
    

 
 
 
 

 
 
 
 
 
 

A Single Lipopolysaccharide (LPS) 
Injection to the Rat Brain  

Induces Neuroinflammation Two Months 
 After Treatment 

 
Kendall G. Kaptur 

 
 
 
 
 
 
 

Research Advisor  
 

Kenneth Jenrow, Ph.D. 
Associate Professor of Neuroscience and Psychology 

Central Michigan University 
Mt. Pleasant, MI 

 
 

Faculty Supervisor 
 

Santiago Salinas Ph.D. 
Professor of Biology 
Kalamazoo College 

Kalamazoo, MI 
 
 
 

A paper submitted in partial fulfillment 
of the requirements for the degree of Bachelor of Arts at 

Kalamazoo College 
 
 

2020 



    



ii 
   

Acknowledgements 
 

I would like to thank my research advisor Dr. Kenneth Jenrow for all of his guidance, 

help, and enthusiasm towards my project. I am extremely grateful for the opportunity I had to 

work in his lab at Central Michigan University in the Neuroscience Department, and I learned so 

much from this experience. I would like to thank all the members in the lab who helped 

contribute to my project and allowing things to run more smoothly. I also owe thanks to Carol 

Ann Stevens for training me to work in the vivarium and handle the rats. Also, many thanks to 

Swathi Suresh for organizing my project and all of her help and guidance throughout the entire 

process. I would also like to thank Eric French for all of his help with the data software and 

analysis, allowing the behavior assay to be possible. I would also like to extend my gratitude to 

the Kalamazoo College Biology Department for their generous fund through the Biology 

Summer Research Fellowship stipend, which supported the entirety of my research.  

Additionally, I owe many thanks to Dr. D. Blaine Moore and my entire thesis review 

group, Nicole Baza, Iffat Chowdhury, Madisyn Mahoney, and Courtney Thompson. Thank you 

for all of your time, energy, and helpful comments throughout the editing process.



iii 
   

 

Table of Contents 

Acknowledgements ......................................................................................................................... ii 
List of Figures ................................................................................................................................ iv 

List of Table .................................................................................................................................... v 
Abstract ........................................................................................................................................... 1 

Introduction ..................................................................................................................................... 2 
Materials and Methods .................................................................................................................... 8 

Results ........................................................................................................................................... 14 
Discussion ..................................................................................................................................... 22 

Literature Cited ............................................................................................................................. 27 
 
 



iv 
   

List of Figures 
 

Figure 1. A single LPS injection was sufficient to activate microglia cells in the prefrontal cortex 
and hippocampus two months after treatment………………………………………...…16 

 

Figure 2. LPS and Control hippocampus tissue at a higher magnification to allow for better 
differentiation in microglia activation state………………………………………….......17 

 
 
Figure 3. Overall (±s.e.) model estimates for proportion choice (fixed effect, left panels), and 

individual (random effect, right panels) model fits as a function of the delay for the 3-
pellet option, Sequence (ascending, top row; descending, bottom row), and Group (LPS, 
filled circles; control, open circles)………………………………………………………20 

 
 
 



v 
   

List of Tables 
 

Table I. Wald chi-square fixed-effects statistical results for behavioral assay experiment…….21



1 
   

Abstract 
 

The topic of neuroinflammation and its effects on the brain pathology and function has 

motivated some relevant research questions. Researchers have found that the key mediators in 

the inflammatory responses in the brain are known as microglia. The negative effects of 

microglia have been studied, as well as instigators that elicit this inflammatory response. 

Microglial activation and neuroinflammation are key factors in the pathogenesis related to 

numerous neurodegenerative diseases. Identifying the responsible stimuli and mechanisms that 

cause progressive microglial activation and neuron damage may be crucial for understanding the 

etiology and pathology of neurodegenerative diseases. One known instigator of 

neuroinflammation is lipopolysaccharide (LPS), an endotoxin from gram-negative bacteria. The 

aim of this study was to see if a single LPS injection can induce neuroinflammation and 

microglial activation two months after treatment, as well as if a single LPS injection could 

produce any measurable behavioral/cognitive deficits such as an increase in impulsivity. 

