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Abstract

Sepsis and systemic inflammation are often accompanied by severe encephalopathy, sleep 

disruption and delirium that strongly correlate with poor clinical outcomes including long-term 

cognitive deficits. The cardinal manifestations of delirium are fluctuating altered mental status 

and inattention, identified in critically ill patients by interactive bedside assessment. The lack 

of analogous assessments in mouse models or clear biomarkers is a challenge to preclinical 

studies of delirium. In this study, we utilized concurrent measures of telemetric EEG recordings 

and neurobehavioral tasks in mice to characterize inattention and persistent cognitive deficits 

following polymicrobial sepsis. During the 24-hour critical illness period for the mice, slow-wave 

EEG dominance, sleep disruption, and hypersensitivity to auditory stimuli in neurobehavioral 

tasks resembled clinical observations in delirious patients in which alterations in similar outcome 

measurements, although measured differently in mice and humans, are reported. Mice were tested 

for nest building ability 7 days after sepsis induction, when sickness behaviors and spontaneous 

activity had returned to baseline. Animals that showed persistent deficits determined by poor 

nest building at 7 days also exhibited molecular changes in hippocampal long-term potentiation 

compared to mice that returned to baseline cognitive performance. Together, these behavioral and 

electrophysiological biomarkers offer a robust mouse model with which to further probe molecular 

pathways underlying brain and behavioral changes during and after acute illness such as sepsis.
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1. Introduction

Sepsis is defined as a dysregulated host response to infection leading to multi-organ 

dysfunction (Singer et al., 2016). Of the more than 48 million estimated annual sepsis cases 

globally, approximately 37 million survivors are then at increased risk for development 

of cognitive impairments (Rengel et al., 2019; Rudd et al., 2020). Development of 

delirium in the hospital is among the strongest predictors of development of dementia 

following recovery from sepsis (Chou et al., 2017; Iwashyna et al., 2010; Pandharipande 

et al., 2013). Organ dysfunction during critical illness and systemic inflammation drives 

acute encephalopathy through diverse mechanisms including cardiovascular dysregulation, 

respiratory failure, microvasculature hypoperfusion, metabolic crisis, toxin accumulation, 

and endothelial breakdown (Bauer et al., 2018; Hughes et al., 2013; Mazeraud et al., 2016). 

The acute cerebral pathophysiology defined as sepsis associated encephalopathy manifests 

clinically as delirium (Remick, 2007; Slooter et al., 2020; Zampieri et al., 2011). The 

development of sepsis-induced delirium is an independent predictor of mortality and, in 

those who survive, is predictive of persistent behavioral or cognitive change including the 

development of dementia and sleep disruptions, particularly in older adults (Atterton et al., 

2020; Ely et al., 2004; Iwashyna et al., 2010; Pandharipande et al., 2013; Rengel et al., 2019; 

Sasannejad et al., 2019; Wolters et al., 2013).

Delirium is typically diagnosed using a clinical assessment tool, the Confusion Assessment 

Method for the ICU (CAM-ICU)(Ely et al., 2001) that depends on the patient’s ability to 

understand instructions delivered verbally. Delirium as defined by the DSM-5 occurs as a 

direct consequence of some other medical reason (such as surgery, infection, intoxication), 

and not must not be due to low arousal (coma) or some other clear cause of cognitive 

disturbance (e.g. dementia). Disturbances in attention and awareness are typically reported 

occurring over a relatively short amount of time and may fluctuate according to time of day. 

To be counted as delirium these changes themselves must not be attributable to other causes 

such as medication or injury. Attentional change is typically accompanied by some other 

marker of altered cognition which may be in language, understanding or memory. Rodent 

models, therefore, have had limited face validity for testing of mechanisms, biomarkers, 

or therapeutic strategies specifically targeted to delirium. Classic descriptions of delirium 

include disruptions of awareness and inattention that are associated with generalized slow 

activity in EEG (Engel and Romano, 1959). EEG has been used as a research tool for 

decades to study delirium in critically ill patients, culminating in reports of slow-wave 

dominance, disrupted alpha rhythms, (Atterton et al., 2020; Jacobson et al., 1993; Koponen 

et al., 1989) and a series of increasingly well-defined EEG abnormalities (Hirsch et al., 

2021; Palanca et al., 2017). More recently, our group and others showed that slow-wave 

EEG activity correlates specifically with delirium severity and is predictive of worse 

outcomes and long-term cognitive impairment (Kimchi et al., 2019; Nielsen et al., 2019; 

Roberson et al., 2020). It has previously been noted that higher spectral density calculated 
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from bispectral EEG (BSEEG) recordings as a ratio between low (3 Hz) and high (10 

Hz) frequencies can identify delirium cases from controls, with some decrease in values 

corresponding to recovery from delirium. The use of a BSEEG score was also predictive of 

later mortality in sepsis and non-sepsis cases (Shinozaki et al., 2018, 2019; Yamanashi et 

al., 2021b). A related analysis of EEG data from LPS-treated mice indicated similar changes 

that were also sensitive to LPS dose. Until recently, similar efforts to measure EEG in rodent 

models of sepsis have been limited to tethered EEG systems in which animal movement is 

restricted by the recording apparatus. This approach makes long-term recording difficult and 

prevents synchronization of naturalistic behavioral assessment and EEG metrics during and 

following illness (Kimchi et al., 2017; Leavitt et al., 1994; Trzepacz et al., 1992).

