oC, and the 

desolvation temperature was 400oC. Protein concentration was determined using the BCA 

Protein Assay Kit (Thermo Scientific, Waltham, MA USA) in a 96-well plate format. 10uL of 

tissue homogenate was mixed with 200 ml of mixed BCA reagent per manufacturer instructions. 

The plate was incubated at 23oC for two hours before absorbance was measured by the plate 

reader (POLARstar Omega), purchased from BMG LABTECH Company.  

Microbiome Analysis 

Fecal samples were collected weekly from juvenile mice exposed to either 50 mg/kg 

MnCl₂ or NaCl (control) via drinking water for 6 weeks. Samples were collected immediately 

after defecation and stored at -80°C until processing. Genomic DNA was extracted from fecal 

pellets using the DNeasy PowerSoil Pro DNA isolation kit (Qiagen) according to the 
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manufacturer's instructions. Bacterial communities were characterized using 16S rRNA 

sequencing using 515F/806R primers targeting the V4 region of the 16S rRNA gene. These 

primers were barcoded for multiplexing. V4 amplicons were generated following the Earth 

Microbiome Project protocols (https://earthmicrobiome.org/protocols-and-standards/16s/). PCR 

amplification was performed in triplicate for each sample, and amplicons were pooled and 

normalized by concentration. Pooled amplicons were sequenced using the Illumina MiSeq 

platform with paired-end 250 bp reads. Blank DNA extraction and PCR negative controls were 

included to assess contamination. Raw sequencing data were processed using QIIME2 

(v2023.5). Paired-end reads were demultiplexed, quality filtered, and denoised using DADA2 to 

generate amplicon sequence variants (ASVs). Sequences were rarefied to even depth for 

diversity analyses. ASVs were filtered to remove contaminants identified in negative controls 

and low-abundance taxa (present in fewer than 5% of samples). Taxonomic composition at the 

family level was analyzed across treatment groups and time points. Alpha diversity metrics 

(Shannon diversity) and beta diversity (weighted UniFrac distances) were calculated. Principal 

Coordinates Analysis (PCoA) was performed to visualize differences in microbial community 

structure between groups. PERMANOVA (Adonis) was used to assess the significance of 

treatment and time effects on microbiome composition. Statistical analyses were performed in R 

(v4.2.0). Significant differences were determined at p < 0.05 
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CHAPTER 5 – NEUROINFLAMMTION AT THE CROSSROADS OF NEURODEVELOPMENT & 

NEURODEGERNATION: MECHANIMS, IMPLICATIONS, AND FUTURE DIRECTIONS 

 

Neuroinflammation as a Fundamental Mechanism of Neural Dysfunction 

Neuroinflammation represents a complex and multifaceted pathological mechanism that 

fundamentally influences neurological disease progression across diverse conditions. This 

dissertation provides comprehensive insights into the molecular and environmental 

determinants of neuroinflammatory processes through two primary investigative approaches: 

targeted molecular inhibition of inflammatory pathways in a prion disease model and systematic 

examination of manganese-induced neurotoxicity. The prion disease investigation utilizing the 

novel therapeutic SB_NI_112 demonstrates the potential of targeted molecular intervention in 

modulating neuroinflammatory cascades. By selectively inhibiting NF-κB and NLRP3 

inflammatory pathways, the intervention significantly attenuated microglial and astrocytic 

activation, revealing a nuanced approach to interrupting chronic neuroinflammatory processes50. 

The observed reduction in pro-inflammatory cytokine levels and preservation of synaptic 

integrity provides compelling evidence for the therapeutic potential of targeted inflammatory 

pathway modulation. 

