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CHAPTER 1 

 

Introduction – Sepsis and Brain Dysfunction 

 

Overview 

 The overall goal is to greater understand how sepsis pathophysiology impacts the brain 

and contributes to development of long-term cognitive deficits. In this introduction, I first 

discuss how oxidative stress and endothelial dysfunction during sepsis affect the brain, and I 

review mouse models of sepsis and their contributions to our understanding of inflammatory 

driven cognitive decline. Next, I introduce vitamin C as a therapeutic strategy to mitigate 

neurological oxidative stress during sepsis through the specific tripartite role of vitamin C in the 

brain. Lastly, I describe delirium as the clinical presentation of sepsis associated encephalopathy 

and the strongest predictor of long-term cognitive deficits following illness, and I outline 

electroencephalography as a powerful biomarker for characterizing the complex pathophysiology 

of delirium. 

 

1.1 Dysregulated Host Response During Sepsis Drives Long-Term Damage 

 

1.1.1. Sepsis is a significant public health crisis exacerbated by long-term impairments 

following survival. 

In 2017, sepsis was the most expensive condition for which to receive in-hospital 

treatment in the United States, and sepsis inpatient healthcare costs totaled over $38.2 billion 

(Liang et al. 2020). In the same year, the global estimated incidence of sepsis totaled 48 million, 

with estimated sepsis related deaths surpassing 11 million and accounting for approximately 20% 

of all global deaths (Rudd et al. 2020).  

The economic and lethal burdens of sepsis are likely much greater when considering 

survivors experience lasting long-term complications and increased risk for re-hospitalization 

due to persistent cardiac, respiratory, and cerebral conditions. One study in older adults who had 

previously been living independently found that 44% of survivors of severe sepsis experienced 

quality of life deficits including mobility, hindrances in daily activities, and self-care domains 

one-year later (Yende et al. 2016). These progressive cognitive impairments in memory, 
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attention, and processing speed and functional disabilities in physical weakness, decreased 

endurance, and dependence on others for daily tasks suggest accelerated or de novo brain 

dysfunction following septic insult (Iwashyna et al. 2010; Rengel et al. 2019). While continued 

improvements in the treatment and management of sepsis increase survivorship (Kaukonen et al. 

2014; Gaieski et al. 2013), long-term complications persist as a significant public health crisis 

that burdens patient populations and healthcare infrastructure.  

 

1.1.2. Sepsis pathophysiology is driven by elevated inflammatory cytokines. 

Long-term complications are largely driven by the acute injury during sepsis. Sepsis is 

defined as life-threatening organ dysfunction caused by a dysregulated host response to infection 

(Angus and van der Poll 2013; Singer et al. 2016b). The infection alone does not drive organ 

dysfunction. Instead, organ dysfunction is driven by the resulting dysregulated host 

inflammatory response to pathogens. Originally the term septicemia, or “blood poisoning” was 

used to describe sepsis, but the terminology was updated due to the complex host interactions 

that characterize the illness (Bone et al. 1992). While sepsis can originate from viruses or fungi, 

most infections are bacterial in origin. The most common infection is pnemoniae, followed by 

intraabdominal and urinary tract infections. Typical bacterial isolates include gram-positive 

bacteria such as Staphylococcus aureus and Streptococcus pnemoniae and gram-negative 

bacteria such as Escherichia coli, Klebsiella species, and Pseudomonas aeruginosa (Angus and 

van der Poll 2013). To coordinate the body’s immune response to the infection, immune cells 

including monocytes, lymphocytes, and neutrophils release massive levels of cytokines during 

what is often referred to as the “cytokine storm.” Most deaths due to sepsis occur during this 

acute phase of overwhelming inflammation, as the inflammation can trigger severe collateral 

damage and tissue injury (Cao et al. 2019).  

Cytokines include several signaling proteins such as the interleukins (IL), interferons 

(IFN), chemokines, tumor necrosis factors (TNF). When bound to their receptors, cytokines 

trigger cascades of cellular pathways to recruit immune cells and activate the inflammatory 

response to pathogens and injury. Elevations in proinflammatory cytokines during sepsis 

including IL-1b, IL-6, TNF-a, IFN-g, and another broad inflammatory protein complex, C-

reactive protein (CRP), are well-documented in septic patients (Matsumoto et al. 2018; Pierrakos 

and Vincent 2010; Bozza et al. 2007). The degree of inflammatory status during sepsis 
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determines risk of organ failure and subsequent long-term patient outcomes (Lobo et al. 2003; 

Pierrakos and Vincent 2010). Elevated inflammatory markers at discharge predict long-term 

mortality (Yende et al. 2008). In a healthy inflammatory response, anti-inflammatory cytokines 

help to restore normal immune cell function following resolution of the infection or injury. 

However, in disease states such as sepsis, the immune response is persistently dysregulated due 

to the severity of the acute insult, and following sepsis patients show increased biomarkers of 

immunosuppression and persistent immune dysregulation (Yende et al. 2019). During the acute 

illness, the excessive inflammatory response induces persistent changes in critical tissues and 

vasculature that contributes to lasting damage.  

 

1.1.3. During sepsis, oxidative stress and mitochondrial dysfunction damage the endothelium. 

Due to the excessive inflammatory response, sepsis is consistently associated with high 

levels of oxidative stress. When activated, neutrophils and macrophages produce large amounts 

of radical species including reactive oxygen species (ROS) and reactive nitrogen species (RNS) 

to neutralize invading pathogens (Mantzarlis et al. 2017). These free radical species have an 

extra electron that readily oxidizes lipids, proteins, and other cellular structures compromising 

their function. ROS include superoxide (O2-) and hydroxyl (OH-) radicals and hydrogen peroxide 

(H2O2) and are generally produced in mitochondria through the electron transport chain. RNS 

include nitric oxide (NO) radical and peroxynitrite (ONOO-). NO is produced by nitric oxide 

synthases (NOS) which have several different isoforms specific to cellular compartmentalization 

including neuronal nNOS, inducible iNOS, endothelial eNOS, and mitochondrial mNOS 

(Knowles and Moncada 1994). Vasodilation in the periphery occurs primarily through electron 

radical signaling through increased NO production by iNOS (Russell et al. 2018). ROS and RNS 

are critical for neutralizing pathogens and initiating the inflammatory response but not without 

consequence. 

Oxidative stress during sepsis through generation of ROS and RNS leads to shedding of 

the endothelial glycocalyx. The glycocalyx is a series of negatively charged extracellular matrix 

sugars including glycosaminoglycans and heparan sulfate that line endothelial cells and create an 

anticoagulant layer, since negative charges repel circulating platelets (Ait-Oufella et al. 2010). 

ROS during the severe inflammatory response are produced primarily in neutrophils to kill 

circulating invasive pathogens but consequently ROS oxidize these negatively charged 
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extracellular proteins (Ince et al. 2016). During severe sepsis, NADPH oxidase within 

endothelial cells also produces ROS that lead to intracellular damage to the endothelial lining 

(Marechal et al. 2008) and damage mitochondrial DNA driving mitochondrial dysfunction that 

further contributes to dysregulated ROS production (Cui et al. 2012). Damaged endothelium and 

mitochondria subsequently drive catecholamine-refractive vasodilation, endothelial barrier 

dysfunction, and disseminated intravascular coagulation (Kuhn et al. 2018; Rubio-Gayosso et al. 

2006). The resulting microvasculature dysfunction is catastrophic to many organs and a primary 

driver of organ failure. 

   

1.1.4. Cardiac, respiratory, renal, and hepatic dysfunction contribute to encephalopathy. 

Endothelial dysfunction significantly contributes to cerebral pathology observed in sepsis 

(Hughes et al. 2013). Loss of barrier function leads to significant tissue hypoperfusion and an 

increase in coagulation. Insufficient tissue oxygenation and subsequent mitochondrial 

dysfunction elevate oxidative damage to critical tissues and drive organ failure (Angus and van 

der Poll 2013). Cardiovascular and respiratory dysfunctions impair nutrient and oxygen delivery. 

Hepatic stress and renal failure prevent proper detoxification. The resulting metabolic and 

inflammatory dysfunctions raise oxidative stress and further push organs including the brain 

towards persistent dysregulation and damage (Bauer et al. 2018; Mazeraud et al. 2016; Ince et al. 

2016). This complex pathophysiology dramatically affects the brain leading to sepsis associated 

encephalopathy (Fig. 1). 
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Figure 1 – Organ dysfunction during sepsis contributes to acute encephalopathy. 
 

  The brain is particularly susceptible to inflammation and oxidative stress due to its high 

rate of metabolic demand and enriched lipid composition (Harrison et al. 2014). Neurons are 

extremely sensitive to oxidative damage, toxin accumulation, nutrient deprivation, and elevated 

inflammation as these conditions can rapidly alter synapse structure, neuronal death, and 

functional connectivity. The brain is intimately involved in peripheral organ regulation through 

neuromodulatory and autonomic connections such that neurological dysfunction complicates 

efforts to preserve peripheral organ function. The acute sepsis-related neurologic dysfunction is 

the organ dysfunction most associated with short and long-term mortality and is a key mediator 

of long-term adverse outcomes following sepsis (Schuler et al. 2018). 

 

1.1.5. Blood brain barrier breakdown and the neuroinflammatory response 

The blood brain barrier is a critical barrier between the brain and periphery and is 

comprised mainly of the choroid plexus and tight junctions along the cerebral vasculature. The 

proximity of critical neuron rich structures including the hippocampus to the blood brain barrier 

is ideal for prioritizing adequate nutrient and oxygen delivery. However, during peripheral 
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dysfunction such as sepsis, the hippocampus is readily susceptible to inflammatory changes and 

oxidative damage in the presence of a compromised blood brain barrier. During an activated 

inflammatory response, sites of insult detect stimuli on cell surface receptors, activating 

inflammatory pathways that release cytokines and recruit monocytes and macrophages (Chen et 

al. 2018). In the brain, microglia are the resident immune cells recruited by these signals. In the 

absence of a stressor, microglia rest in a surveillance state, closely monitoring the surrounding 

brain environment for external stressors upon which they activate inflammatory pathways to 

initiate immune response (Jäkel and Dimou 2017).  

Microglia activity is critical for maintaining neuronal homeostasis and maintaining 

neuronal synaptic networks through synaptic pruning, where microglia remove damaged or 

unnecessary synaptic connections to maximize efficiency (Yin et al. 2017; Wu et al. 2015). 

Peripheral insults trigger both neural and humoral signal transduction pathways and prompt the 

expression of proinflammatory cytokines in perivascular macrophages and cerebral microglia 

(Konsman et al. 2002). While cytokines released in the periphery can pass through the blood 

brain barrier (Banks et al. 1995; Banks et al. 2002), peripheral macrophages typically cannot. 

The brain was once regarded as “immune-privileged” and considered to have its own immune 

system that acts independently of the periphery. This claim is generally no longer accepted, 

because in many diseases including sepsis where blood brain barrier integrity has been 

drastically compromised, invasion of peripheral macrophages directly results in significant 

neuron loss (Aktas et al. 2007). Interestingly, a recent study showed that microglia play a crucial 

role in preventing peripheral immune cell invasion (Unger et al. 2018), and another study 

showed that microglia can actively recruit monocytes to the brain under conditions of extreme 

stress (McKim et al. 2018). These studies emphasize the important role of microglia in 

determining the appropriate immune response to handle stressors and highlight the capability of 

microglia to initiate robust response pathways. 

 

1.1.6. Mouse models of sepsis and long-term cognitive decline. 

 Several rodent models have been utilized to study acute organ dysfunction during sepsis 

(Table 1) including lipopolysaccharide injection, cecal ligation and puncture surgery, and cecal 

slurry injection (Lewis et al. 2016). Studies have used these models of sepsis to determine long-

term cognitive deficits and molecular changes following septic insult. The most common model 
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is use of lipopolysaccharide (LPS), an extracellular matrix sugar found on gram negative bacteria 

that readily induces an endotoxemia driven inflammatory response. LPS binds to toll-like 

receptors that ultimately activate nuclear factor (NF) kB transcription factors and elevate 

inflammatory cytokine expression levels. LPS administration is known for its reliability and 

simplicity as a model of endotoxemia. However, it has received some criticism as a model of 

sepsis, because it lacks the polymicrobial diversity associated with clinical sepsis cases (Remick 

and Ward 2005). LPS indeed activates a neuroinflammatory response and leads to persistent 

activation of microglia (Raetz and Whitfield 2002; Anderson et al. 2015; Qin et al. 2007). 

Chronic doses of LPS (500-750µg daily for 1 week) showed substantial neuronal loss amidst 

persistent microglial activation in the hippocampus (Zhao et al. 2019). These changes were 

followed by significantly poorer cognitive performance in Morris Water Maze that could be 

ameliorated by administration of a microglial receptor antagonist. In another study, LPS 

administration caused long term cognitive impairments measured by radial maze and open field 

tasks that were attributed to loss of neurons and decreased cholinergic innervation through lower 

levels of the vesicular acetylcholine transporter (Semmler et al. 2007). While perhaps only a 

model of endotoxemia, evidence suggests LPS initiates robust chronic neuroinflammation that 

can drive both neurodegeneration and long-term cognitive deficits. 

 

Table 1 – Long-term cognitive impairments in rodent models of sepsis. 

Reference 
Method 
of Septic 

Insult 
Behavioral Findings 

Time Between 
Illness and 

Testing  

Markers of 
Neurological 

Damage 

(Zhao et al. 
2019). LPS 

Deficits in memory  
through Morris water 

maze*  
and passive avoidance task 

1-7 days 

↓IL-4 & IL-10,  
↓No. of neurons 
↑TNF-a, IL-1b, 

NO 

(Semmler et 
al. 2007) LPS 

Deficits in memory through 
radial arm maze task, open 

field assessment 
No deficits observed in 

inhibitory avoidance 
learning 

12 weeks ↓No. of neurons 
↓VAChT 

(Hippensteel 
et al. 2019) LPS, CLP Deficits in memory by fear 

conditioning assessment† 7 days ↓LTP 

(Chavan et 
al. 2013) CLP Deficits in clock maze 

spatial memory task 1 month ↓CA1 spine 
density 
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(Michels et 
al. 2019) CLP 

Deficits in step down 
inhibitory avoidance task* 
and open-field assessment* 

10 days ↑CD11b, ↑iNOS 

(Singer et 
al. 2016a) CLP Deficits in memory by fear 

conditioning assessment 2 months 

↑TNF-a, CCR2 
Persistent 
peripheral 

myeloid presence 

(Zhang et 
al. 2021) CLP 

Deficits in learning and 
memory in Morris water 

maze task# 
7 days 

↑TNF-a, IL-6, 
MP-9 
↓IL-10  

(Fujinami et 
al. 2021) CS 

Deficits in treadmill & grip 
strength, no deficits in 

novel-object recognition 
Anxiety implicated in open 

field & marble burying 
tasks  

1-2 weeks n/a 

*Deficits reversed by anti-inflammatory targeting 
† Deficits reversed by TrkB targeting 
# Deficits reversed by ASC treatment (intraperitoneal, 200 mg/kg) 
Abbreviations: LPS – lipopolysaccharide (5 mg/kg), CLP – cecal ligation and puncture, CS – 
cecal slurry. LTP – long-term potentiation. 
 

 

Another commonly utilized model of sepsis involves a surgical procedure called cecal 

ligation and puncture (CLP), in which the mouse is anesthetized, and part of the cecum is cut and 

its contents squeezed into the peritoneal cavity (Medina 2010; Dejager et al. 2011; Rittirsch et al. 

2009). This method adds significant microbial diversity that LPS lacks in relevance. Studies 

utilizing CLP have indeed demonstrated long-term cognitive changes. One study showed that 

CLP leads to long-term central nervous system dysfunction through prolonged proinflammatory 

profiles and persistent peripheral myeloid presence up to two months following recovery (Singer 

et al. 2016a). Another study showed reductions in spine density of CA1 hippocampal neurons 

lasted for up to 4 months and were accompanied by poorer performance in a clock maze spatial 

memory task for up to 1 month (Chavan et al. 2013).  

One study connected sepsis associated endothelial shedding with cognitive dysfunction 

specific to the hippocampus simultaneously in LPS and CLP models (Hippensteel et al. 2019). 

Shedding of endothelial glycocalyx during each of the septic insults led to circulating heparin 

sulfate fragments that specifically damaged the hippocampus due to its proximity to the blood 

brain barrier. These fragments interacted specifically with growth factors, including BDNF, to 
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induce lasting cognitive changes. Using ex vivo electrophysiology and local field potential 

recordings to measure long-term potentiation (LTP), deficits in learning and memory on a 

molecular level were demonstrated 7 days after LPS and CLP independently. LTP is the 

molecular foundation of learning and memory through the capacity of a neuronal circuit to 

strengthen its signaling by NMDA receptor recruitment and activation (Lynch 2004). Lasting 

cognitive deficits were also observed in a fear conditioning behavioral assessment of learning 

and memory and were preventable by targeting the TrkB receptor to promote neuronal survival.  

It is appropriate to consider that the burden of anesthesia and surgery significantly 

contribute to cognitive impairment independently of septic insult. Surgery and anesthesia are 

compounding factors that complicate the CLP model, because they could drastically affect 

experimental outputs through drug interactions, persistent pain, or sleep disruptions.  One study 

investigated only the effects of surgery and intensive care unit conditions (Illendula et al. 2020) 

to assess delirium and post-op cognitive dysfunction. Using surgery, anesthesia, and disruptive 

environment resembling intensive care unit conditions (shaking cage, lights, sounds), mice 

showed behavioral and cognitive deficits following surgery through novel arm preference Y-

maze, buried food task, attentional set shifting task 24 hrs following intensive care unit 

conditions without the development of sepsis. Synaptic biomarkers in the hippocampus including 

neurotrophic receptor TK1, syntaxin1a, alpha synuclein, p-syn alpha, synaptophysin, PSD-95, 

MAP-2 were also decreased 24 hours later due to the non-septic insult. The potential impact of 

these factors on long-term deficits in the CLP model should not be underestimated. 

To separate the burdens of surgery and anesthesia as contributing factors to organ 

dysfunction, the cecal slurry (CS) injection method can be used which utilizes the cecal contents 

of donor mice to prepare a polymicrobial bacterial slurry for intraperitoneal injection (Starr et al. 

2014; Steele et al. 2017). The CS method provides microbial diversity, allows precise dose 

control, and allows temporal control of group illness onset without the additional complications 

of anesthesia and surgery. CS method of sepsis induction is relatively recent development, and 

few studies have evaluated long-term deficits following CS treatment. One study showed at a CS 

dose with 70% survival, mice exhibited deficits in grip strength, activity, and anxiety (Fujinami 

et al. 2021), suggesting the use of cecal slurry as a model of long-term decline will lead to 

similar cognitive deficits as those observed in other models like LPS and CLP. The choice of 
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model for preclinical studies is an important consideration when reporting findings and their 

implications towards clinical studies. 

 

1.2 Therapeutic Rationale for Vitamin C for Protection from Septic Insult 

 

1.2.1. ASC demand is significantly increased during sepsis. 

Decreased levels of the antioxidant vitamin C (ascorbate, ASC) in the plasma of patients 

with severe sepsis is well-documented (Wilson 2013; Carr et al. 2017; Schleicher et al. 2009). 

As the immune system activates an inflammatory response to infection, oxidative stress elevates 

substantially due to broad production of radical species and increased metabolic demand. 

Presumably, this elevation in oxidative stress consumes readily available ASC reserves and 

accounts for the depletion of ASC in septic patients.  

In a study of 44 critically ill patients, 68% had hypovitaminosis with plasma ASC levels 

less than 23 uM and 32% were deficient with plasma ASC levels less than 11 uM (Supp. Fig. 1). 

Normal concentrations in healthy patients range 23-50 uM, with concentrations above 50 uM 

considered optimal for ASC distribution throughout tissues. Patients with septic shock showing 

significant signs of organ failure had overall lower plasma ASC concentrations than non-septic 

patients implicating greater disease severity correlates with less ASC availability or likewise 

greater ASC demand. Patients with lower ASC levels also had approximately two-fold higher 

CRP levels implicating ASC availability inversely correlates with heightened inflammatory 

status. Lastly, patients receiving ASC supplementation during their stay had 66% lower plasma 

ASC levels than were predicted based on normal ASC uptake modeling suggesting increased 

ASC consumption or need (Carr et al. 2017). Decreased ASC plasma levels, higher CRP levels, 

and increased ASC requirement all strongly suggest a significantly increased ASC demand and 

impaired ASC transport during severe sepsis. 

Increased ASC demand is a common finding across studies of septic patients. ASC levels 

in critically ill patients were less than 25% of matched healthy controls and were not explained 

by age or intake. Lower ASC levels were also associated with greater illness severity and greater 

oxidative damage to DNA, lipid membranes, and proteins (Schorah et al. 1996). With the 

intention to improve immune function and prevent oxidative stress, patients in the intensive care 

unit regularly receive nutritional supplementation that includes ASC (Chan et al. 1999; 
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Wintergerst et al. 2007). However, normal supplementation is often insufficient to replenish 

healthy plasma levels (Baines and Shenkin 2002). Normal intensive care unit supplementation 

consists of about 100 mg/day, but in critically ill patients it takes approximately 30-fold higher 

intake to restore normal plasma ASC levels (Long et al. 2003). These observations are likely due 

to increased metabolic demands for ASC amidst inflammation or infectious processes (Carr et al. 