In addition to the EEG abnormalities, delirium is characterized by inattention and 

disorganized thinking. In patients, characterization of these behavioral changes are also 

dependent on CAM-ICU assessment (Ely et al., 2001). Behavioral changes that reflect the 

hippocampal dysfunction as observed in patients have been noted in rodent models of sepsis 

including deficits in hippocampal-dependent contextual fear conditioning, (Hippensteel et 

al., 2019) a step-down inhibitory avoidance task, (Schwalm et al., 2014) and the radial 

arm maze (Semmler et al., 2007) from 7 to 90 days after recovery. Aged wild-type mice 

tested in water maze 3-months post treatment with lipopolysaccharides (LPS) had changes 

in long term potentiation (LTP) even without robust deficits in memory (Beyer et al., 2020). 

The 5-choice serial reaction time task (5-CSRTT) was originally introduced to study effects 

of neuropharmacological manipulation on different aspects of attentional function in rats 

(Robbins, 2002)(Robbins et al., 1993). The original neuropsychiatric focus was Attention 

Deficit Hyperactivity Disorder. However, the task has since been adapted to mice and 

to a range of different genetic, disease and other interventional states including a model 

of post-operative delirium (R. Velagapudi et al., 2019). Post-surgical testing of attention 

in the 5-choice serial reaction time task highlighted impairments and slowed responses 

within 24 hours of surgery suggestive of a delirium-like state (Ravikanth Velagapudi et 

al., 2019). Other surgical and environmental disruption interventions triggered similar short-

term disruption in a set shifting attentional task and other tests of hippocampal memory 

(Illendula et al., 2020). Nevertheless, such tasks may be confounded by enhanced learning 

due to chronic food deprivation during training (in the case of operant learning), pain, or 

lack of motivation due to acute effects of illness, and often include some indicators of 

decreased level of arousal, which could preclude a true delirium diagnosis.

Our goal was to assess changes in EEG activity, sleep and behavior during acute illness 

-and short-term recovery using a clinically relevant sepsis model which causes systemic 

inflammation and organ dysfunction. In mice, sepsis was induced using an intra-peritoneal 

injection of polymicrobial cecal slurry (CS) that did not require surgery or anesthesia 

(Bastarache et al., 2021; David C. Consoli et al., 2020; Kerchberger et al., 2019; Meegan 

et al., 2020; Shaver et al., 2019). We used naturalistic behaviors (spontaneous activity and 

nest building ability) to avoid the need for long-term pre-training of animals in previous 

studies and to perform behavioral testing during and immediately following the 24 hour 

sickness period and up to 7 days following CS treatment. To measure attention during 

illness in mice, we utilized a novel implementation of a passive behavior task that measures 

pre-pulse inhibition of the startle response as a pre-attentional process. The use of implanted 
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EEG telemeters permitted longer term assessment of freely mobile mice in the home cage 

enabling us to define the EEG signature of acute encephalopathy in rodents reflective 

of delirium, and its consequences. To connect persistent cognitive impairments following 

recovery with synaptic function, we performed ex vivo hippocampal electrophysiology to 

measure changes in long-term potentiation following illness. Together, these studies outline 

a comprehensive mouse model of sepsis associated encephalopathy that closely resembles 

patient delirium and subsequent cognitive decline that may be useful for testing novel 

hypotheses and interventions.

2. Methods

2.1 Cecal slurry model of sepsis

To model sepsis-associated encephalopathy in mice, we utilized a polymicrobial cecal slurry 

(CS) method of sepsis induction as previously described (Consoli et al., 2020; Kerchberger 

et al., 2019; Meegan et al., 2020; Shaver et al., 2019). 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 used.