Immunohistochemical staining techniques were used to view microglial activation in the brain 

tissue, and a behavioral assay involving inter-temporal choice trials was implemented to measure 

differences in rat behavior and cognition. The results show that a single LPS dose two months 

after treatment is sufficient to induce neuroinflammation and microglial activation. However, 

there was no significant difference in rat behavior/impulsivity between groups. Further research 

using this behavior model with a larger sample size would allow for a better understanding if 

LPS can produce significant changes in behavior. Additionally, investigations about microglia 

quantity in specific brain regions could be beneficial to gain a better understanding of the effects 

LPS has on all areas and structures of the brain. Forwarding research in both of these models 

could possibly provide better understandings of neurodegenerative diseases and treatments. 
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Introduction 

  For many years, there was little known about neurodegenerative diseases and their 

causes, but after laboratory and medical advances, the prevalence and effects have become 

clearer (Prusiner 2001). The most common neurodegenerative disorder is Alzheimer’s Disease 

with approximately 4 million cases in the United States, followed by Parkinson’s disease with 

about 1 million cases (Fratiglioni & Qiu 2009). As life expectancy increases, so does the concern 

about the incidence of neurodegenerative diseases (Mattson 2003). With increasing cases of 

neurodegeneration, it is important to understand what is causing these diseases and how they 

could be prevented. Previously, inflammation was believed to be a passive response to neuronal 

damage, but evidence supports that it is a common denominator among a diverse range of 

neurodegenerative diseases and can actively cause neuronal damage and death (Block et al., 

2005).  

Additionally, understanding the role of the Central Nervous System (CNS), the 

mammalian brain and spinal cord, and how it reacts to injury or threats is another important 

concept related to neurodegenerative diseases. Injury to the CNS can be devastating, and the 

consequences are not just a break in communication among healthy neurons, but a cascade of 

events that can result in cell death and neuronal degeneration (Horner et al., 2000). For many 

years, the role of inflammation in CNS injury and disease was unknown. The CNS was 

considered to be ‘immune privileged’, meaning that it was not susceptible to inflammation nor 

contributing to it. Now, it is evident that the CNS does respond to injury, infection or disease and 

exhibits features of inflammation (Lucas et al., 2006). 
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Neuroinflammation and Microglia 

Inflammation is the result of living tissues reacting to an injury, and there is a 

fundamental distinction between acute and chronic inflammation. Acute inflammation consists 

of the immediate and early response to an injury and it acts as a defensive agent that initiates the 

repair of the damaged site, while chronic inflammation is a result from persistent stimuli. The 

inflammatory response from injury in CNS tissues is known as neuroinflammation, and can be of 

the acute or chronic type (Streit et al., 2004).  The innate immune system of the CNS consists of 

microglia which are key cellular mediators of neuroinflammatory processes (Graeber & Christie 

2012).  Microglial cells have been considered to be the most susceptible sensors of brain 

pathology and as the resident macrophages in the CNS, they are able to migrate into all CNS 

regions and disseminate through the brain parenchyma. In the healthy mature CNS, the microglia 

have a ramified morphology, a small soma with fine cellular processes. Quite different from a 

classical macrophage, this appearance is associated with microglia in the “resting” state. Prior to 

recent studies, microglia of the healthy adult CNS were once considered to be quiescent or 

functionally dormant while in the “resting” state (Colton & Wilcock 2010; Davoust et al., 2008). 

However, these “resting” cells continuously scan their environment by actively monitoring the 

extracellular space and cellular neighborhood. Thus, even while in the “resting” state, microglia 

actively scan the tissue and are ready to rapidly transform to “activated” states responding to 

signs of a threat to the CNS (Kreutzberg 1996; Davalos et al., 2005; Nimmerjahn et al., 2005).   

 Microglial activation is expressed by rapid and profound changes in the cell shape, gene 

expression and the functional behavior which results from infection, trauma, ischemia, 

neurodegenerative diseases, or any disturbance or loss of brain homeostasis indicating real or 
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potential threats to the CNS. Under these conditions, the complexity of the cellular processes is 

reduced and microglial revert to an amoeboid appearance (Kettenmann et al., 2011). 