2017), but may also be due to organ or circulation dysfunction preventing proper distribution of 

ASC through the multi-step and endothelial dependent sodium transport systems (Harrison and 

May 2009). Bypassing intestinal transport through intravenous administration allows 

significantly higher ASC concentrations in the blood. There is significant interest in high-dose 

intravenous ASC trials (Marik et al. 2017; Holford et al. 2020; Lindsell et al. 2019) though these 

trials have been largely inconclusive thus far. These studies have shown minimal benefits to 

acute mortality rates but have not investigated potential benefits of ASC maintenance during 

sepsis on long-term patient outcomes including physical impairments or cognitive decline. 

 

1.2.2. ASC accumulates in critical tissues including the brain. 

 Vitamin C (ascorbate, ASC) is a powerful antioxidant with critical roles for managing 

oxidative stress throughout the body and particularly in the brain (Harrison et al. 2014; Harrison 

and May 2009; Wilson 2005). ASC is classified as a vitamin, because humans cannot synthesize 

ASC and consequently depend on dietary intake to prevent deficiency. Uptake of ASC into vital 

tissues occurs predominantly in a two-step transport process. First, sodium dependent vitamin C 

transporter 1 (SCVT1) is responsible for ASC uptake from the intestine and into the circulating 

blood plasma. Second, sodium dependent vitamin C transporter 2 (SVCT2), which is more 

ubiquitously expressed and has a higher affinity for ASC, transports ASC into vital tissues. To 

reach the high levels of ASC required for healthy brain activity and homeostasis, ASC first 

accumulates in the cerebral spinal fluid by SVCT2 transport across the choroid plexus followed 

by SVCT2 transport directly into neurons.  

ASC pharmacokinetics have been well established based on normal dietary uptake. 

Recommended Daily Allowance for healthy individuals is 200 mg/day, and anything over 500 

mg/day is excreted in urine showing no additional benefit on tissue levels (Levine et al. 1996). 

However, the optimal daily allowance may be higher for individuals at greater risk for oxidative 

damage due to age, lifestyle or disease factors (Carr and Frei 1999). Because the brain is highly 
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susceptible to oxidative damage due to its enriched lipid composition and high metabolic 

activity, maintaining ASC availability in the brain is especially important to preserve long-term 

cognition amidst insult or injury including pathological conditions such as sepsis. 

 

1.2.3. ASC regulates the endothelium and protects microvasculature function during sepsis. 

ASC serves critical antioxidant roles during sepsis by regulating the endothelium and 

attenuating microvasculature dysfunction. ASC repairs lipids and proteins and recycles vitamin E 

(a-tocopherol), but also directly affects NO production and signaling. During severe sepsis, 

NADPH oxidase and NOS are activated producing large amounts of superoxide and NO radicals 

respectively. These two radicals react to produce peroxynitrite which activates the phosphatase 

PP2A. PP2A dephosphorylates the tight junction protein occludin leading to leaky endothelial 

barriers. ASC protects against this process scavenging superoxide, NO, and peroxynitrite (May 

and Harrison 2013). Increased nitric oxide production also increases vasodilation but is mitigated 

by ASC which disrupts NO mediated breakdown of endothelial barriers (Russell et al. 2018). By 

also specifically inhibiting iNOS expression, ASC preserves vasoconstrictor responsiveness and 

prevents impaired arteriolar constriction during sepsis (Wu et al. 2004). ASC is a required 

cofactor for the synthesis of collagen (May and Harrison 2013) and a cofactor for the 

endogenous vasopressors norepinephrine and vasopressin (Carr et al. 2015). Through these roles, 

ASC modulates redox signaling in the endothelium by targeting microvasculature dysfunction 

(Wilson 2009). ASC neutralization of ROS and RNS and its function as a cofactor for critical 

proteins and vasopressors help maintain endothelial integrity. During sepsis, ASC depletion 

likely contributes to the complex endothelial pathophysiology that drives organ dysfunction. 

 

1.2.4. ASC serves a tripartite role in the brain. 

 In addition to protecting peripheral vasculature and tissues to support healthy brain 

function, ASC has specific roles within the brain. These roles can be categorized into three 

overlapping areas (Fig. 2). First, ASC is critical for neuroprotection. Through its ability to 

readily donate electrons to radical species, ASC protects critical DNA, proteins, and lipids from 

oxidation (Rice 2000; Ballaz and Rebec 2019). DNA oxidation, especially mitochondrial DNA, 

can alter gene expression profiles or induce cellular apoptosis (Sram et al. 2012).  Oxidized 

amino acid residues compromise the function of signaling proteins, receptors, and transporters 
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leading to a variety of cellular dysfunctions (Harrison et al. 2014). Similarly, oxidation of lipid 

membranes leads to lipid peroxidation end products that can alter gene regulation, expression, 

signaling, and disrupt membrane potential (Niki et al. 2005; Yoshida et al. 2013). ASC also 

recycles other antioxidants such as vitamin E (a-tocopherol), preserving lipid soluble antioxidant 

mechanisms, and preserves the electron state of essential metals such as iron and copper 

(Monacelli et al. 2017). The role of ASC in maintaining tight endothelial barriers and preserving 

capillary blood flow are also generally applicable to the neuroprotection category (Kuck et al. 

2018; Zhou et al. 2012; Wilson and Wu 2012). Inadequate ASC availability or distribution 

during severe ASC demand could drive damage in DNA, proteins, and lipids leading to neuronal 

apoptosis or changes in gene expression that could drastically damage cognition.  

 

 
 

Figure 2 – Tripartite role for vitamin C in the brain. 
 

 Second, ASC serves as a neuromodulator. During excitatory neurotransmission, ASC is 

released by astrocytes into the synapse in exchange for glutamate uptake, preserving synapse 

receptor integrity and glutamate transporter function (Wilson et al. 2000; Rebec and Christopher 

Pierce 1994; Mi et al. 2018). ASC is required as cofactor for many enzymes including several 

involved in neurotransmitter synthesis. ASC is intimately involved in dopaminergic signaling 

through its role as a cofactor for tyrosine hydroxylase, the enzyme that catalyzes the rate limiting 
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step in dopamine synthesis (Opmeer et al. 2010; Daubner et al. 2011; Consoli et al. 2021; May 

2012). Within dopaminergic synapses, ASC also protects dopamine from oxidation to which it is 

particularly susceptible (Rebec and Christopher Pierce 1994; Ballaz and Rebec 2019). ASC is 

involved in epigenetic regulation through its requirement for DNA methylation TET enzymes 

(Blaschke et al. 2013; Young et al. 2015; Spector and Johanson 2014). ASC also interacts with 

serotonin and acetylcholine, exerting neuromodulatory roles in their metabolism and binding 

(Ballaz and Rebec 2019; Ward et al. 2013). Given the direct roles of ASC in neuromodulation, 

the increased demand for ASC during sepsis likely contributes to neuromodulatory changes 

observed in sepsis including sepsis associated encephalopathy and cognitive dysfunctions. 

Lastly, ASC has several roles in neuroinflammation. ASC is directly involved in the 

neuroinflammatory response through its neutralization of ROS and RNS which are actively 

produced during neuroinflammation. Activation of microglia and astrocytes during sepsis affects 

ASC dynamics in the brain. In the activated neuroinflammatory response, microglia produce 

excessive ROS and activate astrocytes. Astrocytes support neurons and synapse integrity with 

trophic and metabolic support (Liddelow et al. 2017), including uptake and recycling of the 

oxidized form of ASC, dehydroxyascorbate or DHA (Harrison and May 2009). ASC has 

suggested roles in astrocytes due to the observed upregulation of SVCT2 in reactive astrocytes 

(Salazar et al. 2018). Specific ASC regulation of microglial and astrocytic responses likely 

occurs through inflammatory signaling pathways. ASC inhibits transcription factor NF-kB, 

which regulates expression of several key cytokines (Engelmann et al. 2014). DHA has been 

shown to interact with intracellular kinase complexes that prevent NF-kB translocation to the 

nucleus to upregulate cytokine expression (Cárcamo et al. 2004), such that in conditions of high 

intracellular oxidative stress, sufficient ASC availability drives DHA accumulation which 

prevents NF-kB upregulation of proinflammatory genes (Ferrada et al. 2021). One group showed 

that LPS administration directly inhibited ASC uptake by decreasing SVCT1 and SVCT2 

expression on a transcriptional level (Subramanian et al. 2021). These findings were observed in 

both a neuroblastoma cell line SH-SY5Y cells and in vivo in mice treated with LPS. 

Interestingly, they showed these changes were NF-kB pathway dependent, and found that 

administration of the pro-inflammatory cytokine TNF-a alone was sufficient to induce decreased 

ASC transporter expression and functional uptake (VS et al. 2021; Subramanian et al. 2018b; 

Subramanian et al. 2018a). 
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ASC also interacts with other kinase pathways, namely the Janus kinases signal 

transducer and activators of transcription (JAK-STAT) pathway which is intimately involved in 

the regulation of the inflammatory response (Seif et al. 2017). SVCT2 has recently been shown 

to interact with JAK2 when coupled with ASC transport, inducing the activation of STAT2 to 

induces proinflammatory cytokine gene transcription (Han et al. 2021). ASC regulation of the 

JAK-STAT pathway through a receptor-like role for SVCT2 would support ASC driven 

attenuation of neuroinflammation by decreasing proinflammatory gene profiles. The anti-

inflammatory cytokine IL-10 plays a critical role in the brain to counteract damage following 

sepsis (Lobo-Silva et al. 2016). IL-10 also interacts with the JAK-STAT signaling pathway that 

leads to decreased pro-inflammatory cytokine expression, including downregulation of the major 

histone complex II and increases in Bcl-2 expression which inhibits apoptosis and promotes cell 

survival. Microglial modulation between inflammatory phenotypes also occurs partly through 

JAK-STAT signaling (Michels et al. 2019), and so ASC may promote both anti-inflammatory 

profiles in microglia and anti-apoptotic profiles in neurons. 

 

1.2.5. ASC therapy shows variable efficacy in rodent models of sepsis. 

Acute ASC administration in rodent models of sepsis have repeatedly shown beneficial 

effects on organ dysfunction outcomes. In wild-type mice, a lethal LPS dose induced lung injury 

evidenced by intense neutrophil sequestration, pulmonary inflammation, and microvascular 

thrombosis (Fisher et al. 2011). In two separate groups in this study, ASC or DHA (each 

intraperitoneal, 200mg/kg) were administered 30 min after LPS injection. Both ASC and DHA 

administration were sufficient to preserve lung architecture and endothelial barrier function. 

Similarly, the protective effects and mechanisms of ASC treatment have been shown in sepsis-

associated cognitive impairment in rats (Zhang et al. 2021). ASC injection (intraperitoneal, 200 

mg/kg) prior to CLP improved cognitive impairments 7 days following CLP in water maze task, 

indicated by improved escape latency and increased time spent in the target quadrant during the 

probe trial compared to CLP mice who received saline. 24 hours following CLP, mice treated 

with high dose ASC had greater number of pyramidal neurons intact in the hippocampus, 

decreased levels of the pro-inflammatory cytokines TNF-alpha and IL-6, and increased levels of 

the anti-inflammatory cytokine IL-10 in serum and hippocampal tissue extract. ASC treatment 

also appeared to limit blood brain barrier permeability as measured by decreased matrix 
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metalloproteinase 9, a collagenase that catalyzes breakdown of the endothelial extracellular 

matrix, and decreased levels of the lipid peroxidation product malondialdehyde. The 

neuroprotective effects of ASC on cognitive impairment are associated with global decreases in 

neuroinflammation, oxidative stress, and blood brain barrier permeability. 

Most rodents except for guinea pigs can synthesize their own ASC in the presence of 

increased ASC demand (Harrison et al. 2010b) reducing the translational relevancy of such 

studies of sepsis in wild-type rodents. One method to overcome this obstacle is to utilize 

transgenic gulo-/- mice (Maeda et al. 2000). Like humans, gulo-/- mice lack the gene encoding 

gulonolactone oxidase which catalyzes the final step of ASC synthesis. Therefore, gulo-/- mice 

also depend on dietary ASC supplementation to prevent development of scurvy. Tissue levels of 

ASC in gulo-/- mice can be manipulated by modifying the supplementation provided in drinking 

water. Depleted tissue ASC levels can be achieved using a low supplementation dose of 0.033 

g/L and anything over 0.33g/L saturates tissue levels analogous to wild-type levels (Harrison et 

al. 2008).  

One sepsis study in gulo-/- mice compared survival following bacterial injection between 

mice maintained on adequate ASC supplementation (0.33 g/L) with mice provided no ASC 

supplementation for 25 days prior. ASC deficient mice showed increased mortality following 

bacterial injection by 60%, with undetectable levels of ASC in plasma at 16 hours following 

injection (Gaut et al. 2006). Interestingly, both groups showed comparable neutrophil activation, 

and there was no impact of ASC deficiency on oxidative products in the peritoneum lavage 

following the acute illness, suggesting that differences in inflammation in this model may not 

have contributed to the increased mortality. ASC reserves deplete readily in the absence of 

sufficient supplementation, so it is possible that the increased mortality was driven primarily by a 

lack of ASC supplementation rather than differences in inflammatory response driven by 

variable ASC availability. 

In another study, gulo-/- mice were maintained on either sufficient 0.33 g/L ASC or 

deficient 0.033 g/L ASC prior to induction of sepsis intraperitoneal injection of a fecal stem 

solution (Fisher et al. 2014). Some of the deficient mice were given a parental infusion of ASC 

(200 mg/kg) 30 minutes after fecal injection. Significant tissue injury was observed in the lungs, 

kidney, and liver and coincided with severe coagulation abnormalities only in the ASC deficient 

mice. These injuries were attenuated in the group that received the ASC infusion during the onset 
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of illness, suggesting that ASC insufficiency directly contributes to severity of organ 

dysfunction. Interestingly, none of these studies in gulo-/- mice have investigated the 

neuroprotective effects of ASC sufficiency or deficiency on long-term cognitive impairment. 

 

 

1.3 EEG as a Biomarker of Sepsis Associated Encephalopathy and Delirium 

 

1.3.1. Delirium is the clinical presentation of sepsis associated encephalopathy. 

Delirium during critical illness such as sepsis is one of the strongest risk factors for 

developing cognitive impairment following recovery (Pandharipande et al. 2013; Calsavara et al. 

2018; Rengel et al. 2019; Iwashyna et al. 2010). The DSM-5 defines delirium as “primarily a 

disturbance of consciousness, attention, cognition, and perception that can also affect sleep, 

psychomotor activity, and emotions” (Nemeroff et al. 2013). There are four clinical criteria for 

delirium: acute onset or fluctuation of mental status, inattention, altered level of consciousness, 

and disorganized thinking with inattention being the paramount factor for delirium diagnosis 

(Ely et al. 2001). Delirium defines the clinical presentation of symptoms, but the acute cerebral 

pathophysiology is defined as sepsis associated encephalopathy (Zampieri et al. 2011). While the 

diagnosis criteria are well defined for delirium, little is known about what drives the acute 

cerebral pathophysiology. It is generally accepted that the endothelial dysfunction, cerebral 

hypoperfusion, and microglial-driven neuroinflammatory response associated with sepsis 

contribute to changes in neurotransmission (Atterton et al. 2020). The presence of delirium likely 

indicates acute underlying cognitive dysfunction driven by the acute inflammatory illness. 

However, other evidence suggests that delirium can be an early indicator of the onset of infection 

prior to clinical presentation of symptoms of sepsis (Gofton and Bryan Young 2012). Such data 

suggest that sepsis associated encephalopathy may instead be a driver of early organ dysfunction 

rather than a consequence. 

 Diagnosing delirium in patients is primarily performed using confusion assessment 

methods such as CAM-ICU (Ely et al. 2001). CAM-ICU evaluates the four criteria of delirium in 

a test that is easy to perform and takes less than three-minutes. First, it assesses the acute onset or 

fluctuation in mental status by noting changes from baseline or agitation severity. Then 

inattention is assessed using the attention screening exam (Hart et al. 1996) which consists of a 
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visual task where the patient is asked to remember 5 simple pictures over a short time interval 

and audio task where the patient is asked to respond to a series of letters read aloud. 

Disorganized thinking is assessed by asking simple reasoning questions such as “Will a stone 

float on water? Are there fish in the sea? Does one pound weigh more than two pounds? Can you 

use a hammer to pound a nail?” For patients with limited speech capability due to mechanical 

ventilation, the test can still be performed by asking the patient to respond by nodding of the 

head or squeezing of the hand. Lastly, the test defines each condition of consciousness: alert, 

vigilant, lethargic, stupor, coma. Incorrect answers to questions, missed responses, and any level 

of consciousness other than alert count towards delirium diagnosis. 

Delirium is reported in up to 82% of patients in intensive care units and predicts mortality 

(Ely et al. 2004). Use of benzodiazepine, opioid, vasopressor infusions, antipsychotics, and 

mechanical ventilation all have higher risk of delirium the next day (Pun et al. 2021). While 

some of these are required for managing severe sepsis, minimizing use of benzodiazepines, and 

increasing socialization are modifiable strategies to reduce the risk of acute brain dysfunction.  

 

1.3.2. Delirium severity and duration is associated with cognitive decline. 

Risk factors for cognitive impairments following sepsis suggest that delirium is a strong 

clinical indicator of neurological damage. Prolonged mechanical ventilation, delirium, illness 

severity, acute respiratory distress syndrome, pre-existing comorbidities, heavy sedation 

exposure, and baseline cognitive dysfunction are all associated with functional and cognitive 

impairment following sepsis (Rengel et al. 2019; Calsavara et al. 2018; Sasannejad et al. 2019). 

The mechanisms by which delirium drives long-term cognitive changes are not well understood. 

Data suggest that the risk factors for delirium, including mechanical ventilation and acute 

respiratory distress syndrome, likely contribute to accumulation of cytokine-mediated 

hippocampal damage through weakening of the blood brain barrier which accelerates existing or 

predisposed cognitive dysfunction (Sasannejad et al. 2019).  

In a study of 821 patients admitted to the intensive care unit, 74% of patients had 

delirium (Pandharipande et al. 2013). Global cognition scores determined by the Repeatable 

Battery for the Assessment of Neuropsychological Status (RBANS) found that 40% were 

equivalent to scores observed in patients with traumatic brain injury and 26% were comparable 

to mild Alzheimer’s disease at three months follow-up (Supp. Fig. 2). At one year follow-up, 
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34% resembled traumatic brain injury and 24% still showed scores comparable to mild 

Alzheimer’s disease. These findings were consistent across two different age demographics in 

both young and old patients. When RBANS score at 12 months follow-up was compared to 

duration of delirium during stay, delirium duration strongly correlated with worsened cognitive 

decline. This study and many similar studies provide evidence that delirium and its 

pathophysiology of acute sepsis associated encephalopathy are strong risk factors for long-term 

cognitive decline. 

 

1.3.3. EEG abnormalities are prevalent in delirious patients and correlate with delirium 

severity. 

 Serum biomarkers of delirium have limited clinical utility in diagnosing delirium or 

predicting delirium duration and severity (Toft et al. 2019; Atterton et al. 2020). 

Electroencephalography, or EEG, is a relatively inexpensive and simple way to collect data that 

reflects global changes in brain activity. EEG metrics have been used for decades to study the 

acute pathophysiology associated with delirium (Engel and Romano 1959; Jacobson et al. 1993). 

However, research is just beginning to unravel the complex etiologies of EEG patterns during 

various brain dysfunctions (Palanca et al. 2017; Zarea et al. 2016). EEG activity is commonly 

separated into distinct power bands (Table 2) that separate patterns based on specific frequency 

ranges (Louis and Frey 2016). Delta (0-4 Hz) and Theta (4-8 Hz) frequencies are considered 

slow-wave brain activity and are associated with deep sleep and paradoxical sleep. Alpha (8-12 

Hz) frequencies are associated with attention. During wakeful rest with eyes closed, healthy 

brain activity exhibits a posterior dominant alpha rhythm that is ablated when eyes are opened. 

Sigma (12-16 Hz) are not commonly reported and generally are unaffected by higher or lower 

frequency changes. Faster frequencies in the beta (16-20 Hz) and gamma (20-50 Hz) are 

associated with active, higher order thinking and problem solving. 

 

Table 2 – EEG power bands associations with brain activity. 