All other 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 (lights on at 

06:00) throughout lifetime and experimental study. For EEG studies, mice at 10–12 weeks 

of age underwent telemetry device implantation surgery. 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 (IPM) stabilized in cilastatin and suspended in 300 μl of 0.9% NaCl saline 

(Steele et al., 2017) to increase survival in CS treated mice. Imipenem is a carbapenem class 

beta lactam antibiotic that has no association with delirium severity during critical illness 

(Grahl et al., 2018). For EEG studies, mice were singly housed following 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 evaluation of Clinical Sickness 

Score (Consoli et al., 2020; Kerchberger et al., 2019; Meegan et al., 2020; Shaver et al., 

2019). The score is determined by response to finger poke (4 - normal, 3 - decreased, 2 - 

severely decreased, 1 - minimal response), signs of encephalopathy (4 - normal, 3 - tremors 

or staggering, 2 - twisting movements, or 1 - turning), and general appearance (score is 

decreased by 1 for each display of piloerection, periorbital exudates, respiratory distress, or 

diarrhea).

Twenty-six mice underwent telemetry device surgery and recording across four separate 

cohorts. One male and one female were excluded, because they died during illness prior 

to completion of recovery trajectory. Two male and one female were excluded, because 

they did not exhibit sufficient signs of behavioral illness (Clinical Sickness Score was never 
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<10 out of a maximum of 12). The final 21 mice are depicted in the figures representing 

11 males (4 vehicle and 7 CS treated) and 10 females (4 vehicle and 6 CS treated). The 

LTP study used 30 mice across five separate cohorts. Three male and two female that did 

not exhibit sufficient signs of illness, and one female mouse that died during illness were 

excluded from all analyses. The remaining 24 mice are depicted in the figures representing 

13 males (6 vehicle and 7 CS treated) and 11 females (5 vehicle and 6 CS treated). All 

experimental protocols using live mice were reviewed and approved by the Vanderbilt 

Institutional Animal Care and Use Committee.

2.2 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, mice were anesthetized (isoflurane 

2–5%) and a wireless telemetry device was implanted in each mouse subcutaneously 

between the left shoulder and hip according to the manufacturer’s protocol. 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. Mice received analgesic (ketoprofen, 10 mg/kg, i.p.) immediately 

and at 24 hours following surgery for at least 48 hours of analgesic coverage. Mice were 

allowed 4–6 days of recovery prior to acquisition of baseline data.

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 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 CS treatment or vehicle injection, 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 1A.

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.
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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 frequency bands (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 sums 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 (Gould et al., 2020). 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, 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, 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 wake 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.

A clinically derived bispectral EEG (BSEEG) score has been shown to be predictive 

of delirium and associated later mortality in septic and non-septic critically ill patients 

(Shinozaki et al., 2018, 2019; Yamanashi et al., 2021b). The BSEEG score is based on a 

ratio of low (3 Hz) to high (10 Hz) frequencies. We calculated this ratio for our data set at 

baseline, 8 hours, 48 hours, and 7 days, with data divided according to sleep state (NREM, 

REM and Wake).

2.3 Behavioral Assessment

2.3.1 Nest Building.—Nest building was assessed overnight the night prior to CS 

treatment, after Day 2 (approximately 36–48 hours post CS) and on the 7th night following 

CS (Figs. 1 and 4). Mice were singly housed overnight with two squares of pressed cotton 

nestlet material (AnCare Ltd.) 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 1) including i) presence of a clear nest site, ii) extent of nestlet 

shredded and utilization of un-shredded nestlet (if less than 50% was shredded), and iii) 

nest height. If nest criteria were deemed between two score designations scores were made 

with 0.5-point increments. Nests were scored with a combination of ‘live’ scoring which 

permits a better visualization of the 3 dimensional nature of the nest, with secondary 

scoring occurring from photographs. Treatment groups were not marked on cages, and nests 
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were scored blind to treatment group. Nest building was never performed at times when 

mice were demonstrably sick. Graphical representations of nests of varying complexity 

are illustrated in Figure 1B. Nest building score at day 7 was used to subdivide mice for 

post-recovery analyses. CS treated mice that had nest building scores at day 7 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 score observed in vehicle treated mice in Experiment 1 and applied to all 

experimental groups for consistency.

2.3.2 Locomotor Activity – Home cage.—Activity within the home cage was 

recorded continually and automatically according to the manufacturer protocol based on 

the position of the telemeter on the baseplate whenever the telemeter was turned on.

2.3.3 Locomotor Activity – Novel Environment.—Open-field activity was recorded 

through the breaking of infrared beams using standard locomotor activity chambers (approx. 

30 × 30 cm, ENV-510; MED Associates, Georgia, VT, USA). Activity was measured on day 

2, approximately 48 hours after CS injection and on day 7 (Fig. 4). Total activity travelled 

during the 30-minute trial is reported. An ‘open field’ analysis was performed to compare 

time spent within the center versus the edge during the first 5 mins. of each session, with 

each zone comprising approximately 50% of the total surface area. Activity chambers were 

thoroughly cleaned between each animal with a 10% ethanol solution.

2.3.4 Pre-pulse Inhibition of Acoustic Startle Response.—PPI was measured 

24 hours prior to CS injection, and 4 and 8 hours following treatment (Fig. 4). 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.