The intervention unveiled complex sex-dependent variations in neuroinflammatory 

responses, highlighting the intricate nature of inflammatory mechanisms50. These observations 

underscore the necessity of considering physiological heterogeneity in neuroinflammatory 

research, challenging traditional uniform conceptualizations of disease progression. The 

differential responses to NF-κB and NLRP3 inhibition suggest that inflammatory processes are 

dynamically regulated by multifaceted biological mechanisms that extend beyond simplistic 

linear models of neuroinflammation. 
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Complementary insights emerged from the manganese exposure studies, which 

provided a comprehensive exploration of environmental modulation of neuroinflammatory 

processes. Chronic manganese exposure triggered extensive inflammatory responses that 

transcended traditional boundaries between central and enteric nervous systems. The research 

elucidated complex interactions between environmental exposures, gut microbiome 

composition, and neuroinflammatory signaling cascades, demonstrating the profound impact of 

environmental factors on neural homeostasis. 

 

The Gut-Brain Axis as a Lifelong Mediator of Neurological Disease 

Emerging research highlights the gut-brain axis as a key regulator of both 

neurodevelopmental disorders, such as Attention-Deficit/Hyperactivity Disorder (ADHD) and 

Autism Spectrum Disorder (ASD), and neurodegenerative protein misfolding disorders 

(NPMDs). The gut microbiome influences neuroinflammation through systemic immune 

activation, cytokine signaling, and microbial metabolite production, all of which contribute to 

disease pathology186. Disruptions in gut microbiota have been linked to the accumulation of 

misfolded proteins, with evidence suggesting that pathogenic proteins may spread from the gut 

to the brain via the vagus nerve, exacerbating neurodegenerative processes106, 176. Chronic gut 

inflammation is thought to compromise the integrity of the blood-brain barrier through systemic 

inflammation that allows for the facilitation of the entry of peripheral inflammatory mediators into 

the central nervous system amplifying the neuroimmune responses22. Additionally, prolonged 

gut dysbiosis and enteric gliosis have been associated with increased neuroinflammation and a 

heightened risk of neurodegeneration in adulthood175. These findings suggest that gut 

dysfunction may act as both a trigger and amplifier of neurodegenerative pathology, providing a 
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potential therapeutic avenue for targeting early inflammatory and microbial imbalances to slow 

disease progression. 

Beyond neurodegeneration, early-life exposure to environmental toxicants has been 

associated with persistent gut inflammation, which may predispose individuals to long-term 

neurological consequences. Experimental models demonstrate that toxicant-induced disruptions 

in gut microbiota composition coincide with increased enteric gliosis and neuroimmune priming, 

altering inflammatory responses as the patients ages185. Prenatal and early postnatal exposure 

to environmental stressors has been linked to sustained pro-inflammatory states, reinforcing the 

notion that gut health during early life is critical for long-term neuroprotection. The gut microbiota 

plays a crucial role in neurodevelopment, regulating synaptogenesis, neurotransmitter 

availability, and microglial maturation during early brain formation71.  Therefore, alterations in 

microbial composition during sensitive developmental windows may have profound effects on 

later-life cognitive and neuroimmune function. Longitudinal studies in both human and animal 

models suggest that disturbances in early gut microbiota balance can lead to persistent 

alterations in brain connectivity and immune homeostasis, creating a long-term vulnerability to 

neurological disorders201.  

Additionally, individuals with neurodevelopmental disorders such as ASD and ADHD 

frequently exhibit significant gut microbiome alterations and chronic gastrointestinal 

inflammation. Some studies suggest that these microbiome disturbances contribute to increased 

neuroinflammatory susceptibility, which may elevate the risk of developing neurodegenerative 

conditions later in life. For instance, a study found that adults diagnosed with ADHD had a 2.77-

fold increased risk of developing dementia compared to those without ADHD202. Regarding 

ASD, evidence indicates that neurodegeneration may underlie the loss of neurological function 

in children who have experienced regression, suggesting a potential link between ASD and 

neurodegenerative processes203. While further longitudinal studies are needed to establish 
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direct causal relationships, these findings highlight the necessity of considering gut health as an 

important factor in both neurodevelopmental and neurodegenerative disease risk. 