Power Band Normal During Critical Illness 

Delta (0-4 Hz) Deep Sleep Generalized Increased Background 

Theta (4-8 Hz) Sleep and Paradoxical Sleep Increased, Focal or General,  
Intermittent or Persistent 
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Alpha (8-12 Hz) Wakeful Rest, General Attention, 
Posterior Dominant Rhythm Decreased and Unresponsive 

Sigma (12-16 
Hz) 

Not Frequently Observed or 
Reported 

Not Frequently Observed or 
Reported 

Beta (16-25 Hz) Active Wake with Mental Activity Decreased or Absent 

Gamma (25-50 
Hz) 

Complex Tasks and Problem 
Solving Decreased or Absent 

(Louis and Frey 2016; Koponen et al. 1989; Palanca et al. 2017; Roberson et al. 2020; 
Atterton et al. 2020) 

 

During critical illness, focal and generalized EEG slowing are regularly observed. 

Slowing may be intermittent or persistent and focal or generalized, with more consistent EEG 

slowing generally indicating more severe underlying cerebral dysfunction. Specific causes of 

EEG slowing remain elusive, however, EEG slowing occurs in a variety of inflammatory driven 

pathological conditions including ischemia, hemorrhage, tumors, traumatic injury, and sepsis 

associated encephalopathy (Louis and Frey 2016), suggesting injury and inflammation play key 

roles in decreasing healthy cerebral responsiveness. Anterior or bifrontal areas produce distinct 

patterns including frontal intermittent rhythmic delta activity and lateral periodic discharges 

(Palanca et al. 2017). In one study, sporadic EEG discharges without status epilepticus occurred 

in 15% of patients, and preserved beta activity showed lower incidence of delirium, presumably 

due to increased active thinking during illness (Nielsen et al. 2019). Slow-wave dominance, 

disrupted alpha rhythms, and increasingly well-defined EEG abnormalities are becoming strong 

biomarkers for delirium severity (Jacobson et al. 1993; Atterton et al. 2020; Palanca et al. 2017; 

Hirsch et al. 2021).  

Classic studies defined delirium as a syndrome of cerebral insufficiency characterized by 

clinically observed inattention and generalized slowing of EEG activity. Without robust clinical 

testing such as the CAM-ICU, 70% of delirium goes undetected due to patients’ ability to hide 

delirium with pleasantness or humor (Engel and Romano 1959; Ely et al. 2001), which effects 

sepsis treatment and management and contributes significantly to the risk for cognitive decline. 

Spectral analysis of EEG in delirium shows increased theta and delta activities, obvious changes 

in individual recordings, and decreased alpha power responsiveness all associated with poorer 

mini mental state score (Koponen et al. 1989). Clinical EEG slowing correlates with delirium 

severity and predicts poor clinical outcomes including mortality (Supp. Fig. 3) and long-term 
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cognitive impairments (Kimchi et al. 2019; Roberson et al. 2020). EEG as a biomarker for 

delirium has powerful clinical implications for managing delirium severity and preventing long-

term cognitive damage. 

 

1.3.4. Mouse models of sepsis using EEG and behavioral tasks are limited. 

 Some studies have performed EEG recordings in septic animals, but most of these studies 

utilize EEG only as a biomarker to confirm delirium incidence rather than to characterize the 

cerebral pathology of sepsis associated encephalopathy. Additionally, the use of tethered EEG 

systems limits synchronized behavioral assessments in these models. One group developed 

rodent models of delirium using the medicinal muscle relaxant atropine and tethered EEG 

systems (Trzepacz et al. 1992; Leavitt et al. 1994). These studies were not extensive in their 

EEG analysis but did note EEG changes including increased amplitude and decreased 

frequencies that were indicative of generalized EEG slowing. A more recent study investigated 

the contrasting effects of scopolamine and LPS on acute behavioral outcomes in rats (Kimchi et 

al. 2017). Both treatment groups showed delirium related phenotypes in EEG metrics including 

increased delta power and decreased gamma power. The rats simultaneously showed decreased 

auditory discrimination in a behavioral assessment of attention. No behavioral tasks were 

completed following recovery to evaluate the effects of delirium on long-term cognition. 

Another used EEG only to confirm the onset of sepsis associated encephalopathy, but did not 

further analyze EEG metrics or compare them to clinical data (He et al. 2018). In this study, 

increases in Delta power were associated with decreases in neurobehavioral score, suggesting 

that observed EEG slowing can predict delirium intensity during illness. However, the 

association between such delirium severity measured by EEG and long-term cognitive outcomes 

in rodent models of sepsis remains to be investigated. 

 

Approach 

 To understand how sepsis pathophysiology impacts the brain and contributes to 

development of long-term cognitive deficits, we performed three overarching experiments.  First, 

we established timelines for oxidative and ASC related changes following CS treatment in wild-

type mice. Then we assessed behavioral and cognitive outcomes following long-term recovery 

from CS treatment in gulo-/- mice which like humans are incapable of synthesizing ASC. Finally, 
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we utilized surgically implanted telemetry devices to record and characterize EEG metrics during 

illness supplemented with synchronized cognitive behavioral testing and ex vivo hippocampal 

electrophysiology. 
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Abstract 

 

Vitamin C (ascorbate, ASC) is a critical antioxidant in the body with specific roles in the 

brain. Despite a recent interest in vitamin C therapies for critical care medicine, little is known 

about vitamin C regulation during acute inflammation and critical illness such as sepsis. Using a 

cecal slurry (CS) model of sepsis in mice, we determined ASC and inflammatory changes in the 

brain following the initial treatment. ASC levels in brain were acutely decreased by 

approximately 10% at 4 and 24 hours post CS treatment. Changes were accompanied by robust 

increase in liver ASC levels of up to 50% indicating upregulation of synthesis beginning at 4 

hours and persisting up to 7 days post CS treatment. Several key cytokines IL-6, IL-1b, TNFa, 

and CXCL1, KC/Gro were also significantly elevated in the cortex at 4 hours post CS treatment, 

although these levels returned to normal by 48 hours. These data strongly suggest that ASC 

reserves are directly challenged throughout illness and recovery from sepsis. Given the timescale 

of this response, decreases in cortical ASC are likely driven by hyper-acute neuroinflammatory 

processes. However, future studies are required to confirm this relationship and to investigate 

how this deficiency may subsequently impact neuroinflammation. 

 



24 

2.1 Introduction 

 

Sepsis is estimated to affect more than 30 million people and account for more than 5 

million deaths annually (Fleischmann et al. 2016). During this critical illness, the robust 

inflammatory response of the immune system includes release of multiple cytokines and other 

signaling molecules that can ultimately lead to severe tissue injury and multiple organ failure 

(Kuhn et al. 2018; Ince et al. 2016; Biesalski and McGregor 2007). This damage extends to the 

brain as evidenced by delirium in the majority of patients (Zampieri et al. 2011). Despite the 

advances in clinical understanding of delirium during sepsis, little is known about the cellular 

and molecular underpinnings of acute brain dysfunction in critically ill patients. Sepsis patients 

often exhibit low plasma levels of vitamin C (ascorbate, ASC) (Borrelli et al. 1996; Galley et al. 

1996; Fujii et al. 2019; Hudson et al. 2019). In one study, as many as 88% of sepsis patients had 

subnormal plasma levels of ASC (<23 µM) and up to 38% had severe ASC deficiency (<11 µM) 

(Carr et al. 2017), suggesting high demand for ASC during septic insult. Lower plasma levels of 

ASC are also associated with increased incidence of multiple organ failure and decreased 

survival (Fowler et al. 2014). The brain is particularly susceptible to this dysregulated 

inflammatory response and suboptimal ASC levels, because higher oxidative stress levels in the 

brain are especially damaging to its enriched lipid composition and nutrient demanding 

metabolic rate (Magistretti and Allaman 2015; Cobley et al. 2018). Up to 30% of patients are 

reported to experience cognitive deficits following recovery from sepsis (Calsavara et al. 2018; 

Iwashyna et al. 2010; Annane and Sharshar 2015), and several studies using rodent sepsis 

models have shown that acute illness damages cognition in surviving animals (Anderson et al. 

2015; Zaghloul et al. 2017; Hippensteel et al. 2019). 

ASC is a critical antioxidant for cellular function and has an emerging role in immune 

function (Carr and Maggini 2017). Preclinical studies have shown a variety of beneficial effects 

on the pathophysiological changes in sepsis including protection against microvascular 

dysfunction and deficits in vasoconstriction (Armour et al. 2001; Wu et al. 2004; Mckinnon et 

al. 2007) by preserving tight endothelial barrier function and capillary blood flow (Han et al. 

2010; Tyml et al. 2008; Zhou et al. 2012). ASC administration during sepsis also attenuates 

acute lung injury (Fisher et al. 2011) and improves multiple organ dysfunction syndrome in 

animal models of sepsis (Fisher et al. 2014; Gao et al. 2017). The role of intravenous ASC in 
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clinical practice to improve short term patient recovery is still under clinical investigation (Fujii 

et al. 2020; Fowler et al. 2019). ASC accumulates in the brain via the sodium dependent vitamin 

C transporter 2 (SVCT2) in a two-step process from blood into the choroid plexus cerebral spinal 

fluid and then into neurons (Harrison and May 2009). In the brain, ASC serves two primary roles 

as a neuroprotector and neuromodulator (Harrison and May 2009; Harrison et al. 2014; Ballaz 

and Rebec 2019). ASC maintains blood brain barrier integrity by preserving tight endothelial 

barriers (Kuck et al. 2018; Lin et al. 2010) and maintaining capillary blood flow (Wilson and Wu 

2012). ASC is a critical enzymatic co-factor in neurotransmitter synthesis and DNA methylation 

(Harrison and May 2009; Young et al. 2015) and is intimately involved in preserving 

glutamatergic neurotransmission through the glutamate-uptake ASC-release exchange (Wilson et 

al. 2000; May 2012; Mi et al. 2018). Despite the interest in ASC as a treatment for preventing 

organ failure in sepsis, the roles of ASC in the brain, and the number of patients experiencing 

cognitive deficits following recovery from the acute trauma, the effects of sepsis on the brain are 

understudied. Furthermore, the specific role of ascorbate in sepsis induced brain dysfunction has 

not been studied. Here, we utilized a cecal slurry (CS) model of sepsis in mice to observe 

changes in ASC and inflammatory response in the brain during and following sepsis. We 

hypothesized that ASC is depleted in sepsis and sought to define a timeline for changes in ASC 

level and cytokine release, particularly in the brain.  

 

2.2 Materials and Methods 

 

2.2.1. Mouse CS or LPS Treatment 

All experiments conducted with live mice were reviewed and approved by the Vanderbilt 

Institutional Animal Care and Use Committee. Cecal slurry (CS) was used to induce acute 

peritonitis in mice as a model of sepsis as previously described (Shaver et al. 2019; Meegan et 

al. 2020; Kerchberger et al. 2019). C57/Bl6J donor mice at six weeks of age were obtained from 

Jackson Laboratory (#000664) and euthanized within 7 days of arrival. Cecal contents were 

collected and resuspended in 5% dextrose at 80 mg/ml, then filtered through a 100 µm filter. 

Aliquots were stored at -80°C until ready for use.  

All mice for treatment groups were bred in house from C57/Bl6J mice originally obtained 

from Jackson Laboratory. Mice at 10-12 weeks of age were treated with CS (1.5 mg/g; i.p.) or 
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the vehicle 5% dextrose for control groups. Another widely used model of peripheral 

inflammatory response utilizes lipopolysaccharide (LPS) administration. For LPS studies, mice 

at 6-8 weeks of age received LPS (3.75 µg/g; i.p.) or saline. Control and treated mice were 

distributed across cages and provided with supplemental nutrition on the floor of the cage 

(DietGel 76A, Clear H2O) to promote survival. 

 

2.2.2. Evaluation of Sickness Score 

An observer blinded to treatment groups scored the mice on the severity of sepsis using a 

12 point scale of sickness severity where 12 is healthy with normal activity and 0 is moribund 

(Su et al. 2013; Manley et al. 2005). In brief, the score is determined by response to finger poke 

(4 for normal, 3 for decreased, 2 for severely decreased, or 1 for minimal response), signs of 

encephalopathy (4 for normal, 3 for tremors or staggering, 2 for twisting movements, or 1 for 

turning), and general appearance (score is decreased by 1 for each display of piloerection, 

periorbital exudates, respiratory distress, or diarrhea). All mice were monitored closely for 48 

hours or until mice recovered to a normal score of 12. CS treated mice that never received a 

score below 10 or died prior to assigned timepoint were excluded from analysis.  

 

2.2.3. Tissue Collection 

Mice were anesthetized with isoflurane then euthanized by decapitation at 4, 24, 48 hrs or 

7 days post-injection. Control mice were euthanized at each timepoint, and data collapsed in to 

one group. Tissue samples were collected, flash frozen on dry ice, and stored at -80°C for further 

analysis.  

 

2.2.4. Ascorbic Acid HPLC 

Sample extracts were prepared by adding 10 µl extraction buffer (7:2 25% w/v 

metaphosphoric acid: 100 mM sodium phosphate, 0.05 mM EDTA pH 8.0) per mg of wet tissue 

to normalize by weight. Samples were homogenized with 0.5 mm ceria stabilized zirconium 

oxide beads (Next Advance, Inc.) in a bullet homogenizer, centrifuged at 10,000 rpm, and the 

clear supernatant transferred into a fresh tube. Concentrations of ASC were measured at 1:100 

dilution in triplicate with ion pair HPLC using tetrapentyl ammonium bromide as the ion pair 
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reagent and electrochemical detection as previously described (Harrison et al. 2008; May et al. 

1998).  

 

2.2.5. Determination of gene expression 

RNA was extracted using RNeasy Mini kit (Qiagen). qPCR was performed using 

PrimePCR Probe Assay consisting of iScript cDNA synthesis, PrimePCR Probes (PrimePCR™ 

Probe Assay: Slc23a1, Mouse), and Sso Advanced Universal Supermix (Bio Rad).  

 

2.2.6. Measurement of Oxidative Stress Markers 

 Malondialdehyde, a lipid peroxidation end product, was measured by fluorescent 

spectrophotometric assay of thiobarbituric acid reactive substances (TBARS) as previously 

described (Harrison et al. 2009). Sulfhydryls were measured by reduction of DTNB to TNB by 

thiol groups and spectrophotometric analysis (Sgaravatti et al. 2009; Aksenov and Markesbery 

2001).  

 

2.2.7. Measurement of Cytokine Expression 

Frozen mouse tissues were homogenized in volumes of RIPA buffer (Thermo Fisher 

Scientific) normalized by tissue weight. Tissue levels of IFN-y, IL-1b, IL-6, KC/GRO, IL-10, 

and TNF-alpha were assayed in duplicate using a V-PLEX Custom Mouse Cytokine Kit, (Meso 

Scale Diagnostics, LLC) according to manufacturer’s instructions (Bastarache et al. 2014).  

 

2.2.8. Statistical analyses 

Statistical analyses were performed using Graphpad Prism software (version 8.3.0). Data 

were first checked for equality of group variances using the Brown-Forsyth test and analyzed 

using parametric statistics. We did not expect any differences in response to CS according to sex, 

and all data were first analyzed using a multivariate ANOVA analysis including sex as an 

additional variable. There were no main effects of sex on any of the key outcomes (sickness 

score, weight loss, ASC levels) so data were combined for all subsequent analysis. For outcomes 

following CS treatment data were analyzed with univariate ANOVA with group (encompassing 

treatments and time post treatment) as the main independent variable. Significant omnibus 

ANOVA were followed with Dunnett’s post hoc analyses to test difference from control group. 
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Independent t-tests were used to test effects of LPS versus treatment with the vehicle. Numerical 

outliers that likely reflected experimental error were identified and removed using ROUT (Q = 

5%). Error bars are shown as SEM or SD as indicated in figure legends. 

 

2.3 Results 

 

2.3.1. CS treatment induces acute peritonitis and weight loss. 

Mice that received CS treatment became severely lethargic and exhibit decreased 

response, signs of encephalopathy, and worsened appearance by 12 hours (Fig. 3A). Sickness 

scores decreased as early as 4 hours, began to recover by 24 hours, and returned to normal 

appearance and activity by 48 hours (Fig. 3B; CS Treatment F(1, 63) = 113.8, P < 0.001; Time F(5, 

59) = 15.61, P < 0.001 ). CS treatment also caused significant weight loss that persisted to 48 

hours, although mice regained weight by 7 days post CS treatment (Fig. 3C; CS Treatment F(1, 63) 

= 121.3, P < 0.001; Time F(5, 59) = 24.06, P < 0.001 ). Out of 55 CS treated mice, only 2 mice 

died before their scheduled timepoint. This mild 1.5 mg/g dose was chosen to optimize survival 

to 7 days post CS treatment. The 4% mortality rate at this dose is low compared to other studies 

utilizing this CS model (2.0 mg/g, up to 67% by 48 hours) (Kerchberger et al. 2019; Shaver et al. 

2019). 
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Figure 3 – Sickness scores and percent weight change following CS treatment. 

(A) Percentage of mice showing sickness behaviors and appearances. (B) Clinical Sickness 
Scores. (C) Weight loss. *P < 0.05, **P < 0.01***P < 0.001. Error bars plotted as mean ± SD. 

 

2.3.2. Tissue ASC concentrations following CS treatment. 

There was a small (~10% at 4 hrs) but significant decrease in cortical ASC at 4 and 24 

hours following CS treatment compared to controls (Fig. 4A, F(4, 54) = 3.216, P = 0.0193,), 

indicating consumption of brain ASC reserves. Liver ASC levels were significantly increased 

following CS treatment (~50% at 24 hrs) indicating robust upregulation of ASC synthesis (Fig. 

4B, F(4, 54) = 5.090, P = 0.0015) that persisted to 7 days post CS treatment. No significant 

differences in ASC levels were observed in peripheral organs of CS-treated mice compared to 

controls, although levels varied post CS treatment (Kidney: Fig. 4C, F(4, 54) = 2.153, P = 0.0867; 

Lung: Fig. 2D, F(4, 55) = 3.188, P = 0.020,). We hypothesized that a decrease in ASC levels in the 

brain would result in upregulation of SVCT2 expression, though no significant changes were 

observed in hippocampal SVCT2 expression in response to CS treatment (Fig. 4E, F(4, 38) = 

2.235, P = 0.0833). 
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Figure 4 – Tissue ASC concentrations following CS treatment. 

(A) Cortex, (B) liver, (C) kidney, (D) lung. (E) Sodium dependent vitamin C transporter 2, 
SVCT2 gene expression in brain following CS treatment. Tissue ASC concentrations following 
LPS treatment (F) brain, (G) liver, (H) lung, and (I) kidney. *P < 0.05 **P < 0.01 ***P < 0.001 
from control following significant ANOVA results unless otherwise indicated. Error bars plotted 

as mean ± SEM. 
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No decrease in brain ASC level was observed at 4 hours following LPS treatment (Fig. 

4F, t(10) = 0.842, P = 0.4197). However, LPS treatment also induced upregulation of ASC 

synthesis in liver (Fig. 4G, t(10) = 4.913, P < 0.001). No changes were observed in lung (Fig. 

4H, t(9) = 0.246, P = 0.8111,) or kidney (Fig. 4I, t(10) = 2.066, P = 0.0658). 

 

2.3.3. CS treatment does not induce changes in oxidative stress measurements. 

CS treatment did not increase either of the oxidative stress markers malondialdehyde 

(Cortex: Fig. 5A, F(4, 33) = 2.092, P = 0.1042; Liver: Fig. 5B, F(4, 33) = 1.833, P = 0.1459) or 

sulfhydryls (Cortex: Fig. 5C, F(4, 30) = 0.6471, P = 0.6333; Liver: Fig. 5D, F(4, 35) = 2.210, P = 

0.0880) in the brain. 

 
Figure 5 – Indicators of oxidative stress following CS treatment. 

Malondialdehyde (MDA) in cortex (A) and liver (B) or sulfhydryls in cortex (C) and liver (D). 
Error bars plotted as mean ± SEM. 

Con
tro

l

4 h
ou

rs

24
 ho

ur
s

48
 ho

ur
s

7 d
ay

s
0.0

20.0

40.0

60.0

80.0

S
ul

fh
yd

ry
ls

(T
N

B
 n

m
ol

 p
er

 µ
g 

pr
ot

ei
n)

Liver

Con
tro

l

4 h
ou

rs

24
 ho

ur
s

48
 ho

ur
s

7 d
ay

s
0.0

20.0

40.0

60.0

S
ul

fh
yd

ry
ls

(T
N

B
 n

m
ol

 p
er

 µ
g 

pr
ot

ei
n)

Cortex

Con
tro

l

4 h
ou

rs

24
 ho

ur
s

48
 ho

ur
s

7 d
ay

s
0.00

1.00

2.00

3.00

4.00

M
D

A 
pm

ol
/g

Cortex

Con
tro

l

4 h
ou

rs

24
 ho

ur
s

48
 ho

ur
s

7 d
ay

s
0.00

0.20

0.40

0.60

0.80
M

D
A 

pm
ol

/g
LiverA B

C D



32 

 
Figure 6 – Timeline of inflammatory changes in the brain following CS treatment. 
Cortical cytokine levels of (A) interleukin 6 (IL-6), (B) interleukin 1b (IL-1b), (C) tumor 

necrosis factor alpha (TNFa), and (D) chemokine (C-X-C motif) ligand 1 (CXCL1, KC/Gro), 
(E) Interferon gamma (INFg) and (F) interleukin 10 (IL-10) *P < 0.05, **P < 0.01, ***P < 

0.001. Error bars plotted as mean ± SEM. 
 

2.3.4. CS treatment initiates an inflammatory response in the brain. 

In cortex, expression of several proinflammatory cytokines was elevated at 4 hours post 

CS treatment including Interleukin 6 (IL-6: F(4, 31) = 8.356, P < 0.001), Interleukin 1b (IL-1b: F(4, 

31) = 9.742, P < 0.001), Tumor necrosis factor alpha (TNFa: F(4, 33) = 4.261, P = 0.0069), 

Chemokine (C-X-C motif) ligand 1 (CXCL1, KC/Gro: F(4, 30) = 7.091, P < 0.001) (Fig. 6A-D). 