Although microglia play an important role in protecting the CNS, many researchers 

consider this innate immune response in the brain to be a potentially pathogenic factor in 

numerous CNS disease (Streit et al., 2004). Microglial activation and inflammation are key 

components in the pathogenesis related to various neurodegenerative diseases such as 

Alzheimer’s disease, Parkinson’s disease and Huntington’s disease (Qin et al., 2007). Microglia 

produce cytotoxic factors in response to diverse cues related to these diseases and can become 

over-activated (Colton & Gilbert 1987). Although microglial activation plays a crucial role in 

host defense, over activation can result in continuous and uncontrolled neurotoxicity that does 

not resolve even after the initial stimulus has dissipated (McGeer & McGeer 2005; Polazzi & 

Contestabile 2002). Chronic microglial activation associated with neuronal damage is defined as 

reactive microgliosis, a process that is toxic to neighboring neurons and causes further microglial 

activation and a progressive cycle of neuron damage and inflammation (Block & Hong 2005). 

The identification of the responsible stimuli and mechanisms resulting in progressive microglial 

activation and associated neuron damage may be crucial for understanding the etiology and 

pathology of neurodegenerative diseases (Qin et al., 2007).  

Lipopolysaccharide (LPS) 

 Lipopolysaccharide (LPS) is an endotoxin from gram-negative bacteria that causes an 

immune response in many multicellular organisms. Therefore, LPS can be used to mimic or 

induce symptoms of a bacterial infection (Wright et al., 1990). LPS is a known instigator of 

chronic neuroinflammation and it has been found to activate microglia in both in vivo and in 

vitro models (Gao et al., 2002; Ling et al., 2006). With its ability to mimic infection and activate 
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microglia as an immune response, researchers can utilize LPS to observe changes in the brain at 

the cellular level, as well as, to study if there are any long-term consequences at the 

behavioral/cognitive level (Bossù et al., 2012).  

Rat Brain Models 

 Many studies have used rat models either at the cellular or behavioral level as a 

comparison to the human brain and to better understand certain diseases and disorders better, 

such as Alzheimer’s and Huntington’s Disease (Pérez et al., 2000; DiFiglia et al., 1995). Rats are 

often used because the rat brain and the human brain are quite similar so these models can be 

applied to human brain structure and functions. The rat brain contains factors that are present in 

the human brain such as the same gene expressions and cellular receptors that elicit very similar 

responses (Falany et al., 2000; Mezey et al., 2000; Bechmann et al., 1999). Additionally, there 

are proteins that are present in both the rat and human brain that increase with age and can be 

related to plaques in Alzheimer’s Disease and Down’s syndrome pathologies (Nichols et al., 

1993).   

Behavioral Studies 

In addition to using rat brain models to better understand processes, functions, and 

diseases occurring within the human brain, rat behavior models have been used to allow for a 

better understanding of behavioral and cognitive affects that these diseases and disorders can 

have on the brain. Bossù and colleagues found that after a single high-dose LPS administration, 

microglial activation in adult male rats occurs between 7 and 10 post-treatment months. From a 

cognitive/behavioral standpoint, Bossù and colleagues observed a motor hypoactivity and 

discriminative deficits as an early consequence of LPS treatment (7 days) as well as at the 10-
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month period. Their findings suggest that a systemic inflammatory response evoked by a single 

LPS injection can significantly affect cognitive function in male adult rats.   

A study conducted by Suresh also investigated if chronic neuroinflammation can affect 

behavioral and cognitive aspects by using adult male rats as a model. Using an LPS model to 

induce neuroinflammation, they found that contextual fear memory was enhanced in LPS-

administered animals, while recognition memory and anxiety were unaffected (Suresh 2018). 

Other studies have found that with respect to novel object recognition tests, LPS animals 

demonstrate a decreased discriminative index, implicating the hippocampus and its role in 

recognition and memory (Czerniawski et al., 2015). Additional behavior models have been used 

to study impulsive choice between two rat groups in regards to attention deficit/hyperactivity 

disorder (Fox et al., 2008). Fox and colleagues tested to see if the spontaneously hypertensive rat 

(SHR) would behave more impulsively than their normotensive parent strain, Wistar Kyoto 

(WKY). This prediction was tested in experiments that employed an intertemporal choice 

procedure in which SHRs and WKYs made repeated choices between a single food pellet 

delivered immediately and three food pellets delivered after a delay. SHR rats were found to 

more impulsive than the WKYs.  