Bridging Neurodevelopmental and Neurodegenerative Disorders 

The research presented in this dissertation challenges traditional boundaries between 

neurodevelopmental and neurodegenerative disorders by demonstrating shared inflammatory 

mechanisms. The molecular pathways explored through targeted NF-κB and NLRP3 inhibition 

reveal remarkable parallels in inflammatory responses across different neurological conditions, 

suggesting that these pathways may represent common therapeutic targets. Manganese 

exposure studies further support this integrated perspective by demonstrating how early-life 

environmental factors can trigger inflammatory cascades with potential long-term 

consequences. The observed alterations in gut microbiome composition and systemic 

inflammatory responses suggest that environmental exposures may set the stage for later 

neurological dysfunction through persistent modulation of inflammatory pathways. 

Sex-dependent variations in inflammatory responses, observed in both the prion disease 

and manganese exposure models, underscore the complex interplay between biological factors 

and environmental influences in shaping neuroinflammatory vulnerability. These findings 

challenge uniform approaches to neurological disorders and suggest the need for more 

personalized strategies that account for individual variability in inflammatory susceptibility. The 

gut-brain axis emerges as a critical mediator of neuroinflammatory processes, bridging 

environmental exposures and central nervous system outcomes. The observed interactions 

between gut microbiome alterations, peripheral inflammation, and neuroinflammatory signaling 

suggest that targeting the gut-brain axis may offer novel therapeutic approaches for a range of 

neurological conditions. 

Collectively, these insights reinforce the emerging recognition of the gut-brain axis as a 

central regulator of neurological function across the lifespan. By integrating perspectives from 
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microbiome research, neuroimmunology, and environmental health, a more comprehensive 

understanding of how gut health influences both early neurodevelopment and late-stage 

neurodegeneration can be achieved. Future research should explore gut-targeted interventions, 

such as probiotics, dietary modifications, and environmental toxin mitigation strategies, as 

potential approaches to reduce the long-term neurological burden associated with gut dysbiosis 

and chronic inflammation.   

 

Advancing Therapeutic Strategies for Neuroinflammatory Disorders 

The findings from this dissertation have significant implications for the development of 

novel therapeutic strategies targeting neuroinflammation. The efficacy of SB_NI_112 in 

modulating NF-κB and NLRP3 pathways demonstrates the potential for targeted molecular 

interventions to interrupt chronic inflammatory cascades in neurological disorders. This 

approach could be extended to other neurodegenerative and neurodevelopmental conditions, 

potentially offering new treatment options for a broad spectrum of patients. 

The observed sex-dependent variations in inflammatory responses warrant extensive 

further investigation. Future studies should employ comprehensive approaches to elucidate the 

molecular mechanisms underlying these differential responses, including detailed investigations 

of hormonal influences, genetic predispositions, and physiological variations that contribute to 

sex-specific neuroinflammatory vulnerabilities.  

Environmental exposure research represents a critical frontier for future 

neuroinflammatory investigations. The manganese exposure studies highlight the profound 

impact of environmental factors on neural inflammatory processes. Future research should 

develop more comprehensive models for understanding how various environmental toxicants 

interact with biological systems to trigger inflammatory responses. Longitudinal studies tracking 
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the long-term consequences of early-life environmental exposures could provide crucial insights 

into the mechanisms of neurological disease initiation and progression.  

Furthermore, the gut-brain axis emerges as a particularly promising area for future 

research. The observed interactions between gut microbiome composition, inflammatory 

responses, and neural function suggest complex communication pathways that remain 

incompletely understood. Future investigations should focus on developing more sophisticated 

models to elucidate the molecular mechanisms of gut-brain communication, potentially 

identifying novel therapeutic targets for neuroinflammatory disorders. 

 

Research and Clinical Innovation in Neuroinflammation in Neuroinflammation Pipeline 

The research presented in this dissertation provides a foundation for developing more 

sophisticated approaches to diagnosing, monitoring, and treating neuroinflammatory disorders. 

The identification of specific molecular pathways involved in neuroinflammation, such as NF-κB 

and NLRP3, offers potential targets for biomarker development. Future studies should focus on 

validating these pathways as reliable indicators of neuroinflammatory status, potentially 

enabling earlier detection and more precise monitoring of disease progression. 