Cytokine expression levels returned to normal by 48 hours post CS treatment. More modest 

increases in Interferon gamma (INFg: F (4, 33) = 0.9214, P = 0.4632) and interleukin 10 (IL-10: 

F(4, 32) = 1.442, P = 0.2430) were not statistically significant (Fig. 6E-F).  
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2.4 Discussion 

 

Despite significant clinical interest in ASC as a potential therapeutic adjuvant, the role of 

ASC in sepsis, particularly in the brain, has not been well studied. The present study highlights 

the potential rapid, although modest, consumption of ASC stores during and following sepsis co-

occurring with the associated inflammatory changes that occur in the brain.  

Mice and most other rodent species possess the gene encoding gulonolactone oxidase, an 

enzyme responsible for catalyzing the final step in ASC synthesis in the liver (Gabbay et al. 

2010; Levine and Downing 1992; Ching et al. 2001a; Ching et al. 2001b). Synthesis can be 

upregulated to provide higher tissue levels in liver under periods of increased physiological need, 

such as pregnancy (Harrison et al. 2010a). ASC depletion in brain is rare in non-genetically 

modified mice, however, increased liver levels indicate upregulation of ASC synthesis to prevent 

depletion. In the brain, high concentrations are critical for maintaining optimal brain function 

and preventing oxidative damage (Jackson et al. 1998; Harrison and May 2009; Harrison et al. 

2014). CS treatment resulted in an approximately 10% decrease in ASC in cortex (Fig. 4A) even 

in this relatively mild sepsis model, and despite upregulation of synthesis in the liver. The two 

step transport system of ASC into the brain by SVCT2 from blood into the choroid plexus 

cerebral spinal fluid and then into neurons, allows for preservation of ASC at the expense of 

other tissues (Harrison and May 2009). It is possible that other brain regions, such as the 

hippocampus, may have different levels of susceptibility to ASC depletion due to varying 

proximity to the ventricles and choroid plexus, and future studies should address different brain 

areas, including hippocampus, in analysis. 

Over this short time interval, we did not observe decreased ASC levels in most peripheral 

organs including lung and kidney (Fig. 4C, D) and heart, muscle, spleen, and adrenal gland (data 

not shown). We observed significant increase in liver ASC by 4 hours in both CS and LPS 

treated mice (Fig. 4B, G). Our data confirm results of prior work in which LPS-induced increase 

in liver ASC was observed from 3 hours post LPS treatment (Kuo et al. 2005). LPS treatment did 

not fully recapitulate the ASC changes we observed with CS treatment, possibly due to the dose 

initiating a lower neuroinflammatory effect or different pathways, although this was not directly 

tested. While no changes were observed in brain in that study (Kuo et al. 2005), the lack of 

cortical ASC deficiency in the LPS model may be a limitation of intraperitoneal LPS as a model 
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of sepsis. We hypothesize that increased synthesis in liver provided sufficient circulating levels 

to replenish (brain) or protect (lung, kidneys) peripheral tissues during the timeframe and dose 

studied. It took more than 24 hours to replete brain ASC, possibly due to slower brain uptake 

since ASC must first accumulate in the cerebral spinal fluid. Future experiments should be 

performed in transgenic mice that are, like humans, incapable of synthesizing ASC (e.g. 

gulonolactone oxidase knockout mice) (Harrison et al. 2008; Maeda et al. 2000), and are 

therefore unable to upregulate hepatic synthesis to meet increased need. Such models could also 

be used to establish a timeline of circulating ASC levels in plasma as well as testing whether a 

clinically relevant ASC pretreatment (Wilson 2013) is capable of protecting against decreased 

brain ASC, neuroinflammatory changes, or severity of observed sickness. If peripheral ASC 

administration is unable to change cortical ASC levels, this would suggest blood-brain barrier 

transport of ASC is limiting early in sepsis or that there is high uptake by other organs. However, 

if neuroinflammation is improved by pretreatment with ASC, this would suggest that ASC 

deficiency may be directly associated with sepsis-associated neuroinflammation. 

The CS dosing regimen used (1.5 mg/g) causes a mild sickness response chosen to 

optimize recovery and survival to 7 days post treatment. Nevertheless, this modest insult was still 

sufficient to deplete ASC and increase cytokine production in the brain at 4 hours after injection 

(Fig. 6) when the mice are just starting to become systemically ill. This finding suggests that the 

brain is adversely affected by systemic inflammation in the earliest stages of illness. The release 

of cytokines in the brain at this time indicates activation of brain macrophages and resident 

microglia, which generate reactive oxygen species. The observed ASC depletion likely indicates 

ASC plays a primary role in electron donation to neutralize these free radicals, and that the 

oxidative stress was sufficient to overwhelm ASC recycling capacity. While future studies will 

need to clarify the relationship between ASC deficiency and neuroinflammation, it is most likely 

that ASC deficiency is driven by the acute neuroinflammatory response and associated 

generation of radical species. Oxidative stress is a key component of clinical sepsis (Prauchner 

2017), and although the global oxidative measurements did not show elevations in brain or liver 

oxidative stress under these conditions, any reduction in brain ASC and especially upregulation 

of liver ASC synthesis indicates elevated oxidative challenge. The measures of global tissue 

MDA may not have been sensitive enough to detect localized increases in oxidative stress in 

specific cells (endothelium, for example) or tissue compartments. Despite the activated immune 
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response and challenge of brain ASC stores we did not observe upregulation of the sodium 

dependent vitamin C transporter SVCT2 in brain tissue. To confirm the association between 

ASC consumption and acute inflammatory challenge in a second model, we used LPS to induce 

endotoxemia and systemic inflammation. LPS treatment was also sufficient to upregulate liver 

ASC synthesis by 4 hours. Whether higher doses of CS or LPS would cause further or prolonged 

depletion of brain ASC in a more severe illness model should be studied in future experiments.  

ASC deficiency is well defined in critical care patient populations (Borrelli et al. 1996; 

Galley et al. 1996; Fujii et al. 2019; Hudson et al. 2019; Carr et al. 2017). Many preclinical 

studies have shown that early ASC supplementation or IV treatment can protect against vascular 

and organ dysfunctions associated with sepsis (Wu et al. 2004; Zhou et al. 2012; Mckinnon et al. 

2007). One possible explanation for the potential beneficial effects of ASC is that hospitalized 

patients who develop sepsis are more likely to have underlying ASC deficiency, either because 

of chronic illness, co-morbidities, or poor diet. However, our results and many others suggest 

that ASC depletion is directly caused by the illness itself, likely due to massive inflammatory 

challenge, endothelial breakdown, and elevated oxidative stress (Kuck et al. 2018; Wilson and 

Wu 2012). Although some clinical studies have associated lower plasma levels of ASC with 

increased incidence of multiple organ failure and decreased survival (Fowler et al. 2014), several 

phase I clinical studies have shown that IV administration of ASC during sepsis does not 

improve or worsen short term survival outcomes (Ahn et al. 2019; Fujii et al. 2019; Fowler et al. 

2019). Overall survivability during sepsis is dependent on a variety of factors including 

antibiotics administration, prior health status, prior injury or illness, and age (Rhodes et al. 

2017). While maintenance of ASC levels during sepsis may not directly impact acute survival, it 

may be critical to protection against inflammatory damage following sepsis, especially in the 

brain (Calsavara et al. 2018). Future studies will seek to understand how ASC is involved in the 

acute inflammatory response and the implications on long term cognitive dysfunction following 

recovery. 
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CHAPTER 3 

 

Vitamin C Deficiency Does Not Exacerbate Behavioral and Cognitive Deficits in a Mouse 

Model of Sepsis 

 

Abstract 

 

The inflammatory response to infection during sepsis produces massive elevations in 

reactive species that break down endothelial barriers and damage vital organs including the 

brain. Vitamin C is a potent antioxidant that regulates reactive species signaling and protects 

tissues from oxidative damage. Plasma levels of ASC are decreased in septic patients, and 

decreased plasma ASC levels are associated with poorer patient outcomes including long-term 

deficits in mobility, self-care, and cognitive domains. Using gulo-/- mice, we modeled human 

ASC insufficiency and treated mice supplemented with High (1.0 g/L) or Low (0.033 g/L) ASC 

with cecal slurry (CS) to induce acute peritonitis. We hypothesized that prior ASC deficiency 

would exacerbate behavioral deficits following recovery in this model. While significant deficits 

were observed in locomotor activity, grip strength, spatial memory, and executive function 

following cecal slurry treatment, there were no additional effects of High or Low ASC 

supplementation on behavioral outcomes. These findings suggest that the model is sufficient to 

induce lasting behavioral deficits like those observed in patient populations but insufficient to 

increase ASC demand while providing ASC supplementation. Additional experimental 

modifications may be necessary to recapitulate the increased ASC demand during sepsis that is 

observed in patient populations and likely contributes to long-term cognitive deficits. 

 

3.1 Introduction 

 

Sepsis is a life-threatening illness caused by a dysregulated host response to infection 

(Singer et al. 2016b). As the immune system rallies to contain the outbreak of pathogens, 

excessive inflammation produces high levels of reactive oxygen and nitrogen species that 

contribute to endothelial and microvasculature dysfunction (Ait-Oufella et al. 2010; Ince et al. 

2016; Russell et al. 2018). These reactive species can damage critical lipid and protein structures 
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and drive acute organ dysfunction in cases of severe sepsis (Angus and van der Poll 2013). 

Following the acute injury, up to 44% of sepsis survivors later experience severe deficits in 

quality of life across mobility, self-care, and cognitive domains (Yende et al. 2016; Iwashyna et 

al. 2010) implicating lasting oxidative damage that extends to the brain. 

Vitamin C (ascorbate, ASC) is a potent antioxidant that regulates radical species within 

the vascular endothelium and serves critical roles in preserving brain and endothelial functions 

(Harrison 2012; May and Harrison 2013; Wilson 2009). Subnormal ASC levels in the plasma of 

septic patients are well documented (Borrelli et al. 1996; Galley et al. 1996; Carr et al. 2017; 

Prauchner 2017) and associated with greater illness severity, increased incidence of multiple 

organ failure, and decreased survival (Fowler et al. 2019; Schorah et al. 1996). Maintaining ASC 

availability during sepsis could be critical for minimizing long-term damage to vital tissues 

including the brain. The brain is particularly susceptible to oxidative stress because of its high 

energy demand, enriched lipid composition, and tight regulation at the blood brain barrier 

(Magistretti and Allaman 2015; Cobley et al. 2018). Therefore, prior ASC deficiency due to 

dietary or lifestyle factors could exacerbate long-term damage caused by heavy oxidative burden 

during illness. 

Preclinical studies have shown that maintaining ASC sufficiency during sepsis has 

beneficial effects on preventing organ and vasculature dysfunction (Fisher et al. 2014; Fisher et 

al. 2011; Armour et al. 2001; Wu et al. 2004). In wild-type mice, an intravenous ASC treatment 

(200 mg/kg) prior to cecal ligation and puncture prevented oxidative damage and increased 

survival by over 50% (Wu et al. 2004). In gulo-/- mice incapable of ASC synthesis, lung, kidney, 

and liver injury as well as coagulation abnormalities were only observed in gulo-/- mice that were 

deficient of dietary ASC, and these injuries were attenuated by a 200 mg/kg ASC parenteral 

infusion during illness onset (Fisher et al. 2014). Few studies have investigated these protective 

effects on the brain. It is possible that ASC supplementation status prior to and during illness 

greatly contributes to development of long-term cognitive changes following sepsis. Here, we 

utilized gulonolactone oxidase knockout (gulo-/-) mice dependent on dietary ASC 

supplementation (Maeda et al. 2000) to compare the effects of ASC sufficiency or ASC 

deficiency prior to illness on long-term behavioral outcomes following sepsis.  
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3.2 Methods 

 

3.2.1. Subjects 

All experiments conducted with live mice were reviewed and approved by the Vanderbilt 

Institutional Animal Care and Use Committee. Gulo–/– mice were bred in-house from founders 

originally obtained from the Mutant Mouse Regional Resource Centers (mmrrc.org, #000015-

UCD) and maintained on a C57BL/6J background (Jackson laboratories, #000664). Like 

humans, gulo-/- mice lack the gene encoding gulonolactone oxidase, the enzyme responsible for 

catalyzing the final step in ASC synthesis. They depend on dietary ASC supplementation to 

prevent scurvy (Maeda et al. 2000; Harrison et al. 2008). Male and female mice were used in 

approximately equal numbers, and there were 12-16 mice per group. 

 

3.2.2. ASC supplementation 

Deficiency in ASC synthesis due to gulo-/- genotype does not result in a deficiency in 

tissue ASC levels when sufficient supplementation is provided. High (1.0 g/L) or Low (0.033 

g/L) ASC was provided per cage in drinking water. High ASC supplementation maintains wild-

type-equivalent tissue ASC levels and excess ASC is secreted in urine. Low ASC 

supplementation maintains depleted but supra-scorbutic ASC levels, and is sufficient for healthy 

weight gain with age and normal cognition in mice (Harrison et al. 2008; Harrison et al. 2010c).  

ASC was stabilized in de-ionized drinking water with 10 mM EDTA, and water was replaced at 

least once per week throughout experiment. Breeding pairs received High ASC supplementation 

and pups were weaned to High ASC supplementation until 8 weeks of age. Cages were then 

randomly assigned to either High (1.0 g/L) or Low (0.033 g/L) ASC supplementation until 

experiment completion. Mice were supplemented with High (1.0 g/L) or Low (0.033g/L) ASC 

for at least one month prior to experiment. 

 

3.2.3. Cecal Slurry Treatment 

To model sepsis in mice, we utilized a polymicrobial cecal slurry (CS) method as 

previously described (Shaver et al. 2019; Meegan et al. 2020; Kerchberger et al. 2019; Consoli 

et al. 2020). CS injection induces acute peritonitis which subsequently initiates a systemic 

inflammatory response that extends to the brain (Consoli et al. 2020). C57Bl/6J donor mice were 
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obtained at six weeks of age from Jackson Laboratory (#000664) and euthanized within 7 days 

of arrival. Cecal contents were collected and resuspended in 5% dextrose at 80 mg/ml, then 

filtered through a 100 µm filter. Aliquots were stored at -80°C until ready for use.  

Mice were maintained on a consistent 12-hour light/dark cycle throughout lifetime and 

experimental study. Vehicle and treated mice were equally distributed across cages with 2-5 

mice per cage. All mice were provided supplemental nutrition on the floor of the cage (DietGel 

76A, Clear H2O) following initial injection and throughout recovery up to 48 hours post injection 

to promote survival. The mice were monitored every 4-8 hours for 48 hours during onset of 

illness and recovery for body weight and Clinical Sickness Score evaluation (Shaver et al. 2019; 

Meegan et al. 2020; Kerchberger et al. 2019; Consoli et al. 2020). To optimize survival for later 

behavioral testing, a relatively low dose was utilized (1.5 mg/g) without use of antibiotics 

resulting in overall 12% mortality and 1-3 mice dying per group with no significant observable 

differences between High and Low ASC supplemented groups. All behavioral testing utilized 

facilities within the Vanderbilt Murine Neurobehavioral Core.  

 

3.2.4. Open Field Activity 

Locomotor activity was recorded by infrared beam detection using standard locomotor 

activity chambers (approx. 30 x 30 cm, ENV-510; MED Associates, Georgia, VT, USA). Total 

distance traveled during the 30-minute trial and per 5-minute bin are reported. 

 

3.2.5. Elevated Zero Maze 

Anxiety was assessed using a standard white Elevated Zero Maze (San Diego 

Instruments, CA). The maze consists of a circular platform equally divided into four quadrants 

and elevated 75 cm above the floor. Each mouse was placed into the nearest open arm of the 

maze and allowed to explore for 5 minutes while an experimenter monitored in an adjacent room 

using a camera mounted on the ceiling above the maze. Time spent in open and closed arms of 

the maze and distance traveled were reported using AnyMaze software (Stoelting Co. IL). One 

mouse jumped from the maze during this task and was excluded from analysis.  

 

3.2.6. Y-maze alternation 
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A standard Y-maze made of clear acrylic tubing was used to test for spontaneous 

alternation as a measure of short-term memory and spatial discrimination as previously described 

(Harrison et al. 2008; Reiserer et al. 2007). Three arms of equal length (32 cm) radiating from 

the center of the maze were designated arms A, B, and C with white, gray, and striped flooring 

respectively to provide additional context for the mouse. The mouse was placed in the end of one 

of the arms and the number and sequence of entries were recorded by an experimenter using 

remote video monitoring as the mouse explored the maze for a single 5-minute trial. Alternations 

were counted when the mouse chose to move within each of the three arms in succession with all 

four paws without repeating entry into the same arm (e.g., ABC or BAC rather than ABA or 

BAB). Percent alternation was calculated as the number of alternations divided by the total 

number of arm entries minus two. Trials were recorded with a video camera mounted on the 

ceiling above the maze, and distance traveled during the task was analyzed using AnyMaze 

(Stoelting, Co. IL). 

 

3.2.7. 2-trial Y-maze  

For an additional assessment of spatial memory and spatial discrimination, mice 

underwent a second Y-maze task with two trials using a different maze, as previously described 

(Walker et al. 2017). This maze had square arms 35 cm in length and straight walls 10 cm in 

height. At the end of each of three arms designated A, B and C, a specific visual cue was placed 

to assist the mouse in spatial discrimination between the arms: a plastic ball, a water bottle, and a 

wire metal cup respectively. During the first trial, mice were allowed to explore two of the arms 

for 5 minutes while one of the arms was blocked. After an intertrial interval of less than 2 

minutes, the block was removed for the second trial, and the mouse was allowed to explore all 

three arms of the maze for 5 minutes. Between trials, the entire maze was cleaned with 10% 

ethanol solution to remove odor cues. Trials were recorded with a video camera mounted on the 

ceiling above the maze, and exploration in each arm was analyzed using AnyMaze (Stoelting, 

Co. IL) including time spent in each arm and distance traveled.  

 

3.2.8. Nest Building 

Mice were singly housed overnight with two squares of pressed cotton nestlet material 

(Ancare Corp, New York, USA) weighing a total of 5.0 g stacked in the center of each cage. 
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Nests were scored the following morning using a 5-point scoring system based on nest shredded, 

complexity, and height (Deacon 2006; Walker et al. 2017). 

 

3.2.9. Rotarod 

Motor coordination and learning were assessed using a standard rotarod apparatus (Ugo 

Basile). Mice were placed on a ridged rubber rod 3 cm in diameter suspended 25 cm from the 

base of the apparatus. The rod began rotating at 4 rpm and accelerated to a final speed of 40 rpm 

over the course of 5 minutes. Up to five mice were run simultaneously in 6 cm wide 

compartments with mice separated by opaque plexiglass. The time to fall or first rotate were 

recorded when the mouse could not maintain pace and fell from the rod or instead gripped and 

rotated around with the rod. Mice completed three trials per day with approximately 30 minutes 

between each trial with a maximum of 5 minutes per trial. The average time to fall or rotate 

across all three trials was reported per day of testing. 

 

3.2.10. Grip Strength 

Grip strength was assessed using a force meter attached to a rectangular wire grid at 

approximately a 45-degree angle (San Diego Instruments, San Diego, CA). Mice were allowed to 

firmly hold onto the grid with either the front two paws or all four paws while the experimenter 

held the mouse by the tail. The experimenter then gently pulled the mouse back with a constant 

force in a horizontal plane until the grip was broken. The apparatus measured the maximum 

force during the pull in Newtons. Each mouse was given three trials for each 2-paw and 4-paw 

test, and the average force per mouse was reported.  

 

3.2.11. Fear Conditioning 

Learning and memory abilities were assessed by evaluating freezing response following 

fear conditioning as previously described (Dixit et al. 2015). Mice were placed in one of two 

conditioning chambers with clear plexiglass walls and a metal grid floor housed within an 

acoustic sound attenuating chamber (Med Associates Inc. USA). During the first day of testing, 

mice were trained to associate a constant 30 second 70 dB tone with a two second electrical 

shock (0.8 mA) by three repeated tone-shock pairings over 8 minutes. The second day of testing, 

mice underwent two retrieval tests. For the context retrieval test, the mice were placed within the 
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same testing chamber used during training and allowed to explore undisturbed for 4 minutes. 