This study motivated our experimental model to observe how LPS affects impulsivity in 

the adult male Sprague-Dawley rat. Animal behavior models can potentially help lead to a better 

understanding of how neurodegenerative diseases and brain injuries affect behavior and brain 

function in humans. There has been a large portion of neurodegenerative disease research that 

has focused on the issue of impaired decision-making, which involves multiple cognitive and 

behavioral processes. Impulse control is a part of decision-making, and many patients with 

neurodegenerative diseases demonstrate deficits in impulsivity (Woolley et al., 2011). Thus, by 
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studying impulsivity in rats we hope to set the groundwork for further advances in understanding 

how neuroinflammation affects impulsive behavior in humans, and potential therapies and 

treatments.  

Present Study 

The aim of our study was to: 1.) Test to see if a single LPS injection to the rat brain 

produces neuroinflammation and microglial activation after two months when compared to 

control brains. 2.) To test if a single LPS injection shows any measureable behavior deficits and 

increased impulsivity in male adult Sprague-Dawley rats two months after treatment. Six 

Sprague-Dawley male rat brains were sliced and observed using immunohistochemistry 

techniques in order to see the difference in microglial presence and activation between control 

and LPS treatments. To test if LPS has an affect on any measurable behavior deficits and 

increased impulsivity, we used the model conducted by Fox and colleagues, the only difference 

being the species of rats and the type of treatment (LPS).  
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Materials and Methods 
 
Rat Brain Procedures 

Cryopreservation 

Six Sprague-Dawley male rat brains (two LPS and four control) that were drained of 

blood and removed from the skulls and stored in PFA at 4°C prior to the start of the study. The 

brains were then transferred to a 15% sucrose solution for approximately 24 hours, until the 

brains sunk to the bottom of the centrifuge tube. Then, they were transferred to a 30% sucrose 

solution until they sank. This procedure processed the brains for cryopreservation and allowed 

them to undergo a gentle dehydration period to prevent water crystals. The sucrose was drained 

from the brains and they were dropped in beakers containing 30 mL of anhydrous 2-

methylbutane surrounded by dry ice for five minutes. The frozen brains were moved into the 

appropriately labeled bottles and were stored in -80°C until they were ready to be sliced.  

Brain Slicing and Slide Preparation 

 Whole brains were sliced (30 μm) using a cryostat set to -20°C with a microtome blade. 

Slices without shreds and tears were preserved in wells containing 1X PBS and stored in a 

refrigerator until the immunohistochemistry (IHC) procedure. 

Immunohistochemistry for IBA-1 

 On day 1 of IHC, the tissue was washed 3 times for 5 minutes in 1xPBS in a 16 well plate 

and placed on a rotator. The samples were then blocked for 1 hour in 10% Normal Goat Serum 

(diluted in 0.1% PBS-T) and then stained with the 1° antibody (Neun Abcam; Richmond, VA, 

FUJIFILM Wako Chemicals USA, Inc.) 1:3000 dilution in 0.1% PBS-T (700μl per well). The 

samples were incubated for 4 hours at room temperature on the rotator and then moved to 4°F 

overnight (12-16 hours) on the rotator. On day 2, the tissue samples were washed using the same 
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method as on day 1. 500μl of the 2° antibody (Gt anti Rb 488; Richmond, VA, FUJIFILM Wako 

Chemicals USA, Inc.) 1:3000 in 0.1% PBS-T was added to each well for staining, then samples 

were incubated for 1 hour at room temperature on the rotator. Samples were then washed 3 times 

for 5 minutes 1xPBS and stained with Hoescht (Richmond, VA, FUJIFILM Wako Chemicals 

USA, Inc.) 1:1000 dilution in 0.1% PBS-T and incubated on the rotator for 5 minutes at room 

temperature. The tissue was washed for the final time in the same manner as the previous 

washings.  

Slide mounting and microscopy 

After the IHC was complete, tissue sections were mounted on the microscope slides (5 

slices per slide) in PBS using a small paintbrush, ensuring the tissue was evenly spread with no 

wrinkles. The samples were stored in a box covered by aluminum foil to limit light exposure for 

24 hours to ensure they were thoroughly dried. Slides were covered slipped and sealed with clear 

nail polish and then viewed with a Zeiss epifluorescence microscope (Jena, Germany) at an 

excitation wavelength of 488 nm. Images of the prefrontal cortex and hippocampus were 

acquired at 100X magnification and 400X magnification.  