The observed interactions between environmental exposures, gut microbiome 

alterations, and neuroinflammation suggest the potential for developing novel preventive 

strategies. Prospective research could explore interventions targeting the gut-brain axis, such 

as dietary modifications or probiotic treatments, as potential approaches to mitigate 

neuroinflammatory risk. 
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The complex, multifaceted nature of neuroinflammation displayed by this research 

underscores the need for integrated, systems-level approaches to studying and treating 

neurological disorders. Continued research should aim to bridge disciplinary boundaries, 

combining insights from molecular biology, immunology, microbiology, and environmental 

science to develop more comprehensive models of neuroinflammatory processes. 

 

A New Perspective on Neuroinflammation and Neurological Disease 

The research presented in this dissertation provides a comprehensive exploration of 

neuroinflammation as a critical mechanism underlying neurological dysfunction across diverse 

conditions. By integrating molecular, environmental, and systemic approaches, this work builds 

upon recent advances in the field that increasingly recognize neuroinflammation as a key driver 

of disease rather than a secondary consequence. While traditional perspectives have often 

framed inflammation as merely a byproduct of neural dysfunction, emerging research supports 

its active role in disease initiation and progression. This work showcased here contributes to 

and further reinforces this shift by demonstrating how neuroinflammatory processes transcend 

traditional boundaries between neurodevelopmental and neurodegenerative disorders, 

highlighting their potential as therapeutic targets. 

The targeted molecular intervention studies, utilizing the novel therapeutic SB_NI_112, 

demonstrated the potential for precisely modulating inflammatory pathways. By selectively 

inhibiting NF-κB and NLRP3 inflammatory mechanisms, the investigation revealed the 

possibility of interrupting destructive inflammatory cascades, challenging deterministic models of 

neurological disease progression. In parallel, environmental exposure investigations, particularly 

the manganese study, underscored the profound impact of external factors on 

neuroinflammatory processes. These studies illuminated the complex interactions between 

environmental exposures, gut microbiome composition, and systemic inflammatory responses, 
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demonstrating how external factors can compromise neural health through persistent 

neuroimmune activation. Together, these findings reinforce the importance of considering both 

intrinsic and extrinsic factors in shaping neuroinflammatory vulnerability. 

The observed sex-dependent variations in inflammatory responses represent another 

significant contribution of this research. By revealing the nuanced physiological mechanisms 

underlying differential inflammatory responses, these findings challenge uniform 

conceptualizations of neuroinflammation and provide a more sophisticated understanding of 

biological complexity. Sex differences in immune function, hormonal regulation, and 

inflammatory reactivity may contribute to varying susceptibilities to neurological disorders, 

emphasizing the need for sex-specific therapeutic strategies. These insights, combined with the 

molecular and environmental findings, support a more personalized and integrative approach to 

understanding neuroinflammatory dynamics.  

Methodologically, this dissertation demonstrates the value of interdisciplinary research 

approaches. By integrating molecular, environmental, behavioral, and systems-level analyses, 

these studies provide a comprehensive framework for investigating complex neuroinflammatory 

mechanisms. This approach offers a more nuanced understanding of neural dysfunction, 

emphasizing the interconnected nature of biological processes and the necessity of multi-

dimensional research strategies. The ability to bridge mechanistic insights with broader 

environmental and systemic factors provides a more holistic perspective on neuroinflammation 

and strengthening the foundation for translational applications. 

Ultimately, this research contributes to an emerging paradigm shift in understanding 

neurological disorders. By demonstrating the fundamental role of inflammatory processes 

across diverse conditions, it challenges traditional diagnostic boundaries and promotes a more 

integrated perspective on neural health. These findings highlight the potential for developing 

more sophisticated, mechanism-informed approaches to preventing, diagnosing, and treating 
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neurological conditions at all stages of life. As scientific understanding continues to evolve, the 

insights presented in this dissertation offer a promising path forward. By emphasizing that 

neuroinflammation is not merely a consequence of disease but a critical modifiable mechanism, 

this work underscores the need for comprehensive, interdisciplinary approaches to preserve 

neural function across the lifespan. 
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