2.4 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 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 
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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 300 μm horizontal slices were prepared using a Leica VT-1200S 

vibratome (Leica Biosystems) in sucrose-aCSF. The coronal slices were micro-dissected 

along the sagittal plane into two halves before transferring to a holding chamber containing 

sucrose-aCSF warmed to 32°C 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 36°C) oxygenated 

aCSF at approximately 6 ml/min.

Field excitatory postsynaptic potentials (fEPSPs)(Abrahamsson et al., 2016; Wilcox et al., 

2021a) 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 (Fig. 5A). 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.

2.5 Statistics

Data shown in figures and text are reported as mean +/− S.E.M. Bar graph data were 

analyzed using GraphPad Prism (version 9.1.1). Proposed N for all experiments was 

calculated based on previous data from our labs (Consoli et al., 2020; Hedrick et al., 2017; 

Wilcox et al., 2021b) in the sepsis model, EEG outcomes, behavior and LTP studies. 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 

data were collapsed and 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 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. Data acquired from locomotor activity chambers were analyzed using a 

two-way repeated measures ANOVA with time and treatment as independent 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 as an independent variable and frequency as dependent 
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variable. 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 independent 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. LTP 

data were analyzed by Univariate ANOVA (FV/EPSP ratio, FV pre-post ratio, LTP percent 

change from baseline), RM-ANOVA (paired pulse ratios at baseline and post-TBS), and 

Pearson r correlation (final baseline EPSP slope and nest building score).

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. Because the EEG data did not follow a simple linear trend (i.e. a 

straight line) over time we employed statistical techniques to properly model the non-linear 

trends in our models. We employed natural cubic splines of time variables which offers the 

most flexibility within the data. We further employed an autoregressive order one (AR(1)) 

approach to control for the fact that since we were modelling continuous change over 

time any single observation is typically highly correlated with its previous and subsequent 

observation. 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.

3. Results

3.1 CS treatment causes both acute and persistent deficits in nest building

Throughout EEG data acquisition, we used nest building (designated NB in figures) to 

measure changes in cognitive ability following recovery from CS treatment (Fig. 1A–B). 

All CS treated mice showed similar illness trajectory by Clinical Sickness Score evaluation 

(p’s>0.2912, Fig. 1C) based on responsiveness, signs of encephalopathy, and appearance. 

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 when all mice performed poorly and were more variable on 

Day 7, which permitted subdivision of CS-treated animals into two distinct groups termed 

“recovered” and “persistent deficits” based on nest building score at 7 days. 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>0.99). 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.
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3.2 Activity returned to normal following CS treatment regardless of nest building 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 until Day 3 (p’s<0.0033), and by Day 7 activity had fully returned 

to baseline levels (p’s>0.9217) in all groups (Fig. 1E). 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. Normal activity and 

circadian rhythms were observed in all groups by Day 7 regardless of nest building outcome 

on Day 7 (Fig. 1F). Normal activity levels on Day 7 in all CS treated mice indicated that nest 

building deficits on Day 7 were not due solely to persistent hypoactivity.

3.3 CS treatment causes EEG slowing during illness

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 displayed a dramatic decrease in theta ratio that persisted until mice were 

no longer showing overt sickness behaviors at approximately 24 hours (LR=99.1052, 

p<0.0001, Fig. 2A). Overall trajectory of theta ratio during the first 24 hours of illness 

was marginally different between CS groups depending on persistent nest building deficits 

(LR=7.7511, p=0.0514). Theta ratio was not significantly different between any groups on 

Day 7 (LR=6.7642, p=0.0798).

3.4 EEG 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. 2B–G). Changes in power band composition 

in CS treated mice were most apparent from 0–24 hours following injection. During illness 

onset, delta power increased (LR=104.6962, p<0.0001, Fig. 2B) as theta power decreased 

(LR=78.8804, p<0.0001, Fig. 2C) compared to vehicle. Following illness, delta power 

returned to baseline as theta power increased (Fig. 2B–C). Increased theta power gradually 

returned to normal levels by Day 3. Alpha power decreased during illness and returned 

to normal upon recovery by 24 hours (LR=54.8937, p<0.0001, Fig. 2D). There were no 

changes in sigma power during illness (LR=4.3151, p=0.2294, Fig. 2E). 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. 2F–G). No significant differences in EEG 

power were observed at the 7 day timepoint (LR’s<2.9358, p’s>0.4016).

Similar to previous reports on BSEEG the 3 Hz/10 Hz ratio was clearly increased in the sick 

animals in the 24 hours following CS injection, however, this value was similarly unable to 

further differentiate between the recovered and persistent impaired groups when compared 

according to nest building ability on day 7 (Supplemental Figure 1).
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3.5 Periodograms within Sleep Stages show generalized EEG slowing during illness.