Behavior Analysis 

Apparatus 

Each session was conducted using four, two-lever operant chambers surrounded sound-

attenuating boxes (Georgia, VT, Med-Associates). Each chamber was 42cm wide x 30 cm deep x 

21 cm high, and had Plexiglas sidewalls and ceilings, front and rear aluminum walls, and floors 

of stainless-steel rods. A 28-V DC house light was the main source of illumination located 20 cm 

above the floor centered on the rear panel. The front panel of each chamber consisted of two 

levers 7.5 cm above the floor that required a force of approximately 0.25N to elicit a response.  
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Between the two levers, 3 cm above the floor, was a recessed pellet tray (magazine) where 45-

mg Bio-Serv® Dustless Precision Sucrose Pellets (Flemington, NJ) were delivered. There were 

28-V DC light bulbs covered by translucent plastic above each lever. An IBM®-compatible 

computer running Microsoft Windows XP® and Med-PC IV® software recorded data and 

provided environmental control. Throughout the entire procedure, the rats underwent a 22-hour 

food deprivation regimen, only receiving food for an hour during the sessions and for an hour 

after each trial. 

Magazine Training 

During the initial procedure, the levers were removed from the operant chambers and a 

single Sprague-Dawley male rat was placed in each box. After a 30 second acclimation period, 

the house light illuminated and 5 food pellets were released with a 0.25 second delay between 

each pellet delivery. The remainder of the session consisted of single food pellet deliveries 

according to a variable-time 45-s schedule. Inter-pellet interval durations were randomly selected 

without replacement from a list that was constructed using an algorithm developed by Catania 

and Reynolds (1968). The sessions were completed after 155 pellet deliveries (150) minutes and 

three daily sessions were conducted.  

Lever Training 

After the magazine training, the rats underwent a single session of differential-

reinforcement of other (DRO) behavior with the left and right levers present. The session started 

with a 30 second acclimation period followed by the illumination of both the house light and the 

left stimulus light. A single lever press on the left lever would deliver a pellet if no additional 

lever presses occurred within 15 seconds. Left-lever presses during the 15 second period reset 
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the timer and right-lever presses reset and suspended the timer until a subsequent left-lever press 

was made. The duration of the session was 120 minutes.  

Five conditional-discrimination sessions were administered across 12 days in the second 

operant procedure. The standard 30-s acclimation period started the session followed by the 

illumination of the house light and either the left or right stimulus light. If the lever that had the 

light illuminated above it would produce a food pellet when pressed followed by a 10-s inter-trial 

interval (ITI). The stimulus light presentation was randomized across trials and no more than 

three of the same stimulus locations could occur successively. The sessions were finished after 

50 trials or 90 minutes.  

Inter-Temporal Choice 

 Each session started with the standard 30-s acclimation period and consisted of two trial 

types: sample trials and choice trials. During a sample trial either the left or right stimulus light 

illuminated and a pellet would only be produced if that lever was pressed. Responses to the 

alternative lever did not produce a pellet. On left-lever sample trials, a left-lever press produced a 

single pellet immediately. During right-lever sample trials three pellets were delivered after a 

delay of t-s following a right lever press. The right stimulus light flashed during the delay and a 

lever press to either lever had no programmed consequence. The purpose of the sample trials was 

to ensure that both outcomes were experienced multiple times throughout the session. During 

choice trials the right and left stimuli lights were both illuminated and a press to either lever 

produced the accompanying consequence (i.e., a single pellet immediately delivered by a left-

lever press or three pellets after a t-s delay delivered after a right lever press). If the right lever 

was pressed, the left stimulus light extinguished during the delay. Two sample trials (one on each 

lever) followed by ten free choice trials composed a block of trials, with each session containing 
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up to five blocks for a total of 60 trials. The forced choice trials were arranged so that the order 

of presentation alternated each block with the order of the initial block randomized each session. 

Each trial (both within and across blocks) were separated by a 45-s compensating ITI (i.e., the 

length of the delay subtracted from the ITI). During the ITI the house light remained illuminated 

and responses to either lever had no programmed consequence. Sessions terminated following 

120-min if 60 trials were not completed.  