Approximately one hour later, the context was changed entirely for the cue retrieval test. Context 

changes included using white plastic floor and curved wall inserts, adding a vanilla scent to the 

testing chambers, and testing mice in a different testing chamber than that used during training. 

The experiment also entered the room through a different door, and dimmer lighting was used in 

the testing rooms. Mice were placed within the testing chamber and allowed to explore the novel 

context undisturbed for four minutes. During the second two minutes of the trial the same tone 

used during training was played. During each of the trials, cameras mounted on the inside doors 

of the chambers and computer software scored the mice for time spent immobile, reported as 

time freezing. A final shock threshold test was performed to confirm equal sensitivity to the 

shock across groups by increasing the shock intensity in 0.02 mA increments starting at 0.075 

mA until the mouse flinched, jumped, or vocalized. 

 

3.2.12. Order of Behavioral Testing 

Behavioral testing began 7 days following CS or Veh injection and was completed over 

the following two weeks. Testing was performed at the same time of day (12:00-16:00) and order 

of testing was identical across three separate cohorts of 15-22 mice (Table 3.1).  

 

Table 3 – Order of behavioral testing. 
Days following 

CS injection Behavioral Task Performed 

7 Elevated Zero Maze & Grip Strength 
8 Open Field Activity 
9 2-Trial Y-maze Alternation 
10 Rotarod Session 1 
11 Rotarod Session 2 
12 Rotarod Session 3 
13 No testing 
14 Spontaneous Y-maze Alternation 
15 Fear Conditioning (Training) 
16 Fear Conditioning (Retrieval) 
17 Nest Building Task (Overnight) 
18 Nests Scored and Euthanasia 
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3.2.13. Tissue Collection 

 Following behavioral testing, mice were anesthetized with isoflurane then euthanized by 

decapitation at 21 days post treatment. For the acute follow-up study, additional mice were 

euthanized at 4, 24, 48 hrs or 7 days post-injection, and vehicle treated mice were distributed 

across each timepoint and data from all control animals were collapsed into one group. Tissue 

samples were collected, flash frozen on dry ice, and stored at -80°C for further analysis.  

 

3.2.14. High Performance Liquid Chromatography 

Tissue ASC concentrations were measured by ion-pair high performance liquid 

chromatography as described previously (Consoli et al. 2020; Harrison et al. 2008; May et al. 

1998). Sample extracts were normalized by weight by adding 10 µl extraction buffer (7:2 25% 

w/v metaphosphoric acid: 100 mM sodium phosphate, 0.05 mM EDTA pH 8.0) per mg of wet 

tissue. Following tissue homogenization and centrifugation, the supernatant was diluted 1:100 in 

deionized water and measured in triplicate. 

 

3.2.15. Statistics 

Data shown in figures and text are reported as mean +/- S.E.M. All statistical analyses 

were performed using GraphPad Prism (version 9.1.1). All groups were equally balanced with 

male and female mice, and analyses were first run with sex as a fixed variable. There were no 

significant differences according to sex, and male and female groups were subsequently 

combined and analyzed together. Data were first checked for normality with an Anderson 

Darling test (alpha = 0.05), and data with normal distribution were subsequently analyzed using 

parametric statistical analyses. Behavioral data were compared using two-way analysis of 

variance with ASC supplementation (High 1.0g/L or Low 0.033g/L) and treatment (vehicle or 

CS) as the independent variables and main effects of ASC, CS, or interaction (Int) are reported as 

noted in the text. Significant main effects following ANOVA (p<0.05) were followed by 

Tukey’s multiple comparisons post hoc tests. Where behavior data utilized repeated 

measurements (weights, sickness scores, rotarod), a repeated measures three-way ANOVA 

included time as an additional independent variable and following significant results a Sidak’s 

multiple comparison test was used to compare effects of ASC treatment specifically within CS 

treated mice. Nest building data were not normally distributed and were analyzed using a 
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nonparametric Mann-Whitney test corrected for multiple comparisons using the Holm-Sidak 

method (p<0.05). 

 

3.3 Results 

 

3.3.1. Weight loss and sickness scores were not affected by Low ASC supplementation.  

 At 12-weeks of age, High- and Low-ASC supplemented mice were injected with CS (1.5 

mg/g, i.p.) or vehicle (5% dextrose, i.p.). One week after injection, approximately 5 days after 

recovery from illness, a behavioral battery was performed with tasks distributed over the 

following two weeks (Fig. 7A). During illness, weights of CS treated mice decreased over time 

by up to 15% at 48 hours post injection (CS: F1,55=77.07, p=0.0001; Time: F3,111=19.86, 

p<0.0001, Fig. 7B). Male mice in general weigh more than female mice, so percent weight 

change from starting weight was utilized to compare differences between groups. Weights 

recovered to previous body weights by 7 days when behavior testing began (7-day post-hoc 

p’s>0.3864). Illness was observable by clinical sickness score at 4 hours and persisted until 

approximately 48 hours following injection (CS: F1,68=271.9, p<0.0001, Fig. 7C). Weights and 

sickness scores did not significantly differ between High and Low ASC supplemented groups 

(ASC: F’s<0.2148, p’s>0.6455) and there were no significant interactions between CS and ASC 

(CS x ASC Int: F’s<1.636, p’s>0.2062). 
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Figure 7 – Experimental design and CS treatment in gulo-/- mice. 

(A) Experimental timeline. (B) Weights, dotted line represents zero change from weight at time 
of injection. (C) Sickness scores, dotted line in represents maximum score of 12 recorded in all 

vehicle treated mice. #p<0.05, ##p<0.01, ###p<0.001 vehicle (Veh) vs. CS treated within High and 
Low ASC supplementation by Sidak’s post-hoc following significant ANOVA. 

 

3.3.2. Persistent hypoactivity and normal anxiety following illness 

CS treated mice explored less than vehicle treated mice 8 days during the 30-minute trial 

following CS treatment in both High and Low ASC supplemented groups (CS: F1,52=31.56, 

p<0.0001, Fig. 8A-B). Mice supplemented with Low ASC had marginally increased activity 

regardless of CS treatment although this effect appears to be mainly driven by vehicle 

supplemented animals (ASC: F1,52=5.113, p=0.0280; Int: F1,52=2.223, p=0.1420).  

All groups spent a similar amount of time (50-60%) in the closed arms during the Elevated Zero 

Maze task indicating no differences in anxiety-like behavior between groups (F’s<2.326, 

p’s>0.1334, Fig. 8Ci). Decreased exploration was observed again in CS treated mice in the 

Elevated Zero Maze (CS: F1,51=10.62, p=0.0020, Fig. 8Cii) and further confirmed by decreased 

transitions between zones in CS treated mice (CS: F1,51=16.94, p=0.0001, Fig. 8Ciii). Effects in 

distance and entries due to CS treatment in the Elevated Zero Maze were not affected by ASC 

supplementation or interaction effects (F’s<2.016, p’s>0.1618).  
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Figure 8 – Activity and anxiety. 

(A) Total activity (i) and activity per 5-minute bin (ii) during open field test. (B) Time in closed 
arm (i), distance traveled (ii), and number of transitions between open and closed arms (iii) 

during Elevated Zero Maze test. **p<0.01, ***p<0.001 Main effect of CS treatment by two-way 
ANOVA. #p<0.05, ###p<0.001 vehicle (Veh) vs. CS treated within High and Low ASC 

supplementation by Sidak’s post-hoc following significant ANOVA. 
 

3.3.3. Decreased spatial memory and executive function following illness. 

 Spontaneous Y-maze alternation assessed short-term memory and spatial discrimination 

indicated by a preference for alternating between arms rather than entering an arm more recently 

explored. Mice did not show any difference in percent alternation between the arms of the maze 

due to CS treatment or ASC supplementation (F’s<1.501, p’s>0.2261, Fig. 9Ai). However, 

persistent hypoactivity was observed in CS treated mice by decreased distance traveled (CS: 

F1,52=8.8.093, p=0.0063, Fig. 9Aii) and decreased number of entries (CS: F1,52=8.625, p=0.0049, 

Fig. 9Aiii). There were no additional effects of ASC supplementation or interactions (F’s<1.073, 

p’s>0.3051). 
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Figure 9 – Spatial memory and executive function. 

(A) Percent alternation (i), distance traveled (ii), and number of entries (iii) during spontaneous 
Y-maze alternation task. (B) Time in novel arm (i), distance traveled (ii), and number of entries 

(iii) during 2-Trial Y-maze task. (C) Nest building score (i) and percent nestlet shredded (ii). 
*p<0.05, **p<0.01, ***p<0.001 main effect of CS treatment by two-way ANOVA. #p<0.05, 

##p<0.01 by nonparametric Mann-Whitney test corrected for multiple comparisons. 
 

The evaluation of short-term memory and spatial discrimination was extended using a 

more complex 2-trial Y-maze task. During the first trial the mouse was allowed to explore two of 

the arms while a third arm was blocked. In the second trial, the block was removed, and the time 

spent in the novel arm was used to indicate preference for a novel environment. CS treated mice 

showed decreased time exploring the novel arm compared to vehicle treated mice (CS: 

F1,52=8.171, p=0.0061, Fig. 9Bi) indicating decreased short term memory recall and spatial 

discrimination ability. Lower percentage of time spent in novel arm is independent of observed 

hypoactivity (CS: F1,52=4.111, p=0.0477, Fig. 9Bii) and lower zone entries (CS: F1,52=8.625, 
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p=0.0049, Fig. 9Biii) due to CS treatment. Alternation preferences for both tasks were not 

affected by ASC supplementation or interaction effects (F’s<1.501, p’s>0.2261). 

The nest building task evaluated deficits in executive function and engagement in 

rewarding, survival-promoting behavior. CS treated mice in both High and Low ASC 

supplemented groups showed overall lower nest scores than vehicle treated mice (High ASC: 

U=35.50, p=0.0028; Low ASC: U=54.00, p=0.0483, Fig. 9Ci). Lower percent nestlet shredded 

was only statistically significant in mice supplemented with High ASC (High ASC: U=48.50, 

p=0.0021; Low ASC: U=74.00, p=0.3162, Fig. 9Cii).  

 

3.3.4. Decreased motor coordination in low ASC mice and decreased grip strength following 

illness. 

All mice showed normal motor learning capability with improvement in latency to fall 

over the 3 days of training on the rotarod task (Time: F2,104=27.56, p<0.0001, Fig. 10A). 

Differences in overall motor coordination indicated by lower time to fall or rotate were not 

distinguishable between CS and vehicle treated mice (CS: F1,52=0.2769, p=0.1021). Mice 

supplemented with Low ASC showed lower overall performance on the rotarod compared to 

mice supplemented with High ASC (ASC: F1,52=5.207, p=0.0266) similar to observations in 

previous studies (Harrison et al. 2008). CS treated mice showed significantly decreased grip 

strength in the 4-paw task (CS: F1,52=31.43, p<0.0001, Fig. 10Bi) and only marginally decreased 

grip strength in the 2-paw task (CS: F1,52=3.630, p=0.0623, Fig. 10Bii). Grip strength was not 

affected by ASC supplementation (ASC: F’s<0.4240, p’s>0.5178).  
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Figure 10 – Motor coordination and grip strength. 

(A) Time to fall or rotate per day of testing during rotarod task. (B) 4-paw (i) and 2-paw (ii) grip 
strength. **p<0.01, ***p<0.001 Main effect of CS treatment by ANOVA. 

 

3.3.5. Normal learning and memory in fear conditioning and retrieval tasks following illness. 

All mice had similar increases in freezing post-training than at baseline (Time: 

F1,52=310.2, p<0.0001, Fig. 11A right) with no additional impacts of ASC or CS (F’s<0.7727, 

p’s>0.3843). There were differences in freezing at baseline reflecting lower activity in the first 2 

minutes (CS: F1,52=17.25, p<0.0001, Fig. 11A left). We therefore used percent increase in 

freezing time relative to baseline as the primary index of memory in retrieval tasks. During 

context retrieval the following day of testing, all mice exhibited freezing behavior indicating 

recollection of the shock-context pairing. Greater freezing was observed in CS treated mice (CS: 

F1,52=14.53, p=0.0004, Fig. 11Bi) compared to vehicle treated controls with no additional effect 

of ASC or interactions (F’s<3.229, p’s>0.0781). However, percent change from first two minutes 

of baseline was significantly lower in CS-treated animals suggesting possible impaired spatial 

memory (CS: F1,52=7.089, p=0.0103, Fig. 11Bii). 

 



50 

 
Figure 11 – Fear Conditioning (FC). 

(A) Time freezing before and after shock training (i) and percent increase in time freezing during 
training (ii). (B) Time freezing during context retrieval test (i) and percent increase from baseline 

(ii). (C) Time freezing in a new context and after tone during cue retrieval test (i) and percent 
increase following tone (ii). ***p<0.001 main effect of CS by two-way ANOVA. ###p<0.001 

main effect of time by repeated measure three-way ANOVA. 
 

Mice placed in a new context showed normal exploratory behavior and low time freezing 

similarly to baseline although CS-treated animals moved less than controls as in the previous two 

trials (CS: F1,52= 17.04, p=0.0001, Fig. 11Ci left). Following the tone, all mice exhibited 

increased freezing behavior compared to the previous 2 mins indicating recollection of the tone-

shock pairing (Time: F1,52=422.3, p<0.0001, Fig. 11Ci right). Again because of higher freezing 
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in the novel context in CS treated mice, we used percent increase in freezing before and after the 

tone as an index of memory. A significantly lower percent increase in freezing behavior 

following the tone in CS treated animals suggest poorer recall in that group (F1,52=18.66, 

p<0.0001, Fig. 11Cii). 

 

3.3.6. Tissue ASC levels reflect supplementation and were not changed during or following 

illness. 

Mice were maintained on their respective High or Low ASC supplementation throughout 

illness, recovery, and behavioral experiments. Tissue ASC levels following the behavioral 

battery showed those anticipated based on ASC supplementation, with lower ASC observed in 

cortex (F1,25=339.0, p<0.0001, Fig. 12A) and liver (F1,25=126.3, p<0.0001, Fig. 12B) in mice 

supplemented with Low ASC and no further effect of CS at this timepoint 18 days following CS 

treatment (F’s<1.873, p’s>0.1833). We hypothesized that ASC levels could deplete during acute 

illness, when elevated inflammation could challenge antioxidant reserves or lethargy and 

decreased food and water intake could cause insufficient hydration and supplementation. 

Surprisingly, ASC levels did not change due to CS treatment during the acute illness at 4-, 24-, 

or 48-hours post injection in cortical tissue (F’s<0.2899, p’s>0.8820, Fig. 12C). In liver, ASC 

levels were marginally elevated in CS treated mice (F4,31=3.086, p=0.0300, Fig. 12D), though 

these changes were not statistically distinguishable across timepoints in post-hoc analysis (High 

ASC: p’s>0.0545, Low ASC: p’s>0.1243). 
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Figure 12 – Tissue ASC levels following behavior and throughout illness. 

ASC levels following behavior in cortex (A) and liver (B) and tissue ASC levels during or 
following illness in cortex (C) and liver (D). ###p<0.001 by Tukey’s post-hoc following 

significant two-way ANOVA. ***p<0.001 Main effect of ASC by repeated measures three-way 
ANOVA. 

 

3.4 Discussion 

 

In this study, we observed extensive behavioral deficits following CS-induced sepsis in 

gulo-/- mice including deficits in locomotor activity, grip strength, spatial discrimination, and 

executive function. Gulo-/- mice, like humans, cannot synthesize ASC and therefore depend on 

dietary supplementation to maintain adequate tissue levels (Maeda et al. 2000; Harrison et al. 

2008). In wild-type mice, this dose of CS led to acute depletion of ASC in the brain and 

upregulated synthesis of ASC in the liver indicating significant demand for ASC during illness 

(Consoli et al. 2020). We hypothesized that prior ASC deficiency would predispose mice to 

greater cognitive deficits following increased ASC demand during illness, especially considering 

the severe cognitive deficits we have observed previously in gulo-/- mice following an acute 

scorbutic period (Ward et al. 2013). However, at this dose, there were no significant differences 

between CS treated High and Low ASC supplemented groups.  
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Interestingly, the gulo-/- mice showed longer sickness duration than previously observed 

in their wild-type counter parts. Wild-type mice at this CS dose recovered by approximately 24 

hours (Consoli et al. 2020) while the gulo-/- mice in this study had observable illness nearly twice 

as long. This longer illness duration was independent of High or Low ASC supplementation, 

suggesting that the specific ability to synthesize ASC endogenously is associated with shorter 

illness duration. This key difference may be impacting studies of septic injury or long-term 

cognitive damage which are most performed in wild-type mice. Whether the ability of wild-type 

mice to synthesize ASC is consequently more protective of long-term cognitive and behavioral 

changes in this model should be determined in future studies. 

Persistent hypoactivity following illness was observed in several of the behavior tasks 

performed. Decreased exploratory behavior indicates that mice have not fully recovered from 

sepsis in the weeks following illness even though they apparently resemble vehicle treated mice 

by Clinical Sickness Score. It is interesting to note that lasting hypoactivity was not observed in 

wild-type mice treated at the same dose, though this may not be directly comparable since the 

wild-type animals in that study were treated with antibiotics and underwent surgery prior to 

injection (see Chapter 4). Hypoactivity observed during the Y-maze tasks does not explain the 

decreased percentage of time spent in the novel arm during the 2-trial Y-maze task, which 

instead indicates CS treated mice have lasting impaired spatial memory.  

Hypoactivity observed during fear conditioning may change interpretation of fear 

conditioning data. All mice in the fear conditioning trials were observed to learn the tone-shock 

association and recall the context and cue the following day despite higher baseline freezing due 

to hypoactivity in CS treated mice. Lower percent increases in freezing behavior in the retrieval 

tasks due to CS treatment may reflect impaired spatial memory as observed in the 2-trial Y-maze 

task. Alternatively, these differences may be driven by the hypoactivity at baseline. In this case, 

it is possible that the relatively high shock amplitude elicits an extensive fear response that 

masks more subtle differences in learning and memory, such as those observed in the 2-trial Y-

maze. Future studies may utilize a lower shock during training to allow greater ability to 

distinguish more subtle differences between groups. 

Nest building deficits were also observed in CS treated mice. Mice readily engage in nest 

building when the material is provided such that the behavior is assumedly rewarding. It is a 

hippocampal mediated task that demonstrates the ability of a mouse to exhibit self-care and carry 
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out a task as a measure of overall cognitive well-being (Deacon 2006; Deacon et al. 2002; 

Walker et al. 2017; Dixit et al. 2015). It is possible, in this study, that the nest building deficits 

could partly be attributed to hypoactivity or decreased grip strength. However, the deficits 

observed in this study support the findings of many other studies that behavioral deficits can be 

observed in mice following various models of sepsis (Schwalm et al. 2014; Qin et al. 2007; 

Semmler et al. 2007; Skelly et al. 2019; Hippensteel et al. 2019). Specific to this study, we 

showed deficits in impaired mobility, short-term memory, and executive function that directly 

translate to the deficits that up to 44% of human sepsis survivors experience in quality of life 

across mobility, daily activities, and self-care domains (Yende et al. 2016).  

Low ASC supplementation did not exacerbate any of the deficits observed following CS 

treatment. Likewise, High ASC supplementation did not attenuate any of the deficits observed 

following CS treatment. These findings were surprising given the protective effects of ASC 

sufficiency in other mouse models of sepsis on organ damage and overall survival (Fowler et al. 

2019; Fisher et al. 2011; Fisher et al. 2014). If organ damage during illness was indeed improved 

in this model as in similar previous models, it is possible that peripheral organ damage may be 

independent of cerebral damage that contributes to the long-term cognitive deficits observed in 

this study. It is also possible that if this study were extended to several months following CS 

treatment, mice supplemented with High ASC would recover these behavioral deficits faster than 

mice maintained on Low ASC.  

No changes in tissue ASC levels were observed during sepsis in this model. Mice with 

Low ASC supplementation maintained consistently low ASC in cortex and liver, and mice with 

High ASC supplementation maintained consistently saturated ASC levels in cortex and liver. 

Again, this was surprising due to the acute depletion we observed in wild-type mice (Consoli et 

al. 2020). We hypothesize these findings could be attributable to alterations in drinking behavior 

due to illness, which would disrupt anticipated ASC supplementation rates. In the gulo-/- model, 

ASC is depleted under the assumption that mice drink approximately the same amount of water 

each day. It is possible that during sepsis, either prior to or immediately following the period of 

acute lethargy, mice drink more water to replenish fluids lost during illness. This would explain 

the marginal elevations in ASC observed in the liver of CS treated mice on Low ASC 

supplementation or the lack of an observable ASC depletion in any tissue entirely. It may be 

relevant to restrict ASC supplementation prior to CS injection and specifically administer ASC 
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only to the High ASC group during illness to compare the effects of total ASC depletion. 