Given the significant sleep disruptions observed in ICU patients relating both to illness, 

pharmacological treatment and other medical interventions (Illendula et al., 2020; Mart et 

al., 2020; Opp et al., 2015) we investigated the effects of CS treatment on sleep by analyzing 

EEG power changes specifically within mouse behavioral sleep stages. Using the same 

EEG dataset, we generated spectral periodograms to visualize and compare changes in EEG 

within sleep stages (Fig. 3A). 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. EEG activity in CS treated mice was broadly dominated by 

slower EEG frequencies during illness. Slow-wave dominance is even more apparent when 

these periodograms were compared across sleep stages to vehicle treated mice. Vehicle 

treated mice showed normal variation in sleep stages by exhibiting wake, NREM, and REM 

sleep stages within each hour scored. Periodograms scored as NREM sleep and wake for CS 

treated groups both had greatly increased delta power (<4 Hz) that did not resemble normal 

NREM sleep and wake in vehicle treated animals (Fig 3Biv NREM p’s<0.0095; Fig. 3Bvi 

wake p’s<0.0029). CS treated mice showed increased atypical NREM sleep and decreased 

wake with no observable REM sleep during illness (Fig. 3A, Biv-vi, C).

Further sleep disruption was observed up to 7 days post CS through subtle changes in power 

frequencies across sleep stages following illness. During the periods scored at 32 and 152 

hours post CS treatment, immediately prior to initiation of the nest building tasks, CS treated 

mice had altered NREM and REM sleep, and wake periodograms (Fig. 3Bvii-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 (152 hours), CS treated mice with persistent deficits had significantly decreased theta 

power compared to CS mice who recovered (Fig. 3Bxi, p=0.0313).

3.6 Elevated PPI implicates hypersensitivity to stimulus.

In a second experiment using a separate set of animals, we again utilized nest building 

to determine which mice had persistent post sickness cognitive deficits on Day 7 and 

further tested exploratory activity in locomotor activity chambers in the same mice (Fig. 

4A). During the acute illness phase (4–8 hours post CS injection), we measured pre-pulse 

inhibition (PPI) of the startle response as a behavioral measure of attention and awareness 

during illness. For initial analysis, data for all mice were collapsed into vehicle or CS treated 

groups because some mice were euthanized prior to 7 days when the final nest building 

test was performed. No changes were observed in startle response to the 120 dB tone (no 

pre-pulse) during illness (Time: F2,42=2.718, p=0.0776; Treatment: F1,21=0.2477, p=0.6238, 

Fig. 4B). At 4- and 8-hours post treatment, CS treated mice showed an unexpected 

increase in PPI (Fig. 4C, 4E 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 reflecting a likely 

hypersensitivity to the pre-pulse stimulus during illness. This effect was exaggerated when 

compared as a change from baseline measures for each mouse (Fig. 4D, 4F 4 hrs: Treatment, 

F1,22=16.08, p=0.0006; 8 hrs: Treatment, F1,22=15.01, p=0.0008). However, when groups 

were separated post-hoc based on nest building score on day 7 (for those animals that were 
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not euthanized until day 7), there were no significant differences in PPI response between 

CS groups with differential nest building outcome (p’s>0.9991).

Distribution of nest building scores recorded in this experiment resembled those observed 

previously in mice that had undergone telemetry implant surgeries. CS treated mice showed 

poor nest building ability on Day 2 following illness (KW=9.806, p=0.0006), but by Day 

7 approximately 50% of the mice had scores greater than 3 indicating some recovery 

while the remaining animals showed a persistent impairment (KW=8.723, p=0.0009, Fig. 

4G). Activity data also recapitulated findings from the previous 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 nest building outcome 

(p’s>0.3502, Fig. 4H). Despite changes in overall activity level, time spent exploring the 

central 50% of the chamber area did not differ according to treatment either at Day 2 or Day 

7 (Day 2 t(16)=1.029, p=0.318; Day 7 F(2,7)=0.857, p=0.464, Fig. 4I–J).

3.7 Deficits in Long-Term Potentiation implicate long-term cognitive deficits following CS 
treatment.

To support the hypothesis that nest building deficits are reflective of cognitive impairment 

rather than solely due to sickness behaviors, we measured long-term potentiation (LTP) in 

mice that recovered from CS treatment at 2- and 7-days post injection by recording local 

field excitatory post-synaptic potentials (EPSPs) in ex-vivo hippocampal slices before and 

after theta-burst stimulation (Fig. 5A–B). We observed normal input-output responses and 

fiber volley to excitatory post-synaptic potential (EPSP) relationships in the slices (Fig. 