 The inter-temporal choice procedure began following completion of the conditional 

discrimination procedure. All rats were maintained on a 22-hr food restriction regimen. For the 

first four daily sessions, responses on either lever produced immediate food pellets (i.e., the 

“Delay” was 0 s). All rats quickly developed nearly exclusive preference for the right (3-pellet) 

lever. Following three days without a session, and beginning on the fifth session of the inter-

temporal choice procedure, responses on the on the right lever produced 3-pellets after a delay. 

The delays were initially increased according to an ascending sequence across daily sessions for 

five days (t = 1, 3, 6, 12, 24-s delay). Following two days without a session, a descending 

sequence of delays were presented across daily sessions (t = 24, 12, 6, 3, 1, 0-s delay).  

 The inter-temporal choice procedure using a 12-s delay began ten days following 

completion of the descending sequence. There were seven session using a 12-s delay presented 

over the course of ten days. Following the last session, the rats were returned to free feeding for 

five sessions and ran again using a 12-s delay for three sessions spaced across eight days. These 

12-s delay sessions were excluded from the analysis. 

Statistical Analysis 

 The R Studio package lme4 (Bates et al., 2016) was used to complete the statistical 

analyses. A multilevel modeling approach was used for all of the free-choice trials. In order to 
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find the best fitting model, the models were tested against null models by using likelihood ratio 

tests derived from AICs to determine the size of the effects (Wagenmakers & Farrell. 2004). All 

of the models were coded as categorical and the random effects of slope and intercept were 

allowed vary for each subject. Additionally, the three predictor variables (group, sequence, and 

delay) were effect-coded. This model was chosen because it quite similar to a repeated measured 

logistic regression, but can handle unbalanced data and simultaneously provide model estimates 

at the group and subject level (Gelman & Hill, 2006). Wald chi-squared tests were ran using the 

same R Studio package for the Group factor, the Sequence Factor, the Delay factor, and the 

interactions between them. Lastly, an analysis of variance (ANOVA) was performed in R Studio 

for the Group, Sequence, and Delay models.  
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Results 
 
 This study aimed to determine if a single LPS injection can cause neuroinflammation 

through microglia activation two months after treatment, and if it can cause any measurable 

behavior deficits. Microglia presence and activation was examined through 

immunohistochemical techniques using IBA-1 (Richmond, VA, FUJIFILM Wako Chemicals 

USA, Inc.) for six adult male Sprague-Dawley brains (two LPS and four controls). Behavioral 

effects were measured using eight adult male Sprague-Dawley rats (eight LPS and eight control) 

using an inter-temporal choice model with ascending and descending time delays to measure rat 

impulsivity.  

Neuroinflammation production and microglial activation   

 After viewing the slides under the microscope, we observed that our IBA-1 staining was 

successful. There was a higher density of activated microglia cells within the LPS treated 

prefrontal cortex and hippocampus tissue compared to the controls (Figure 1). The activated 

microglial cells appear brighter in color and have larger cell body sizes and processes. The 

microglia in the control tissue are in the “resting” state shown by their smaller size and dim color 

(Nimmerjahn et al., 2005; Hailer et al., 1996).  Figure 2 shows the control and LPS treated 

hippocampus at a higher magnification of 400X to emphasize the distinction between activated 

and non-activated microglia. At this higher magnification it is easier to notice that the activated 

microglia in the LPS hippocampus tissue have larger cell bodies and there are more of them 

present. Additionally, in Figure 2, the microglia in the LPS treated tissue have a greater amount 

of processes, or branches, denoting an increased level of hypertrophy (Nakajima et al., 2001).  

 Therefore, after analyzing these images, we observed that a single injection of LPS after 