However, such changes to the experimental design would diminish the translational relevancy of 

this model and instead force the mice into scorbutic conditions driven primarily by insufficient 

ASC supplementation rather than by sepsis. One study indeed evaluated the survivability of 

septic mice under such forced conditions and unsurprisingly found that mice with undetectable 

tissue levels of ASC suffered increased mortality from sepsis likely due to comorbid scurvy 

(Gaut et al. 2006). High survival in this study was achieved by maintaining supra-scorbutic ASC 

levels and utilizing a relatively low CS dose to optimize for long-term behavioral testing. It is 

certainly possible that in conditions with lower survivability, mice supplemented with Low ASC 

would exhibit worsened cognitive deficits. 

ASC is regularly given enterally or parenterally to septic patients with the intention to 

improve immune function and prevent oxidative damage (Chan et al. 1999; Yamazaki et al. 

2011; Wintergerst et al. 2007). Given the potentially beneficial antioxidant and protective roles 

of ASC in sepsis, there is significant interest in high-dose intravenous vitamin C in clinical trials 

(Marik et al. 2017; Lindsell et al. 2019). Maintaining sufficient ASC levels in the plasma of 

septic patients is challenging and requires significantly higher doses than those expected with 

modeled normal uptake (Long et al. 2003; Baines and Shenkin 2002). This is presumably due to 

enhanced metabolic demands for ASC amidst inflammatory or infectious processes (Carr et al. 

2017) or circulation dysfunction preventing proper distribution of ASC using multi-step and 

endothelial mediated transport systems (Wilson 2009; May and Harrison 2013). The lack of 

difficulty in maintaining adequate tissue ASC levels in this model, suggests that the oxidative 

burden inflicted by this CS method, while sufficient to inflict lasting behavioral deficits, is 

insufficient to model the severe oxidative stress and subsequent ASC demand experienced by 

patients in critical care. Age is a significant factor in the outcome of sepsis in clinical populations 

(Martin et al. 2006), and notably these studies were conducted in young mice. Decreased 

mitochondrial function with aging leads to age-related accumulation of oxidative stress and 

exponentially increased ASC demand (Cui et al. 2012). Given that ASC status correlates with 

healthy markers of metabolic and cognitive health in aged populations (Pearson et al. 2017) and 

has protective therapeutic potential in the prevention of neurodegeneration (Harrison and May 

2009; Dixit et al. 2017; Harrison 2012), it is likely that prior ASC deficiency would have a 

greater effect on the long-term cognitive decline following sepsis in aged animals. 
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CHAPTER 4 

 

Slow-Wave EEG Activity and Neurobehavioral Deficits Implicate Delirium in a Mouse 

Model of Sepsis Associated Encephalopathy 

 

Abstract 

 

Sepsis is often accompanied with severe encephalopathy and delirium that strongly 

correlate with poor clinical outcomes including long-term cognitive deficits. Delirium is 

diagnosed primarily through inattention during interactive tasks with critically ill patients 

making preclinical studies of delirium in mouse models challenging. We utilized concurrent 

measures of telemetry electroencephalography (EEG) recordings and neurobehavioral tasks to 

characterize inattention and long-term cognitive deficits in a mouse model of polymicrobial 

sepsis. During the first 24 hours of critical illness in this model, EEG activity was dominated by 

slow-wave frequencies that resembled those observed in delirious patients. We also measured 

pre-pulse inhibition of startle response, a phenomenon that is translatable across species, to 

measure inattention during illness and found that mice are hypersensitive to the pre-pulse 

stimulus. Following recovery, persistent poorer cognitive function determined by nest building 

evaluation correlated with greater delta power, lower beta power during illness, and molecular 

deficits in hippocampal long-term potentiation compared to mice that returned to baseline 

cognitive performance. EEG profiling using this experimental setup offers a robust biomarker of 

a delirium-like state during sepsis associated encephalopathy in mice and presents an important 

new tool to investigate therapeutic strategies for improving delirium and subsequent cognitive 

outcomes in patients.  

 

4.1 Introduction 

 

 Of the more than 48 million estimated annual sepsis cases globally, approximately 37 

million will survive and subsequently experience increased risk for long-term cognitive 

impairment (Rudd et al. 2020; Rengel et al. 2019). Organ dysfunction during the acute critical 

illness extends to the brain, driving acute encephalopathy through cardiovascular dysregulation, 
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respiratory distress, microvasculature hypoperfusion, metabolic crisis, toxin accumulation, and 

endothelial breakdown (Bauer et al. 2018; Mazeraud et al. 2016; Hughes et al. 2013). This acute 

cerebral pathophysiology is defined as sepsis associated encephalopathy and manifests clinically 

as delirium (Slooter et al. 2020; Zampieri et al. 2011; Remick 2007). Delirium is reported in up 

to 82% of patients in intensive care units, and its duration and severity strongly correlate with 

mortality and long-term cognitive deficits in survivors (Sasannejad et al. 2019; Pandharipande et 

al. 2013; Atterton et al. 2020; Ely et al. 2004). Optimizing patient care during delirium in critical 

illness has improved survivorship from sepsis, but survivors still face lasting functional and 

cognitive deficits including decreased executive function, global cognition, and memory 

(Wolters et al. 2013; Rengel et al. 2019; Iwashyna et al. 2010). Changes are comparable to mild 

cognitive impairment in many with the greatest deficits resembling Alzheimer’s disease in up to 

24% of patients at one year (Pandharipande et al. 2013). 

Classic descriptions of delirium include disruptions of awareness and inattention that can 

be observed by generalized electroencephalography (EEG) slowing (Engel and Romano 1959). 

EEG has been used for decades to monitor delirium in critically ill patients, culminating in 

reports of slow-wave dominance, disrupted alpha rhythms (Jacobson et al. 1993; Koponen et al. 

1989; Atterton et al. 2020) and a series of increasingly well-defined EEG abnormalities (Palanca 

et al. 2017; Hirsch et al. 2021). More recently, slow-wave EEG activity has been shown to 

corelate specifically with delirium severity and be predictive of long-term cognitive impairment 

(Roberson et al. 2020; Kimchi et al. 2019). 

Delirium is typically diagnosed using a confusion assessment method (CAM-ICU) that 

evaluates the patient’s ability to understand and act on instructions (Ely et al. 2001). Mouse 

models, therefore, have limited means to test therapeutic strategies that specifically target 

delirium to improve cognitive outcomes. While mouse models of sepsis have demonstrated long-

term cognitive deficits across many different cognitive and behavioral tasks including support 

with molecular markers of neuronal degeneration (Schwalm et al. 2014; Qin et al. 2007; 

Semmler et al. 2007; Skelly et al. 2019; Hippensteel et al. 2019), studies investigating acute 

sepsis associated encephalopathy during illness and its association with delirious mental status in 

mice are sparse. Efforts to measure EEG in rodent models of sepsis have been limited to tethered 

EEG systems preventing long-term recording or the synchronization of behavioral assessment 

and EEG metrics during and following illness (Trzepacz et al. 1992; Leavitt et al. 1994; Kimchi 
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et al. 2017). In this study, we utilized wireless surgically implanted telemetry devices in a cecal 

slurry mouse model of sepsis to characterize EEG profiles throughout critical illness onset and 

recovery. During recording, we utilized nest building as a simple neurobehavioral assessment of 

executive function and global cognition to determine individual EEG metric contributions to 

long-term cognitive outcome following illness. We supplemented our findings with an attention 

based neurobehavioral task during illness and an electrophysiological measure of learning and 

memory following recovery. Together, these studies outline a comprehensive mouse model of 

sepsis associated encephalopathy that closely resembles patient delirium and subsequent 

cognitive decline with predictive validity to differentiate between cognitive outcomes.  

 

4.2 Methods 

 

4.2.1. Subjects & Treatment 

All experiments conducted with live mice were reviewed and approved by the Vanderbilt 

Institutional Animal Care and Use Committee. To model sepsis-associated encephalopathy in 

mice, we utilized a polymicrobial cecal slurry (CS) method of sepsis induction as previously 

described (Shaver et al. 2019; Meegan et al. 2020; Kerchberger et al. 2019; Consoli et al. 2020). 

CS injection induces acute peritonitis which subsequently initiates a systemic inflammatory 

response that extends to the brain (Consoli et al. 2020). C57Bl/6J donor mice were obtained at 

six weeks of age from Jackson Laboratory (#000664) and euthanized within 7 days of arrival. 

Cecal contents were collected and resuspended in 5% dextrose at 80 mg/ml, then filtered through 

a 100 µm filter. Aliquots were stored at -80°C until ready for use.  

All mice were bred in house from C57Bl/6J mice originally obtained from Jackson 

Laboratory. Mice were maintained on a consistent 12-hour light/dark cycle (light from 06:00-

18:00, dark from 18:00-06:00) throughout lifetime and experimental study. For EEG studies, 

mice at 10-12 weeks of age underwent telemetry device implantation surgery (see Section 2.3). 

Approximately 5-7 days following surgery, mice were treated with CS (1.5 mg/g; i.p.) or the 

vehicle (Veh, 5% dextrose, i.p.). For LTP studies, mice received CS treatment at 8-10 weeks of 

age. At 8 and 20 hours following initial injection, all mice received antibiotics and fluid 

resuscitation in the form of 1.5 mg imipenem stabilized in cilastatin and suspended in 300 µl of 

0.9% NaCl saline (Steele et al. 2017). Imipenem is a carbapenem class beta lactam antibiotic that 
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has no association with delirium severity during critical illness (Grahl et al. 2018). For EEG 

studies, mice were singly housed following EEG surgeries and for all other studies, control and 

treated mice were equally distributed across cages with 2-5 mice per cage. All mice were 

provided supplemental nutrition on the floor of the cage (DietGel 76A, Clear H2O) following 

initial injection and throughout recovery up to 48 hours post injection to promote survival. The 

mice were monitored every 4-8 hours for 24 hours during onset of illness and recovery for body 

weight and Clinical Sickness Score evaluation (Shaver et al. 2019; Meegan et al. 2020; 

Kerchberger et al. 2019; Consoli et al. 2020).  

The EEG study used 26 mice that underwent telemetry device surgery and recording 

across four separate cohorts. Two mice were excluded, because they died during illness prior to 

completion of recovery trajectory. Three additional mice were excluded, because they did not 

exhibit sufficient signs of behavioral illness (indicated by receiving a Clinical Sickness Score 

less than 10 likely due to failed injection). The LTP study used 30 mice across five separate 

cohorts. Five mice that did not exhibit sufficient signs of illness and one mouse that died during 

illness were excluded from all analysis. 

 

4.2.2. Nest Building 

Mice were singly housed overnight with two squares of pressed cotton nestlet material 

weighing a total of 5.0 g stacked in the center of each cage. Nests were scored the following 

morning based on three primary criteria adapted from (Deacon 2006) (Table 4). First, 0-1 point 

were given based on the presence of a clear nest site (0 points for no site, 0.5 point for slightly 

moving the nestlets, and 1 point for a clear nest site). Next, 0-2 points were given based on 

extent of nestlet shredded and utilization of un-shredded nestlet (0 points for little to no 

shredded, 0.5 point for at least 25% shredded, 1 point for at least 50% shredded, 1.5 points for at 

least 75% shredded, and 2 points for 100% shredded). If less than 50% was shredded, but a 

largely un-shredded piece was utilized structurally as a wall or roof, an additional point was 

given. Lastly, 0-2 points were given based on overall nest height (0 points for flat, 0.5 point for 

low, 1 point for medium height, 1.5 points for medium high, and 2 points for high coverage or 

dome structure). If nest criteria were deemed between two score designations scores were made 

with 0.25-point increments. Graphical representations of nests of varying complexity are 

illustrated in Figure 13B.  
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Table 4 – Nest building behavioral task scoring criteria. 
Nest  
Site 

+0 
No site 

+0.5 
Moved 

+1 
Clear site 

 

Nestlet 
Shredded 

+0 
<25% 

+0.5 
25% 

+1 
50% 

+1.5 
75% 

+2 
100% 

+1 Un-shredded nestlet utilized structurally as wall or roof 

Nest  
Height 

+0 
Flat 

+0.5 
Low 

+1 
Medium 

+1.5 
Med-High 

+2 
Dome 

 

4.2.3. EEG Telemetry 

Telemetry Device Implantation Surgery 

To record electroencephalogram (EEG) activity in mice while minimizing disturbance to 

normal behavior, we utilized a wireless EEG telemetry system (PhysioTel HD-X02; Data 

Sciences International, DSI, St. Paul, MN) as previously described (Gould et al. 2020). In brief, a 

wireless telemetry device was implanted in each mouse subcutaneously between the left shoulder 

and hip according to DSI protocol and under anesthesia (isoflurane 2-5%). Four wires (0.3 mm 

diameter helix of stainless-steel coils protected with silastic coating 0.63 mm in diameter) 

connected the device to the recording and reference sites in the neck muscle for electromyograph 

(EMG) recording and to the skull for EEG recording. EEG leads were inserted into two burr 

holes 1-mm in diameter exactly +1.0 mm anterior-posterior, -1.0 mm medial-lateral from bregma 

for reference and -3.0 mm anterior posterior, +3.0 mm medial-lateral from bregma for recording. 

The skull was covered with dental cement and the incision site was sutured. Immediately 

following surgery and every 24 hours for 48 hours, mice received analgesic (ketoprofen, 10 

mg/kg, i.p.). Mice were allowed 4-6 days of recovery prior to beginning baseline data 

acquisition. 

 

Telemetry Device Data Acquisition 

Following telemetry device implantation surgeries, individual cages of singly housed 

mice were placed on a PhysioTel receiver plate (model RPC-1) that transmitted data in real time 

from the wireless implant to a computer using the MX2 data exchange matrix and Dataquest 

ART software (DSI, St. Paul, MN). Data were collected using Ponemah Physiology Platform 

version 5.20 software (DSI, St. Paul, MN). Single channel EEG and EMG were sampled at a rate 
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of 500 Hz, and activity counts were sampled at 50 Hz. Video (20 frames/sec) of each mouse was 

recorded using Axis cameras (M1145-L) and MediaRecorder 2.6 (Noldus) and synchronized to 

physiologic measurements. Approximately one week following completion of surgeries and prior 

to CS or vehicle treatment, 24 hours of baseline telemetry data including EEG, EMG, and 

activity were recorded for all mice. After treatment injections, telemetry data were collected in 

24 hour increments up to 72 hours post injection and then again 7 days post injection for a total 

of five, 24-hour periods as depicted in Figure 13A. 

Prior to injections, mice were briefly anesthetized with isoflurane to avoid displacing the 

EMG and EEG leads during handling, requiring temporary removal of the mice from the plate 

reader for less than one minute. During Clinical Sickness Scoring, mice were scored in their 

cages on the receiver and weighed by removal from the cage onto a scale near the plate reader 

with minimal disruption of data acquisition.  

 

Telemetry Device Data Analysis 

Telemetry data were analyzed using NeuroScore (version 3.3.0, DSI, St. Paul, MN). To 

determine global changes in EEG independent of behavioral vigilance state, spectral power band 

analyses separated the EEG signal into relative power percentages using 10 second epochs across 

different frequencies (delta 0.5-4 Hz, theta 4-8 Hz, alpha 8-12 Hz, sigma 12-16 Hz, beta 16-24 

Hz, and gamma 24-50 Hz). The averaged power percentages for each hour were normalized to 

the average baseline value. The theta ratio is reported as relative theta power divided by relative 

delta power normalized to the average baseline value. For telemetry activity data, the maximum 

activity count per 10 second epoch was determined, and the sum of activity counts per hour and 

total activity per 24-hour period are reported. 

To determine changes in EEG within behavioral vigilance states, data were visualized 

and scored within 10 second epoch windows according to DSI instructions for Sleep Scoring in 

Neuroscore. Periodograms ranging from 0 to 25 Hz were viewed in 10 second epochs alongside 

continuous plots of EEG theta ratio, EEG number of crossings, EEG and EMG raw traces, and 

activity counts. The behavioral state for each 10 second epoch was scored as non-rapid eye 

movement (NREM, slow-wave sleep), REM (paradoxical sleep), or wake. High delta power, low 

theta ratio and number of crossings, low EMG muscle tone, and low activity counts were scored 

as NREM. High theta power and theta ratio, low number of crossings, low EMG muscle tone, 
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and low activity were scored as REM. High EMG muscle tone and high activity counts with low 

to medium delta and theta power were scored as wake. Micro-wakes and quiet wakes were 

included as wake. Sleep stages were scored for one hour at the same time of day (17:00-18:00) at 

baseline (Day 0), during illness (Day 1), following acute recovery (Day 2), and following long-

term recovery (Day 7). The relative power for each 1 Hz frequency within each sleep stage was 

averaged and reported. 

 

4.2.5. Locomotor Activity 

Open-field activity was recorded by infrared beam detection using standard locomotor 

activity chambers (approx. 30 x 30 cm, ENV-510; MED Associates, Georgia, VT, USA). Total 

activity travelled during the 30-minute trial is reported. 

 

4.2.6. Pre-pulse Inhibition of Acoustic Startle Response  

Mice were placed in a small, clear acrylic animal holder, cylindrical in shape and 

mounted on a white acrylic base. The holder was secured to a startle platform detector housed 

within an acoustic chamber insulated with 2 cm sound attenuating foam (ENV-022S, MED 

Associates). Various startle and pre-pulse stimuli were delivered using Startle-PPI Pro Series 

software (SOF-826, MED Associates). Testing consisted of six different trials (null, 0 dB; startle 

only, 120 dB; pre-pulse at 72, 76, 82, 88 dB each followed by startle at 120 dB) repeated nine 

times in a pseudo-random order for a total of 54 trials. The mice were allowed an acclimation 

period of 5 minutes before trials began, and time between trials was 30 seconds. In trials with a 

pre-pulse, the pre-pulse stimulus was delivered 50 ms before startle stimulus. The highest and 

lowest values for each trial type were excluded, and the average response per trial type was 

determined. The percent pre-pulse inhibition was calculated at each pre-pulse amplitude using 

the difference between the pre-pulse trials and the startle only trial.  

 

4.2.7. Long-Term Potentiation 

Hippocampal slices were prepared from 8-10-week-old mice treated with CS or Veh. 

Mice were briefly anesthetized and then sacrificed by decapitation. The brain was quickly 

removed into an ice-cold solution of sucrose-rich artificial cerebrospinal fluid (aCSF) containing 

85 mM NaCl, 2.5 mM KCl, 1.25 mM NaH2PO4, 25 mM NaHCO3, 75 mM sucrose, 25 mM 
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glucose, 10 µM DL-APV (NMDA antagonist), 100 uM kynurenate, 0.5 mM sodium L-ascorbate, 

0.5 mM CaCl2, and 4 mM MgCl2 oxygenated and equilibrated with 95%O2/5%CO2 and titrated 

to a pH of 7.4. The brain was mounted on a slicing stage ventral side up, and 300µm horizontal 

slices were prepared using a Leica VT-1200S vibratome (Leica Biosystems) in sucrose-aCSF. 

Slices from both hemispheres were micro-dissected before transferring to a holding chamber 

containing sucrose-aCSF warmed to 32ºC that slowly returned to room temperature over the 

course of 30 minutes. Slices were then transferred to a second holding chamber containing room 

temperature aCSF containing 125 mM NaCl, 2.4 mM KCl, 1.2 mM NaH2PO4, 25 mM NaHCO3, 

25 mM glucose, 2 mM CaCl2, and 1 mM MgCl2 oxygenated and equilibrated with 

95%O2/5%CO2 and titrated to a pH of 7.4. Slices were maintained under these conditions until 

transferred into a submerged recording chamber (Scientifica SliceScope Pro 2000, Scientific 

UK) flowing warmed (in-line heater temperature set at 36ºC) oxygenated aCSF at approximately 

6 ml/min. 

Field excitatory postsynaptic potentials (fEPSPs) were recorded by stimulating along the 

Schaffer collaterals in the stratum radiatum and recording the response from the Cornu ammonis 

1 (CA1) region of the hippocampus at a rate of 0.05 Hz.  An input-output relationship was 

determined for each slice, plotting the peak amplitude of the fiber volley against the slope of the 

fEPSP. For LTP experiments, the baseline recordings used a stimulus intensity that produced 

~40% of the maximum response and were recorded for at least 20 min before tetanizing the slice. 

LTP was induced using theta-burst stimulation (5 bursts at 100 Hz, repeated at 5 Hz over 5 

seconds, with each tetanus including four of these burst trains separated by 10 seconds, totaling 

100 bursts). Experiments in which the fiber volley amplitude changed by >20% post-tetanus 

were discarded. Recordings were continued for at least 60 mins post-tetanus. The magnitude of 

LTP was measured in the last 5 minutes of the 60 minutes post tetanus recording. There were 5-8 

slices in each group from 2-3 mice. 