5C–E, Time and Treatment, F’s<2.022, p’s>0.1449). LTP was decreased by roughly 50% in 

CS treated mice on Day 2 following illness (p=0.0229, Fig. 5F–G). On Day 7, mice that had 

recovered nest building ability also showed recovered LTP (p>0.99, Fig. 5F–G), however, 

mice with persistent nest building deficits on Day 7 showed deficits in LTP (p=0.0056, Fig. 

5F–G). The magnitude of LTP observed significantly correlated with its corresponding nest 

building score prior to sacrifice (Fig. 5H, p=0.0103). We observed no changes in paired 

pulse ratios between groups that would implicate LTP differences driven by alterations in 

vesicular readily releasable pool (Fig. 5I, F’s<06069, p’s>0.4451).

4. Discussion

Difficulty measuring behavioral deficits in mice during critical illness and recovery, and 

a lack of reliable biomarkers for delirium have previously limited preclinical studies of 

delirium and its correlation with poor cognitive outcomes. Using an innovative combination 

of behavior and electrophysiological techniques, we present an animal model that quantifies 

delirium-like mental status in mice. Although others have previously reported changes in 

EEG following treatment with LPS (Yamanashi et al., 2021a), these were not combined 

with behavioral outcomes, sickness measures or other molecular markers of damage. We 

observed dramatic decreases in theta ratio during illness (Fig. 2A) indicating a shift towards 

slow-wave delta EEG activity confirmed by individual power band analyses (Fig. 2B–G). 

Similar slow-wave EEG activity is well-documented in delirious patients and is related to 

cognitive deficits following illness (Engel and Romano, 1959; Kimchi et al., 2019; Mart et 
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al., 2020; Roberson et al., 2020). We also observed global decreases in alpha power during 

illness (Fig. 2D), suggesting decreases in active attention. In humans, regular alpha rhythm 

is a marker of normal responsiveness and is disrupted in delirium (Hirsch et al., 2021; 

Jacobson et al., 1993; Mulkey et al., 2019). Such changes contribute to the potential utility 

of calculating delirium relevant scores from EEG data in critically ill patients (Shinozaki et 

al., 2019, 2018; Yamanashi et al., 2021b).

Delirious patients typically exhibit markedly decreased beta power relative to controls, 

(Hirsch et al., 2021) and patients with preserved higher-frequency activity including beta 

power have lower incidence of delirium (Nielsen et al., 2019). The BSEEG score calculated 

as a ratio of 3 Hz to 10 Hz frequencies (delta/alpha) is also able to discern delirium 

in patient populations and LPS-induced sickness and neuroinflammatory changes in mice 

(Shinozaki et al., 2019, 2018; Yamanashi et al., 2021b, 2021a). Surprisingly, we observed 

elevations in beta and gamma powers in CS treated mice during illness (Fig. 2F–G). 

Elevated beta frequencies are observed in sedated patients due to sedative-hypnotic drugs, 

particularly barbiturates and benzodiazepines (Satapathy et al., 2019; Van Lier et al., 2004). 

Paradoxically, higher beta activity has also been observed as a marker of alertness (Kamiński 

et al., 2012) stress, anxiety, and arousal (Abhang et al., 2016; Satapathy et al., 2019). Our 

CS-treated mice with long-term recovery of cognitive function showed higher beta activity 

levels during illness than those that did not recover. We postulate that the differences in 

cognitive outcomes between the groups could be related to greater beta activity during 

illness indicating greater levels of alertness. This explanation would suggest a greater 

arousal during illness, indicated by greater relative beta power, is associated with better 

protection against protective of long-term cognitive damage regardless of the extent of 

overall EEG slowing. This finding may indicate that for some animals the degree of 

acute encephalopathy was less severe, allowing them to maintain a larger proportion of 

wakefulness.

During illness, CS treated mice showed profound changes in sleep with periodograms that 

were dramatically shifted towards slower (delta, 0.5–4 Hz) frequencies and did not resemble 

normal wake or sleep (Fig. 3). Due to these dramatic shifts, CS treated mice showed no 

identifiable REM sleep during illness, atypical 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). Although this was classified as NREM sleep, it may be that this 

state more directly reflects the distorted sleep/wake patterns observed in delirium. Atypical 

sleep is commonly observed in humans during critical illness both as a result of illness 

and of treatment and medical intervention and monitoring (Drouot et al., 2012; Watson et 

al., 2013) and can also be observed in mice following LPS injection (Yamanashi et al., 

2021a). 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 as well as sepsis due 

to cecal ligation and puncture triggered neuroimmune dysregulation and both sleep and 

illness may thus independently contribute to lasting cognitive deficits (Opp et al., 2015). 