2 months was sufficient to induce neuroinflammation reflected by an increased number of 
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activated microglia cells denoted by Figure 1 & Figure 2. Also, that IBA-1 is a sufficient stain to 

utilize for viewing the activation state of microglia (Figures 1 & 2).  
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Figure 1. A single LPS injection was sufficient to activate microglia cells in the prefrontal cortex and 
hippocampus two months after treatment. These images show microglia cells from control and LPS tissue 
samples of the prefrontal cortex and hippocampus at a magnification of 100X and excited at a wavelength of 488 
nm. Tissue samples were stained with IBA-1 in order to view the state of the microglia, either “resting” or activated. 
As shown in the images, the microglia from the control tissue are in the “resting” state, denoted by their dim color 
and small cellular bodies and processes. The microglia from the LPS tissue are in the activated state due to their 
brighter color and larger cell body and processes.  
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Figure 2. LPS and Control hippocampus tissue at a higher magnification to 
allow for better differentiation in microglia activation state. Tissue samples 
were excited at a wavelength of 488 nm and viewed at a magnification of 400X. 
The “resting” microglia in the control tissue have much smaller cell bodies and 
processes and are much dimmer, while the activated microglia are much brighter 
and have larger cell bodies and processes that branch out.  
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Rat Behavior Analysis 

A multilevel modeling approach was used for all of the free-choice trials using the R 

package lme4 (Bates et al., 2016). A generalized mixed effects model specified a binomial error 

distribution for the choice variable, which was choice for either the delayed three-pellet option 

(1) or the immediate one-pellet option (0) in each free-choice trial. The probability of choosing 

the three-pellet option as a function of Group (control or LPS), Sequence (ascending or 

descending), Delay (0, 1, 3, 6, 12, 24 s) and all possible interactions was predicted by the fixed 

effects. Models were tested against null models, (a modified nested version of the model, the 

Null-Group model is identical to the Full-Model except it excludes the group factor) using 

likelihood ratio tests derived from the AICs to determine the size of the effects (Wagenmakers & 

Farrell, 2004). All model factors were coded as categorical, and in all models, the random effects 

of slope and intercept were allowed vary for each subject. Also, the three predictor variables 

were effect-coded.  

The best fitting model in the Free-Feeding experiment included the full model with the 

Group factor, the Sequence factor, the Delay factor, and their interactions. According to the 

likelihood ratio test, the best model was not more likely than the Null-Group model (χ2 (12) = 

14.23, p = 0.286), more than 1000 times more likely that the Null-Sequence model (χ2 (19) = 

1044, p < 0.001), and more than 1000 time more likely than the Null-Delay model (χ2 (45) = 

447.03, p < 0.001).  Full ANOVA results are shown in Table I. Shown in Figure 1 is a visual 

representation of the average 3-pellet choices (left) and the fixed and random effects for the best 

fitting model (right). Shown in Table 1 (top) are the Wald chi-square statistical results 

summarizing the fixed effects. The proportion choice for the 3-pellet option consistently 

decreased as the delay increased (p < 0.001); the proportion was generally lower in the 
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descending sequence (p < 0.001). However, no group difference was detected (p =0.45) 

therefore, there was no measurable difference in the impulsivity between the control and LPS 

rats.   
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Figure 3. Overall (±s.e.) model estimates for proportion choice (fixed effect, left panels), and 
individual (random effect, right panels) model fits as a function of the delay for the 3-pellet 
option, Sequence (ascending, top row; descending, bottom row), and Group (LPS, filled circles; 
control, open circles). Delay was separated by vertical dotted lines for the model estimates 
because delay was treated as a factor variable. Solid grey lines the right column separate Group, 
and the horizontal bars in the right column show average model estimates.   
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           Table I. Wald chi-square fixed-effects statistical results for behavioral assay experiment 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chisq Df Pr(>Chisq)
(Intercept) 6.3487 1 0.01175 *
fDELAY 106.1622 5 2.20E-16 ***
GROUP 0.566 1 0.45183
SEQ 68.3394 1 2.20E-16 ***
fDELAY:GROUP 3.5827 5 0.61091
fDELAY:SEQ 76.2347 5 5.14E-15 ***
GROUP:SEQ 0.3144 1 0.57501
fDELAY:GROUP:SEQ 3.0382 5 0.6941
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Discussion 
 

The purpose of this study was to examine if a single LPS injection produces 

neuroinflammation and microglial activation after 2 months when compared to control brains. 

Also, to test if a single LPS injection was sufficient to show any measurable behavior deficits 

and an increase in impulsivity in male adult Sprague-Dawley rats two months after the injection. 

Six Sprague-Dawley adult male brains were used to examine the effects LPS has on 

neuroinflammation and microglial activation (two control brains and four LPS brains). For the 

behavioral assay, eight Sprague-Dawley adult male rats were used (four control and four LPS).  