 

4.2.8. Statistics 

Data shown in figures and text are reported as mean +/- S.E.M. unless otherwise stated. 

Bar graph data were analyzed using GraphPad Prism (version 9.1.1). All groups were equally 

balanced male and female mice, and analyses were first run with sex as a fixed variable. There 

were no significant meaningful differences according to sex, thus all data were collapsed and 
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analyzed together. All data were first checked for normality with an Anderson Darling test (alpha 

= 0.05), and all data with normal Gaussian distribution were subsequently analyzed using 

parametric statistical analyses. Nest building data were not normally distributed and were instead 

analyzed per day of scoring using the non-parametric Kruskal-Wallis test, and the Kruskal-

Wallis statistic (KW) is reported. Following significant results, nest building scores for each 

group were compared with Dunn’s test for nonparametric comparisons. Activity data were 

analyzed using a two-way repeated measures ANOVA with time and treatment as dependent 

variables. Following significant results, activity data were compared to baseline activity levels 

using a Dunnett’s multiple comparisons test. Periodogram data were analyzed using an ordinary 

two-way ANOVA with treatment and frequency as dependent variables. Tukey’s multiple 

comparison test was used to compare differences between treatment groups within each 

frequency. PPI data were analyzed using a two-way repeated measures ANOVA, with treatment 

and pre-pulse amplitude as dependent variables. To compare means across vehicle and CS 

treated mice specifically within each pre-pulse amplitude, treatment groups were compared using 

a Šídák's multiple comparisons test.  

We conducted statistical analyses of EEG theta ratio and power bands using R Statistical 

Software version 4.0.3 (R Foundation for Statistical Computing, Vienna, Austria). To assess the 

difference in the change of each EEG metric over time between CS and vehicle during the first 

and final 24-hour periods following injection, we used a linear mixed-effects model with a 

random intercept in which the EEG metric was the dependent variable and the group indicator 

(i.e., CS vs. Veh), time, and the interaction term between the group and time were the 

explanatory variables. To capture the nonlinear trend of the EEG metric over time, we employed 

natural splines of time variable, while the underlying temporal correlation was modeled by an 

autoregressive temporal process with order one, i.e., AR(1). The statistical significance (p-value 

< 0.05) was tested by comparing the model with the interaction terms to the model without them 

by a likelihood ratio (LR) test. For each model, we tested for the effect of sex on the association 

of interest, i.e., the association between Theta ratio and the interaction between time and group 

(e.g., CS vs. Veh). There was no significant sex effect in any of the models.   
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4.3 Results 

 

4.3.1. CS treatment causes EEG slowing during illness and long-term cognitive impairments. 

 Throughout EEG data acquisition, we used nest building (designated NB in the figures) 

to measure lasting changes in cognitive ability following recovery from CS treatment (Fig. 13A-

B, D). All CS treated mice showed similar illness trajectory based on Clinical Sickness Score 

evaluation (p’s>0.2912, Fig. 13C). Nest building was performed at three timepoints: baseline 

(prior to injection), following illness on Day 2 (acute recovery), and again on Day 7 (long-term 

recovery). Nest building scores did not vary in vehicle treated mice up to Day 7 following 

injection (KW=1.269, p=0.5302), but nest building scores were significantly decreased following 

illness in CS treated mice (KW’s>11.26, p’s<0.0009). These deficits were most apparent on Day 

2 following illness and were more variable on Day 7, which permitted subdivision of CS-treated 

animals into two distinct groups based on nest building score at 7 days. CS treated mice that had 

nest building scores equivalent to pre-CS levels (score > 3.0) were designated “recovered” 

whereas mice that built poor nests (score < 3.0) were placed in the “persistent deficits” group. 

The criteria were based on the lowest baseline score observed in vehicle treated mice (Fig. 13D). 

Differential long-term recovery in CS-treated mice was distinguishable on Day 7 (p=0.0072) but 

the two groups did not differ on Day 2 (p>0.9999). This separation of CS treated mice based on 

long-term recovery was utilized throughout remaining data analysis to explore individual metric 

contributions to long-term cognitive deficits.  

 Total activity per day was compared across groups and time. Changes in activity of CS 

treated mice during and following illness drove a significant interaction between time and 

treatment (F8,72=9.691, p<0.0001). As expected, total activity did not change in vehicle treated 

mice throughout the experiment (p’s>0.6987), and all CS treated mice had decreased activity 

during illness on Day 1 (p’s<0.0001). Hypoactivity in CS treated mice persisted following acute 

recovery only until Day 3 (p’s<0.0033), and by Day 7 activity had gradually returned to baseline 

levels (p’s>0.9217) in all groups (Fig. 13E). Normal activity levels on Day 7 in all CS treated 

mice indicated that persistent nest building deficits on Day 7 were not due to persistent 

hypoactivity and thus more likely reflect cognitive rather than locomotor deficits. 
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Figure 13 – Nest building, EEG, and activity. 

(A) EEG and behavior experimental timeline. Nest building (NB) task shown in green boxes 
were performed at baseline and on Days 2 and 7 following the illness period highlighted in red. 

Telemetry data were recorded in 24-hour increments as indicated in yellow boxes. (B) 
Illustrations of nests representing a range of scores in order of increasing complexity, cage floor 
shown in grey, nestlet material in white. (C) Clinical Sickness Scores. IPM – imipenem (i.p. 1.5 
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mg/300cc saline). (D) Nest scores following CS treatment and separation into groups based on 
recovery on Day 7. (E) Total activity counts per day. (F) Normalized theta ratio synchronized to 
(G) activity counts per hour shown with light/dark cycle. Nest building task performed during 

times highlighted in green. ***p<0.001, **p<0.01, *p<0.05. 
 

To compare global changes in EEG frequencies during and following illness, we first 

examined the average theta ratio per hour throughout the experiment. During illness, CS treated 

mice elicited a dramatic decrease in theta ratio that persisted until no longer observably ill at 

approximately 24 hours (LR=99.1052, p<0.0001, Fig. 13F). Decreased theta ratio persisted 

marginally longer in the CS group with persistent impairments at 7 days (LR=7.7511, p=0.0514). 

Theta ratio was not significantly different between any groups on Day 7 (LR=6.7642, p=0.0798). 

Closer analysis of activity per hour within light/dark cycles showed normal activity across all 

groups at baseline were greatly disrupted during illness on Day 1 and following acute recovery. 

Decreased activity per hour gradually recovered to resemble those of vehicle treated mice by 

Day 7 regardless of NB outcome on Day 7 (Fig. 13G). 

 

4.3.2. Power band analysis 

 Global changes in EEG signatures were further investigated by dividing the data into six 

functionally distinct power bands of differing frequency ranges. Average power percent per hour 

was reported for delta (0.5-4 Hz), theta (4-8 Hz), alpha (8-12 Hz), sigma (12-16 Hz), beta (16-24 

Hz), and gamma (25-50 Hz) (Fig. 14A-F). Changes in power band composition in CS treated 

mice were most apparent from 0-24 hours. During illness onset, delta power increased 

(LR=104.6962, p<0.0001, Fig. 14A) as theta power decreased (LR=78.8804, p<0.0001, Fig. 

14B) compared to vehicle. Following illness, delta power returned to baseline as theta power 

increased (Fig. 14A-B). Increased theta power gradually returned to normal levels by Day 3. 

Alpha power decreased during illness and returned to normal upon recovery (LR=54.8937, 

p<0.0001, Fig. 14C). There were no changes in sigma power during illness (LR=4.3151, 

p=0.2294, Fig. 14D). Higher frequency ranges including beta and gamma power were increased 

during illness (Beta: LR=12.1489, p=0.0069; Gamma: LR=27.8134, p<0.0001 Fig. 14E-F). 

There were no significant differences between CS treated mice with variable nest building 

recovery during illness or on Day 7 (LR’s<2.9358, p’s>0.4016). 
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Figure 14 – Power band analysis. 

Average normalized power per hour for (A) delta (0.5-4 Hz), (B) theta (4-8 Hz), (C) alpha (8-12 
Hz), (D) sigma (12-16 Hz), (E) beta (16-24 Hz), and (F) gamma (25-50 Hz). ***p<0.001 vehicle 

vs. CS, #p<0.05 CS persistent deficits vs. CS recovered 
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4.3.3. Periodograms within Sleep Stages show generalized EEG slowing during illness. 

 Using the same EEG dataset, we generated spectral periodograms to visualize and 

compare changes in EEG within sleep stages. EEG activity in CS treated mice was broadly 

dominated by slower EEG frequencies during illness (Fig. 15A). The timeframe shown is hour 7-

8 (17:00-18:00) following vehicle or CS injection, during peak critical illness, prior to antibiotic 

injection, and just prior to light-cycle change. Slow-wave dominance is even more apparent 

when these periodograms were compared across sleep stages to vehicle treated mice. 

Periodograms scored as NREM and wake had greatly increased delta power and did not resemble 

normal NREM and wake (Fig 15Biv NREM p’s<0.0095; Fig. 15Bvi wake p’s<0.0029). Vehicle 

treated mice showed normal variation in sleep stages by exhibiting wake, NREM, and REM 

sleep stages within each hour scored. Interestingly, CS treated mice showed no observable REM 

sleep during illness though as expected showed increased NREM and decreased wake (Fig. 

15Bv, C).  

Subtle changes in power frequencies were observed across sleep stages following illness. 

During the acute and long-term recovery periods scored immediately prior to initiation of the 

nest building task, CS treated mice had altered NREM, REM, and wake periodograms (Fig. 

15Bvii-xii). During wake, CS treated mice had decreased delta power and increased theta power 

compared to vehicle treated mice (p’s<0.0128). Most notably, during REM in the long-term 

recovery period, CS treated mice with persistent deficits had significantly decreased theta power 

compared to CS mice who recovered (Fig. 15Bxi, p=0.0313) suggesting that a lack of normal 

restorative REM sleep may contribute to the long-term cognitive deficits observed in the nest 

building task. 
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Figure 15 – Sleep score analysis. 
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(A) Representative one-hour spectral periodograms for Vehicle(top) and CS (bottom) groups 8 
hours following injection. Top colored ribbons indicate scored sleep stage for each 10 second 

epoch: blue – NREM, dark blue – REM, cyan – wake, gray – artifact/excluded. (B) 
Periodograms within sleep stages NREM (left), REM (middle) and wake (right) at baseline (i-
iii), during illness (iv-vi), acute recovery (vii-ix), and long-term recovery (x-xii). (C) Duration 
spent in each sleep stage across scored timepoints. ***p<0.001, **p<0.01, *p<0.05 CS vs Veh; 

#p<0.01 CS Recovered vs. CS Persistent Deficits 
 

4.3.4. Elevated PPI implicates hypersensitivity to stimulus. 

 We performed a second experiment in mice destined for ex vivo electrophysiology 

following CS treatment (Fig. 16A). A parallel behavioral paradigm utilized nest building and 

locomotor activity chambers to determine long-term cognitive deficits, and data were again 

analyzed based on long-term cognitive outcome on Day 7 post CS treatment. During illness, we 

used pre-pulse inhibition (PPI) of startle response as a behavioral measure of attention and 

awareness during illness. No changes were observed in startle response during illness (Time: 

F2,42=2.718, p=0.0776; Treatment: F1,21=0.2477, p=0.6238, Fig. 16B). At 4- and 8-hours post 

treatment, CS treated mice showed an unexpected increase in PPI (Fig. 4C, 16E 4 hrs: 

Treatment, F1,22=6.992, p=0.0148; 8 hrs: Treatment, F1,22=15.95, p=0.0007) indicating a greater 

inhibition of startle response and hypersensitivity to the pre-pulse stimulus during illness. This 

effect was exaggerated when compared as a change from baseline measures for each mouse (Fig. 

16D, F 4 hrs: Treatment, F1,22=16.08, p=0.0006; 8 hrs: Treatment, F1,22=15.01, p=0.0008). This 

analysis was only performed for mice that completed testing to Day 7 (n=3-4 mice per group). 

However, there were no significant differences in PPI response between CS groups with 

differential long-term NB outcome (p’s>0.9991).  

Nest building behavior in this experiment resembled those observed previously in 

telemetry implanted mice. CS treated mice showed poor nest building ability on Day 2 following 

illness (KW=9.806, p=0.0006), but on Day 7 mice showed differential recovery (KW=8.723, 

p=0.0009, Fig. 16G). Activity data also recapitulated findings from the previous telemetry 

experiment, showing significant effects of time driven by hypoactivity on Day 2 (F2,29=4.477, 

p=0.0202). Activity returned to normal exploration levels on Day 7 regardless of Day 7 NB 

outcome (p’s>0.3502, Fig. 16H). 
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Figure 16 – Pre-pulse inhibition during illness. 

(A) Experimental timeline. NB, PPI, and activity behavioral tasks were performed at timepoints 
indicated by green boxes. After NB scoring, CS treated mice were euthanized for LTP recording 

on Days 2 and 7 while vehicle treated mice were distributed between Days 2-7 as indicated in 
yellow boxes. Illness period is highlighted in red. (B) Startle response during 120 dB startle only 

trial. (C) PPI at 4 hours and (E) 8 hours post injection comparing all CS to Veh during illness. 
(D) PPI change from baseline at 4 hours and (F) 8 hours split by NB groups on Day 7 (n=3-4 

mice per group). (G) NB scores for each group prior to SAC for LTP recording. (H) Total 
locomotor activity during 30 min open field exploration task. 
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4.3.5. Deficits in Long-term Potentiation implicate long-term cognitive deficits following CS 

treatment. 

 To support the hypothesis that nest building deficits indicate long-term cognitive damage, 

we measured long-term potentiation (LTP) in mice that recovered from CS treatment by 

recording local field excitatory post-synaptic potentials (EPSPs) in ex-vivo hippocampal slices 

before and after theta-burst stimulation (Fig. 17A-B). We observed normal input-output 

responses and fiber volley to excitatory post-synaptic potential (EPSP) relationships in the slices 

(Fig. 17C-E, Time and Treatment, F’s<2.022, p’s>0.1449). LTP was impaired by roughly 50% 

in CS treated mice on Day 2 following illness (p=0.0229, Fig. 17F-G). On Day 7, mice that had 

recovered NB ability also showed recovered LTP (p>0.9999, Fig. 17F-G), however, mice with 

persistent NB deficits on Day 7 showed deficits in LTP (p=0.0056, Fig. 17F-G). We observed no 

changes in paired pulse ratios between groups (Fig. 17H, F’s<06069, p’s>0.4451). 
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Figure 17 – Evaluation of long-term potentiation (LTP). 

(A) Stimulation and recording setup. (B) Representative EPSP traces after first pulse prior to 
(thin line) and post (thick line) TBS. (C) Input-output curves. (D) Fiber volley to EPSP ratio. (E) 

Fiber volley ratio pre/post TBS. (F) EPSP slope percent change from baseline and (G) final 
EPSP slope percent change from baseline in last 5 min. (H) Correlation with nest building. (I) 

Paired pulse ratio. TBS – theta burst stimulation. 
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4.4 Discussion 

 

Difficulty measuring behavioral deficits in mice during critical illness has previously 

limited preclinical studies of delirium and its correlation with poor cognitive outcomes. Using an 

innovative combination of behavior and electrophysiological techniques, we built an animal 

model that quantifies delirium-like mental status in mice. We observed dramatic decreases in 

theta ratio during illness (Fig. 13D) indicating a shift towards slow-wave delta EEG activity 

confirmed by individual power band analyses (Fig. 14A-B). Similar slow-wave EEG activity is 

well-documented in delirious patients and is strongly related to cognitive deficits following 

illness (Mart et al. 2020; Roberson et al. 2020; Engel and Romano 1959; Kimchi et al. 2019). 

We also observed global decreases in alpha power during illness (Fig. 14C), indicating decreases 

in active attention. Regular alpha rhythm demonstrates normal responsiveness and is disrupted in 

delirium (Hirsch et al. 2021; Jacobson et al. 1993; Mulkey et al. 2019).  

Delirious patients exhibit markedly decreased beta power relative to controls (Roberson 

et al. 2020; Hirsch et al. 2021), and patients with preserved higher-frequency activity including 

beta power have lower incidence of delirium (Nielsen et al. 2019). Surprisingly, we observed 

elevations in beta and gamma powers in CS treated mice during illness (Fig. 14E-F). We did not 

observe significant differences in power bands between CS treated groups separated by long-

term recovery, however, power band analysis may still be an appropriate signal of brain 

dysfunction during illness that put 38% of mice at risk of later cognitive decline. We postulate 

that the differences in cognitive outcomes between the groups could be driven by greater beta 

activity during illness indicating greater arousal, though these differences were not directly 

observable in the current analysis. Elevated beta frequencies are observed in sedated patients due 

to sedative-hypnotic drugs, particularly barbiturates and benzodiazepines (Van Lier et al. 2004; 

Satapathy et al. 2019). The increases in beta waves we observed during illness could also be 

attributable to stress, anxiety, and higher arousal (Abhang et al. 2016; Satapathy et al. 2019). 

This explanation would suggest a greater arousal during illness, indicated by greater relative beta 

power, is protective of long-term cognitive damage regardless of the extent of overall EEG 

slowing. 

During illness, CS treated mice showed periodograms that were dramatically shifted 

towards slower (delta, 0.5-4 Hz) frequencies and did not resemble normal wake or sleep (Fig. 
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15A-B). Due to these dramatic shifts, CS treated mice showed no identifiable REM sleep during 

illness, increased NREM sleep, and decreased wake consistent with another study of sleep 

following cecal ligation and puncture to induce sepsis in rats (Baracchi et al. 2011). Following 

illness, at both the acute and long-term recovery timepoints we observed decreased theta power 

intensity during REM sleep, suggesting that sleep may be perpetually altered following illness. 

Disruptions in normal sleep-wake cycles during illness and lasting neuroimmune dysregulation 

following illness could contribute to lasting cognitive deficits (Opp et al. 2015). 

At 8 hours immediately following antibiotic administration, beta and gamma power were 

noticeably decreased while delta and theta were marginally increased (Fig. 14). These alterations 

following injection were contrary to what we expected, because interacting with a sick mouse 

should intuitively increase arousal. Subsequent antibiotic interactions on the system, such as 

comprehensive lysis of bacteria or indirect cerebral drug interactions could contribute to the 

raising of beta and gamma and dropping of excess delta and theta. Subsequently increased LPS 

accumulation and inflammatory signaling could decrease arousal driving these observations. 

Imipenem is also a beta-lactam antibiotic belonging to the class of carbapenems, which have a 

proconvulsant nature through inhibitory receptor antagonism that could be driving changes in 

EEG or LTP (Miller et al. 2011). We did not observe any drastic EEG or LTP changes in the 

control mice that also received antibiotics. However, differences in drug concentrations are 

possible during illness due to impaired renal function in septic mice. Perhaps in mice with renal 

failure secondary to sepsis, a carbapenem can contribute to EEG abnormalities that impair 

learning and hippocampal LTP. This potential mechanism of action should be investigated in 

future studies and would have important implications for the therapeutic mechanisms of long-

term cognitive impairment in septic patients receiving antibiotics.  

Although we did not observe any significant differences in hypersensitivity during illness 

within CS treated groups in the PPI task, we hypothesize that greater inattention during illness is 

indicative of greater neuropathological and neuroinflammatory damage that contribute to long 

term cognitive decline in this model. Deficits in PPI are usually discussed in the context of 

schizophrenia, observed as decreased PPI relative to healthy controls (Mena et al. 2016). 

Decreased PPI is greatly associated with prefrontal cortical dysfunction (Kumari et al. 2003; 

Hammer et al. 2013). Contrary to our initial predictions, during illness we found elevated PPI, 

indicating hypersensitivity to the pre-pulse stimulus that may be indicative of a hyperadrenergic 
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state (Hinson and Sheth 2012). This would further explain elevations in beta and gamma powers 

relative to controls. Elevated PPI has been observed in children with autism spectrum disorder 

and attributed to high stress and anxiety (Madsen et al. 2014). Contributions of hyperadrenergic 

signaling to long term cognitive deficits is differential across different mouse models of sepsis 

(O’Neill et al. 2021; Field et al. 2012). If hypersensitive PPI is indicative of a hyperadrenergic 

state that correlates with higher beta and gamma powers, this model would suggest that proper 

adrenergic regulation could be protective of later cognitive dysfunction. 

Nest building ability is a hippocampal dependent task associated with executive function, 

and deficits in nest building ability are associated with cognitive decline (Walker et al. 2017; 

Deacon 2006; Deacon et al. 2002). Neurocognitive deficits assessed by decreased nest building 

ability were supported by deficits in hippocampal LTP, an important molecular foundation of 

learning and memory (Lynch 2004). We found similar deficits in LTP in our CS model of sepsis 

as those reported in two other mouse models of sepsis using lipopolysaccharide and cecal 

ligation and puncture 7 days following acute illness (Hippensteel et al. 2019). CS was a 

preferable tool for this study over other such alternative methods of sepsis induction due to its 

translationally relevant microbial diversity, precise dose control of illness severity and tight 

temporal control of illness onset which was necessary for circadian rhythm synchronization. 