Our data also support the idea that a lack of normal restorative REM sleep may contribute 

to the persistent deficits based on data from the nest building task. We did not, however, 

quantify sleep stages continuously across the experimental time point. Although others have 
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also observed sex differences in sleep patterns in C57Bl/6 mice, these were greater in mice 

housed under 14:10 h light cycle conditions, and were also magnified by stress and sleep 

deprivation (Choi et al., 2021; Koehl et al., 2006; Paul et al., 2006). We did not observe 

differences in sleep patterns between male and female mice at baseline or in response to CS 

treatment, however, it is possible that subtle differences were masked by the very large effect 

of sepsis. It is also important that future studies are designed to permit comparisons between 

male and female mice and also to take into account differences caused by light cycle and 

other housing conditions.

At 8 hours after CS injection, and immediately following antibiotic administration, beta 

and gamma power were acutely and temporarily noticeably decreased from the otherwise 

elevated levels that were observed within 2 hours of CS treatment. Delta and theta 

were marginally increased following the antibiotic treatment. These alterations following 

injection were contrary to what we expected, because interacting with a sick mouse should 

intuitively increase arousal, illustrating the complexity of the relationship between beta 

power and arousal/behavior. Subsequent influence of antibiotics including 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. Increased LPS accumulation 

and inflammatory signaling could further decrease arousal driving these observations. 

Imipenem is a beta-lactam antibiotic belonging to the class of carbapenems, which have 

a proconvulsant nature through inhibitory receptor antagonism that could drive changes in 

EEG or LTP (Miller et al., 2011). However, we did not observe any strong EEG or LTP 

changes in control mice which also received antibiotics. Nevertheless, differences in drug 

concentrations are possible during illness due to impaired renal function in septic mice. 

Changes in magnitude of diffuse slow wave activity are indeed sensitive to dose of LPS, 

and also to the age of the animal with similar changes in EEG recorded at lower doses 

of LPS in 19 month old compared to 3 month old mice (Yamanashi et al., 2021a). It is 

possible that in mice with renal failure secondary to sepsis, a carbapenem could 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.

PPI is a behavioral phenomenon that relies on the ability of the central nervous system to 

filter out irrelevant stimuli which is required for selective or focused attention (Gómez-Nieto 

et al., 2020). Although different from conscious attention, this task requires automatic and 

attentional processes in order to successfully employ sensorimotor gating mechanisms. PPI 

is sensitive to behavioral states such as anxiety, pharmacological modification, and age and 

is therefore considered to require neural plasticity and attention (Li et al., 2009). Although 

we did not observe any significant differences in sensitivity to the 120 dB acoustic tone 

during illness in CS treated groups in the PPI task, we saw increased PPI potentially 

reflecting heightened arousal or responsiveness to the pre-pulses in PPI trials. Patients with 

delirium often present hypersensitivity as restlessness or agitation (Ely et al., 2001; Sessler 

et al., 2002). Decreased PPI is commonly observed in schizophrenic patients relative to 

healthy controls (Mena et al., 2016) and is associated with prefrontal cortical dysfunction 

(Hammer et al., 2013; Kumari et al., 2003). Contrary to our initial predictions, during illness 
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we found elevated PPI, indicating hypersensitivity to the pre-pulse stimulus that may be 

indicative of a hyperadrenergic 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 

varies across different mouse models of sepsis (Field et al., 2012; O’Neill et al., 2021). 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 sometime likened to tasks of daily living in humans. Performance on this task is 

also impaired in a number of animal models of aging, cytotoxic hippocampal lesion, 

neurodegeneration and injury (R. M. Deacon, 2006; Deacon and Rawlins, 2002; Deacon 

et al., 2002; Janus et al., 2015; Ritzel et al., 2020; Walker et al., 2017) that includes 

both cognitive and non-cognitive factors for strong performance. Importantly, disruption 

was persistent in a mouse model of stroke suggesting that it can be used in a long-term 

and repetitive manner that is sensitive to persistent damage and recovery (Yuan et al., 

2018). 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). One weakness of 

our approach was the relatively low number of mice used for the LTP experiments (up to 

n=3) that might have decreased variability within groups, although these are not atypical 

for this approach and the number of slices used was sufficient for appropriate analysis. We 

used an ‘open field’ analysis as a measure of anxiety like behavior on entering a novel 

context. Although overall exploratory activity levels differed with treatment and recovery, 

proportionally the time spent exploring the center versus edge of the locomotor activity 

chambers did not vary among groups. Nevertheless, given the complex clinical presentation 

of delirium, future studies may benefit from further extending the range of behavioral tasks 

used to more fully model changes observed in human populations including measures of 

attention as well as agitation and anxiety.