Cortical and hippocampal dysfunction is intimately linked via neural disinhibition (McGarrity et 

al. 2017; Bast et al. 2017; Moretti et al. 2012), so it is likely that the hippocampal dysfunction 

we observed in LTP is driven by the cortical dysfunction we observed using EEG. Further, 

molecular deficits in the hippocampus in sepsis models are reported to require acute brain injury 

and associated neuroinflammation and do not occur due to systemic inflammation alone (Skelly 

et al. 2019).  

Fewer mice that were utilized in the LTP experiments showed a persistent nest building 

deficit compared to those observed in the EEG study (24% of mice had observed nest building 

deficits on Day 7 in the EEG study compared to 13% in the LTP study). Given the extensive 

research on post-op surgery, delirium, and cognitive decline (Illendula et al. 2020; Crosby and 

Culley 2011; Crosby et al. 2010), the insult of surgery and anesthesia in the EEG study likely 

contributed to the severity of illness we observed. Singly housing the mice in the EEG study 

could also have contributed to delirium and cognitive deficit severity, as mice in the second 
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study were also housed 3-5 mice per cage and social isolation is known to greatly increase risk of 

delirium (Pun et al. 2021; Kotfis et al. 2020).  

EEG slowing is a strong indicator of delirium and is associated with cognitive deficits 

following critical illness. The recapitulation of patient EEG metrics in a mouse model of sepsis 

demonstrates occurrence of a translationally relevant sepsis associated encephalopathy in mice. 

In line with the higher prevalence of delirium and greater risk for cognitive decline following 

critical illness in older patients (Pandharipande et al. 2013; Rengel et al. 2019), these approaches 

all lend themselves to testing across the lifespan in mice. Characterization of this acute 

encephalopathy with EEG and neurobehavioral tasks implicates a delirium-like mental status and 

allows the exploration of therapeutic strategies to target delirium in preclinical studies.   
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CHAPTER 5 

 

Discussion 

 

Overview 

 To characterize outcomes of sepsis on the brain in the CS mouse model of sepsis, we 

performed three main studies. These studies investigated the effects of sepsis specifically on 

ASC regulation, neuroinflammation, acute changes in cognition, and long-term cognitive 

outcomes. The results outline a comprehensive mouse model of sepsis associated encephalopathy 

that is directly translatable to patient studies of delirium and long-term cognitive decline. 

 

5.1 CS treatment depletes ASC and activates an inflammatory response in the brain. 

 

We treated wild-type mice with CS and defined a timeline for inflammatory and 

oxidative changes throughout illness. At 4- and 24-hours post injection, we observed pro-

inflammatory profiles in cortical tissue that coincided with an acute depletion of ASC. 

Simultaneously, ASC synthesis was upregulated in the liver, likely elevating circulating ASC 

and restoring cortical ASC levels by 48 hours post injection. Decreased cortical ASC and 

increased upregulation of ASC synthesis in the liver suggest that an activated inflammatory 

response during illness increases ASC demand particularly in the brain. In the absence of 

sufficient ASC repletion, such demand could drive oxidative stress changes that contribute to 

organ and cerebral dysfunction. 

Humans are not capable of synthesizing their own ASC and must obtain ASC through 

dietary intake (Harrison and May 2009). ASC depletion is commonly observed in plasma of 

sepsis patients (Wilson and Wu 2012; Carr et al. 2017), and patients require significant ASC 

supplementation to maintain adequate circulating levels (Baines and Shenkin 2002; Long et al. 

2003). While we did not collect plasma in these studies, it is likely that ASC depletion occurs 

briefly in circulation, as we observed in the brain, before liver upregulation of ASC synthesis 

repletes circulating levels. Given the important roles for ASC in regulating the endothelium, 

inflammatory response, and oxidative stress during sepsis (May and Harrison 2013; Wilson 
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2013), the ability for wild-type mice to upregulate ASC synthesis as early as 4 hours into the 

onset of illness is an important limitation to sepsis models utilizing wild-type mice. 

While ASC is the first line of antioxidant defense due to its availability, water-solubility, 

and low-reduction potential, ASC is not the only antioxidant mechanism in the body or brain. 

ASC often functions in conjunction with another antioxidant glutathione. Unlike ASC, 

glutathione is synthesized in most mammalian cells, including neurons (Aoyama et al. 2008), 

and synthesis of glutathione in liver is required for survival in mice (Chen et al. 2007). 

Glutathione is less susceptible to spontaneous oxidation than ASC, however, glutathione will 

react readily with hydroxyl radicals and peroxynitrite, key oxidative products in endothelial 

dysfunction (Griffith 1999). ASC is essential for glutathione recycling, and the availability of 

ASC and glutathione are often coordinated. In the glutathione-ascorbate cycle, ascorbate and 

glutathione can neutralize hydrogen peroxide at the expense of NADPH without consuming 

glutathione or ASC (Noctor and Foyer 1998). In the absence of ASC, glutathione synthesis is 

often upregulated resulting in new metabolic demand and oxidative changes (Harrison et al. 

2010d). Glutathione metabolism could be an important contributor to ASC regulation during 

sepsis especially in this model. 

Data on glutathione levels in septic patients are limited (Biolo et al. 2007), though one 

study in septic pediatric patients noted decreased glutathione synthesis in blood (Lyons et al. 

2001). Rodent studies have shown variable regulation of glutathione synthesis depending on the 

model and duration of septic insult (Biolo et al. 2007). In a CLP model, sepsis depleted 

glutathione levels and led to increased neutrophil infiltration and worsened survival that was 

augmented when glutathione levels were repleted (Villa et al. 2002). These findings resemble 

studies showing attenuation of septic injury using ASC administration. The dependency of 

glutathione on ASC for recycling coupled with the metabolic requirements for glutathione 

synthesis are limitations that could drive oxidative imbalance during sepsis when nutrient 

demand is high. In the current studies, it is likely that ASC depletion in the brain coincides with 

glutathione depletion, though future studies will need to confirm this. 

 

5.2 CS treatment leads to cognitive deficits not affected by pre-septic ASC deficiency. 
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Given the acute ASC depletion we observed in wild-type mice amidst upregulation of 

ASC synthesis in the liver, we sought to assess behavioral and cognitive impairments in mice 

that like humans are incapable of ASC synthesis. We treated gulo-/- mice maintained on either 

wild-type-equivalent or depleted ASC and following recovery mice underwent behavioral 

testing. CS treatment led to significant behavioral and cognitive deficits up to 18 days following 

insult. Persistent deficits due to CS treatment in spatial memory were observed in the 2-trial Y-

maze alternation task, and deficits in executive function were observed in the nest building task. 

Additionally, we observed persistent hypoactivity and decreased grip strength indicating lasting 

physical impairments like those observed in patient studies. These results in these tasks resemble 

prior studies of cognition following sepsis in wild-type mice (See Table 1).  

In these tasks, there were no differences between groups due to pre-septic ASC 

supplementation likely due to the lack of observable changes in tissue ASC levels during and 

following CS treatment. Two main conclusions can be drawn from these findings. First, pre-

septic ASC sufficiency at least in the liver and brain, did not protect against the development of 

cognitive deficits. We considered adding a treatment group where gulo-/- mice on Low ASC 

supplementation received a dose of high ASC (intraperitoneal, 200 mg/kg) during the onset of 

illness. However, since we observed consistently repleted ASC levels in septic mice 

supplemented with High ASC, it is likely that such a treatment group would be analogous to the 

mice on High ASC supplementation. It is possible that such a treatment could attenuate tissue 

damage by other means without affecting tissue levels. An intraperitoneal high dose of ASC 

could interact directly with the bacterial slurry or contribute to neutralization of the immediate 

neutrophil response specifically within the peritoneum, protecting organ damage from external 

endothelial damage. Such a scenario would not support therapies targeting repletion of tissue 

ASC but would instead support roles for ASC in protecting localized injury from inflammatory 

damage regardless of tissue levels. 

The second conclusion that can be drawn from this study is that pre-existing ASC 

deficiency did not lead to worsened cognitive deficits following illness. We expected that due to 

the acute cortical ASC depletion we observed in wild-type mice, pre-septic ASC deficiency 

would lead to greater ASC depletion in the brain during illness driving greater cognitive deficits. 

However, we observed no acute depletion amidst ASC supplementation and equal behavioral 

differences in CS mice across High and Low supplemented groups. This may be due to a floor 
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effect where further behavioral deficits cannot be observed in the current model. It is also 

possible that these cognitive deficits were only similar between ASC supplemented groups 

within the tested time interval, and gulo-/- mice supplemented on Low ASC could take longer to 

recover from these deficits if tested at later behavioral timepoints such as 2- or 6-months 

following illness. A high dose of ASC during illness could also contribute to such hypothesized 

differences in longer-term recovery, but future studies will be necessary to characterize these 

recovery trajectories. 

Deficits in motor coordination by rotarod were not driven by CS treatment as in the other 

behavioral tasks. Instead, we observed decreased motor coordination driven by Low ASC 

supplementation consistent with our previous reports in gulo-/- mice (Harrison et al. 2008). In a 

separate study in gulo-/- mice, we showed that prolonged ASC deficiency decreases striatal 

dopamine release ex vivo (Consoli et al. 2021). Interestingly, in a study in mice with 

dysfunctional dopamine transporters, prolonged dopamine presence in the synapse led to 

increased motor coordination in the same rotarod task (DiCarlo et al. 2019). In ASC deficient 

gulo-/- mice, decreased dopaminergic signaling could be responsible for the decreased motor 

coordination we observe. 

The neuroinflammatory response we observed by elevated cortical cytokine levels in the 

study in wild-type mice could be responsible for long-term cognitive changes in the gulo-/- mice. 

Activation of microglia is associated with cognitive impairments. In a study that modulated 

microglial inflammatory phenotypes, deficits in step down inhibitory avoidance task and open-

field assessment were ameliorated following CLP when pro-inflammatory microglia were 

depleted with GdCl2 administration and also independently when anti-inflammatory microglia 

were promoted with IL-4 administration (Michels et al. 2019). Activated microglia are also 

implicated in synaptic damage after CLP by elevated amyloid beta and decreased synaptophysin 

(Schwalm et al. 2014). We have some preliminary immunohistochemistry data (not shown) 

showing microglial activation in the hippocampus persists up to 21 days following CS treatment, 

findings that are consistent with other models of sepsis (Hoogland et al. 2015). Such data support 

the hypothesis that persistent pro-inflammatory microglial status contributes to persistent 

cognitive deficits.  

Elevated inflammation is associated with poorer performance on general cognition tests 

in normal functioning adults (Sartori et al. 2012). Increased levels of IL-6, TNF-a, and CRP 
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predicted cognitive decline measured by poorer memory performance in the Modified Mini-

Mental State Examination over 8 years of follow up in adult subjects with healthy cognition at 

baseline (Yaffe et al. 2009). Similar studies show ASC status correlates with markers of 

metabolic and cognitive health and maintenance of healthy cognition amidst age-related 

accumulation of oxidative stress (Pearson et al. 2017; Travica et al. 2017). Such studies suggest 

maintenance of healthy ASC levels even without septic insult serves a critical role in prevention 

of inflammatory driven cognitive decline. 

 

5.3 Cognitive deficits following CS treatment can be predicted by EEG slowing.  

 

Because we did not observe any robust effects of ASC in behavior following the cecal 

slurry model, we decided to focus on characterizing the acute brain dysfunction that is a key 

driver of long-term cognitive deficits, delirium. Using surgically implanted telemetry devices, we 

observed dramatic EEG slowing following CS treatment in wild-type mice that resembles the 

EEG slowing observed in sepsis patients with delirium (Engel and Romano 1959; Roberson et 

al. 2020; Atterton et al. 2020). Interestingly, this shift towards slower EEG frequencies was also 

associated with relative increases in beta and gamma frequencies indicating higher arousal 

during illness. Increased arousal by EEG was coupled with behavioral hypersensitivity measured 

by PPI. Measuring delirium-like behavior in mice is difficult due to lethargy during illness. PPI 

was a practical task to overcome this challenge as it does not require conscious movement. 

Increased sensitivity to the pre-pulse stimulus indicates increased attentional awareness during 

illness that resembles that observed in septic patients with agitation or hypervigilant levels of 

consciousness as evaluated by CAM-ICU (Ely et al. 2001). Detecting this hypervigilant state in 

CS treated mice coupled with the EEG data strongly supports a delirium-like mental status in 

mice with sepsis associated encephalopathy. 

We utilized nest building as a behavioral measure of long-term cognitive recovery. Many 

models of sepsis investigate long term deficits utilizing the inhibitory avoidance task or fear 

conditioning (Atucha and Roozendaal 2015; Zhao et al. 2019; Semmler et al. 2007; Hippensteel 

et al. 2019; Michels et al. 2019; Singer et al. 2016a). Both these tests examine learning and 

memory utilizing shock training. Nest building has several strong advantages over such tasks 

because it does not require training, shock ingraining, or fear driven components. It is sensitive 
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to hippocampal lesions (Deacon et al. 2002), and is a naturally occurring behavior in mice and is 

presumably rewarding since mice readily engage in the behavior when the material is provided 

(Walker et al. 2017; Deacon 2006). As a more comprehensive assessment of physical, emotional, 

and cognitive well-being, coupled with the simplicity in setup of the task, nest building is an 

excellent tool for assessment of rodent behavior and was well suited for this experimental design 

given the required individual housing of the mice following surgeries. 

Two mice died prior to 24 hours after CS treatment. EEG traces immediately preceding 

death showed repeated spike trains of abnormal epileptiform activity resembling seizures that 

were not readily observed in mice that survived. These seizures were confirmed by synchronized 

video and occurred shortly following scoring and weighing by the experimenter. Agitation 

during the critical illness period could have provoked kindling activity in predisposed mice. 

Abnormal epileptiform activity including seizures are reported in up to 15% of critical care 

patient populations (Hassett and Frontera 2021; Nielsen et al. 2019), and slow-wave EEG 

activity in epilepsy (Holler and Trinka 2015) particularly during sleep (Rossi 2017; Boly et al. 

2017) greatly contributes to long term cognitive impairments. Similarities between delirium and 

epilepsy driven cognitive damage should be explored in future studies. 

These studies to date were performed in young (12-16 weeks) mice. Age greatly 

predisposes delirium severity in other mouse models of sepsis (Kimchi et al. 2017). In aged 

animals the long-term deficits we observed will likely have greater occurrence or extended 

duration beyond 7 days post CS treatment. Similar studies using this telemetry system have 

already been performed successfully in older mice up to 26 months of age, though not during 

critical illness (Gould et al. 2020). A CLP mouse model of sepsis in aged animals showed 

elevated amyloid beta peptides and decreased synaptic markers correlated with poorer 

performance in cognitive tasks following recovery from sepsis (Schwalm et al. 2014). Given that 

advanced age is a significant risk factor for cognitive impairment including Alzheimer’s disease 

following delirium (Rengel et al. 2019; Sasannejad et al. 2019; Pandharipande et al. 2013), future 

studies should explore this model in aged animals.   

Mice were housed 2-5 mice per cage in all the studies performed except the EEG study 

which required singly housing the mice due to the surgically implanted telemetry devices. Social 

isolation is a strong risk factor for delirium (Kotfis et al. 2020), and family visitation greatly 

lowers risk of delirium (Pun et al. 2021). In this model, social isolation during illness likely 
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intensifies illness severity and duration due to decreased social interaction and increased 

difficulty in maintaining adequate body temperature without shared body heat from vehicle 

treated mice. The additional burden of isolation coupled with the burdens of surgery and 

anesthesia, prompted the decision to administer antibiotics in the EEG experiments. Antibiotic 

administration was likely critical in maintaining high survival rates comparable to those observed 

in the other studies without surgery, anesthesia, or social isolation. 

The microbiome is emerging as a significant factor in development of sepsis associated 

encephalopathy through the gut-brain axis. In one study in mice, fecal microbiome 

transplantation greatly improved long-term cognitive deficits determined by number of EEG 

abnormalities and performance in Morris water maze behavioral task 7 days following 

intravenous treatment with LPS (Li et al. 2018). The presence of persistent EEG abnormalities 

including absence of reactivity, seizures, triphasic waves, periodic discharges, and delta or theta 

dominance indicated lasting brain dysfunction that was ameliorated by vagus nerve mediated 

signaling from prior fecal microbiome transplantation. This study emphasizes the importance of 

preparing cecal slurry with mice ordered from an outside vendor, in this case Jackson 

Laboratories, within 7 days of arrival. After this time, the microbiome could change to resemble 

those of in-house mice which could significantly impact cecal slurry effectiveness in inducing 

septic illness. 

 

5.4 ASC dysregulation during sepsis may contribute to delirium severity. 

 

Clinical and preclinical evidence suggest that ASC regulation plays a critical role in 

mitigating acute organ dysfunction including sepsis associate encephalopathy. Our observation 

of cortical ASC depletion in wild-type mice suggested that in this CS model of sepsis, ASC 

demand is increased amidst the acute oxidative challenge. This depletion occurs during sepsis 

associated encephalopathy that we observed using EEG. Given the tripartite role of ASC in 

neuroprotection, neuroinflammation, and neuromodulation (Fig. 1), acute ASC depletion in the 

brain could contribute to underlying cerebral dysfunction driving generalized slowing of EEG 

metrics. When gulo-/- mice are maintained on Low ASC supplementation, we have observed 

baseline EEG differences in preliminary studies. We have also noted increased susceptibility to 

anesthesia in gulo-/- mice supplemented on Low ASC through more frequent unexpected deaths 
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during survival surgical procedures. Future EEG studies that investigate sepsis associated 

encephalopathy in gulo-/- mice could identify differences in acute cerebral pathology due to ASC 

supplementation that we have yet to identify in the present studies and could affect long-term 

cognitive outcomes.  

A recent clinical study investigated the effects of intravenous ASC administration 

specifically on delirium incidence in critically ill patients (Park et al. 2020). A significant 

decrease in the number of days with delirium driven by ASC treatment was unfortunately not 

significant when patients were paired using propensity matched scoring. This early evidence 

supports ongoing clinical trials that suggest intravenous ASC administration has no effect on 

improving acute survival rates from sepsis (Lindsell et al. 2019; Fujii et al. 2020). However, it 

remains possible that intravenous ASC treatment during delirium affects long-term cognitive 

deficits following recovery. Single nucleotide polymorphisms in both ASC transporters have 

been identified and associated with decreases in circulating ASC levels and presumably brain 

levels (Duell et al. 2013). Such predispositions to impairments in ASC distribution could 

exacerbate inflammatory pathology including endothelial, microvascular, and cerebral 

dysfunction or contribute to controversial findings in intravenous ASC studies. Effects of 

intravenous ASC on neuromodulation of delirium during critical illness should be explored in 

future studies. 

   

Conclusions 

Estimated global sepsis related deaths surpassed 11.0 million in 2017. Most of these 

deaths occurred in low to middle income countries that lack proper resources to address the acute 

organ failure and are concurrently limited in their capacity to treat long-term physical 

impairments (Rudd et al. 2018). Inadequate access to staffing and facilities including physical 

therapy, rehabilitation medicine, and nursing care contribute to poor patient outcomes. In the 

current studies, we explored two relatively inexpensive and accessible interventions for 

managing sepsis severity and long-term complications: ASC regulation and EEG recording. 

First, we investigated the potential benefit of ASC maintenance on long-term behavioral 

outcomes in the CS mouse model of sepsis. ASC demand is increased during illness as evidenced 

by the studies in wild-type mice. However, high ASC supplementation is likely sufficient to 

cover this increased ASC demand since ASC depletion was not observed when High ASC 
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supplementation was provided. Maintained ASC levels did not prevent development of 

behavioral deficits, nor did depleted ASC levels exacerbate behavioral deficits. ASC therapeutic 

strategies could still provide inexpensive and easily accessible interventions to reduce organ 

injury during sepsis and attenuate long-term cognitive complications following survival. Second, 

we showed that sepsis associated encephalopathy and delirium-like mental status can be 

extensively characterized using EEG in this model. The EEG slowing that has been extensively 

observed in septic patients was recapitulated in the CS model of sepsis along with increased 

arousal and cognitive deficits in nest building and long-term potentiation. EEG monitoring is an 

easily accessible biomarker for managing sepsis severity, and the development of this 

translational mouse model of delirium will allow preclinical exploration of new therapeutic 

strategies to minimize sepsis associated encephalopathy driven long-term cognitive impairments. 
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APPENDIX 

 

 
Supplemental Figure 1 – Adapted from Carr et al. 2017. 

Lower plasma vitamin C is associated with (A) greater sepsis severity and  
(B) higher inflammatory response. 

 

 

 
Supplemental Figure 2 – Pandharipande et al. 2013. 

ICU delirium is associated cognitive deficits (A) regardless of age and  
(B) dependent on delirium duration. 
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Supplemental Figure 3 – Kimchi et al. 2019. 

Clinical EEG slowing correlates with delirium severity and predicts poor clinical outcomes. 
 