Similar to lipopolysaccharide injection CS has several advantages for our study over 

these other sepsis induction methods including precise dose control of illness severity, 

and tight temporal control of illness onset all without the need for a surgical procedure 

and anesthesia but with the added benefit of translationally relevant microbial diversity 

including live bacteria. Cortical and hippocampal dysfunction are intimately linked via 

neural disinhibition, (Bast et al., 2017; McGarrity et al., 2017; Moretti et al., 2012) so 

it is possible that the hippocampal dysfunction we observed in LTP is associated with 

the cortical dysfunction we observed using EEG. Future studies that assess LTP changes 

in mice for which there are EEG data will help to clarify this issue. 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). Activity levels had not fully recovered at 3 days following CS administration, 
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which suggests that a combination of both sickness behavior and other motivational factors 

contribute to altered performance on behavioral tasks. Nevertheless, the combination of 

behavior and electrophysiological outcomes implicated a cognitive base for some of the 

deficits seen. This may be particularly true for animals in which LTP and nest building 

deficits persist at 7 days when spontaneous activity is recovered.

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, (Crosby et al., 2010; 

Crosby and Culley, 2011; Illendula et al., 2020) the insult of surgery and anesthesia in the 

EEG study likely contributed to the severity of illness we observed in those mice. Social 

isolation is known to greatly increase risk of delirium (Kotfis et al., 2020; Pun et al., 2021) 

and single housing of mice in the EEG study could also have contributed to the severity 

of any cognitive and behavioral changes, compared to mice in the second study that were 

housed 3–5 mice per cage.

5. Conclusions

EEG slowing is a strong indicator of delirium and is associated with cognitive deficits 

following critical illness. The recapitulation of some forms of patient EEG metrics in 

a mouse model of sepsis demonstrates occurrence of a translationally relevant sepsis 

associated encephalopathy in mice. Characterization of this acute encephalopathy with 

EEG and neurobehavioral tasks implicates a delirium-like mental status and will allow the 

exploration of therapeutic strategies to target this state in preclinical studies. Future studies 

may also allow identification of factors that promote cognitive resilience in some animals, 

or specific biological correlates of neuroinflammation and neurometabolism in brain and 

plasma across the sickness and recovery period. It will also be particularly important to 

assess how each of these potential biomarkers differs in older animals to contribute to the 

increasing risk for delirium with age.
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LTP long-term potentiation

EPSP excitatory post-synaptic potential

TBS theta burst stimulation
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Figure 1. 
Nest building and activity changes following sepsis. (A) EEG and behavior experimental 

timeline. Nest building (NB) task shown in green boxes was 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. For panels C-F CS-treated animals 

are divided into fully recovered (blue) and persistent impaired (red) based on nest building 

performance as shown in panel D. (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 mg/300 cc saline). (D) Nest scores 

following CS treatment and separation into groups based on performance on Day 7. (E) 
Total activity counts per day. (F) Activity counts per hour shown with light/dark phase of 

light cycle. Nest building task performed during times highlighted in green. ***p<0.001, 

**p<0.01, *p<0.05 both CS groups different from vehicle-treated, or as marked.
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Figure 2. 
CS-induced changes across EEG power bands. Average normalized theta ratio (A) and 

normalized power per hour for (B) delta (0.5–4 Hz), (C) theta (4–8 Hz), (D) alpha (8–12 

Hz), (E) sigma (12–16 Hz), (F) beta (16–24 Hz), and (G) gamma (25–50 Hz). ***p<0.001 

vehicle vs. all CS treated animals.
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Figure 3. 
Analysis of sleep patterns. (A) Representative one-hour spectral periodograms for individual 

mice treated with Vehicle (top) and CS (bottom) groups 8 hours following injection. Power 

‘scale’ (red/yellow/grey) is equivalent for both top and bottom panels. Top colored ribbons 

indicate scored sleep stage for each 10 second epoch: blue – NREM sleep, dark blue – 

REM sleep, cyan – wake, gray – artifact/excluded. (B) Periodograms within sleep stages 

NREM sleep (left), REM sleep (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
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Figure 4. 
Increased PPI during illness. (A) Experimental timeline. Nest building (NB), Pre-pulse 

inhibition of the startle response (PPI), and locomotor activity 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. Data collapsed into CS 

(all treated mice) and vehicle groups for initial analysis: (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. 

Data were separated post-hoc according to differential nest building outcome on day 7: (D) 

PPI change from baseline at 4 hours and (F) 8 hours split by NB groups. (G) NB scores for 

each group prior to SAC for LTP recording. (H) Total locomotor activity during 30 min open 

field exploration task. (I) Pct. Time spent in center of locomotor activity chambers at 2 days 
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and (J) 7 days post CS injection. *, ** p’s<0.05, 0.001 different from vehicle treated mice, 

as marked.
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Figure 5. 
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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Table 1.

Nest building behavioral task scoring criteria.

Nest Site +0
No site

+0.5
Moved

+1
Clear site

Percent of 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
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