Neuroinflammation and Microglia 

 In the current investigation, a single dose of LPS was sufficient to cause a noticeable 

difference in the neuroinflammatory state and microglial activation between groups. LPS brains 

had a noticeably greater amount of activated microglia in both the prefrontal cortex and 

hippocampus regions. We chose to stain the tissue samples with IBA-1 because it is an actin-

binding protein and is a cell-specific marker that effectively immunostains microglia in human 

and animal tissues (Ahmed et al., 2007).  One limitation of this study was the amount of time 

available. If more time as allotted, we could have quantified the activated microglia in each brain 

region to see if there was a noticeable difference in certain areas. Based on the images alone, the 

LPS hippocampus regions seem to contain more activated microglia, however the only way to 

know for sure would be through quantification. Future studies should analyze all brain regions 

for activated microglia and quantify the cells present. This would lead to further investigations 

on which brain regions are affected most by a single LPS dose two months after the treatment, 

and more prone to neuroinflammation, if any differences were observed. These future 

investigations could also aid in the understanding of how rapidly neuroinflammation can occur in 
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certain brain regions and how this could affect the pathology of the brain in regards to issues 

such as waste clearance and neurodegenerative diseases.  

Behavior Model 

 We expected that as the delay increased, the LPS-treated rats would show a higher 

proportion choice for the single-pellet option when compared to the control group. The 1-pellet 

choice would elicit the reward right away, but would require more work and would therefore, be 

the more impulsive choice rather than waiting during the delay but receiving more pellets. We 

did find that proportion choice for the 3-pellet option consistently decreased as the delay 

increased (p<0.001) and the proportion was generally lower in the descending sequence   

(p < 0.001), however, there was no significant difference between groups (p=45). Based on this 

study, we cannot conclude that a single LPS injection is sufficient to produce measurable 

behavior deficits two months after the treatment. Our sample size was quite small with only 8 

subjects, so this procedure should be repeated with a much larger sample to see if there would be 

a significant difference between groups. To our knowledge, there have been no other 

investigations in regards to the effects an LPS injection has on rat impulsivity, so further 

investigations with a larger sample size could be quite intriguing. Additionally, following the 

same model but running tests at different time points post-injection could be insightful to see if 

time would yield the results. Other studies studying the effects a single dose of LPS has on rat 

behavior collected data around 7-10 months post-treatment, so running this model at shortly after 

the injections and several months later could be beneficial (Suresh 2018; Czerniawski et al., 

2015; Bossú et al., 2012; Qin et al., 2007).  Using the same model but with numerous species 

might provide some insightful results as well to see if there is a noticeable variance in behavior. 

Suresh (2018) tested a similar behavior model to Bossú et al. 2012, but did not observe a motor 
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hypoactivity in the LPS animals like Bossú and colleagues did. Suresh stated that this difference 

in result could be attributed to a strain difference as Bossú and colleagues used Wistar rats and 

Suresh used Sprague-Dawley. It could be possible that Sprague-Dawley rats respond differently 

to LPS than other species do. Collecting datasets with several species could aid in pinpointing 

any variance in how LPS effects different rat strains.  

Future medical advances 

 The hopes of using these animal models to investigate neuroinflammation and the effects 

it has on behavior and the brain itself, is to lead to a better understanding of how 

neuroinflammation is affecting humans in regards to neurodegenerative diseases and brain 

injuries. The goal of this preliminary study on the effects LPS has on the rat brain and 

impulsivity, was to set the groundwork for future studies that could potentially lead to a better 

understanding of impulsive behavior in humans and new approaches to therapies and treatments. 

The frontal cortical areas of the brain are responsible for overseeing behavioral control through 

executive functions, which include abstract thinking, attention, planning, motivation, and 

inhibition of impulsive responses (Crews et al., 2009). Impulsiveness is considered to be 

premature, unduly risky, poorly conceived actions and dysfunctional impulsivity includes lack of 

reflection, attention, and/or insensitivity to consequences. Additionally, impulsivity includes 

suppressing responses, poor evaluation of consequences and/or an inability to favor greater 

delayed rewards over immediate small rewards (Crews et al., 2009). Crews and colleagues 

examined impulsivity in the context of addiction to better understand the areas of the brain 

effected and how therapies could target the affected areas during the recovery process. (Crews et 

al., 2009). They found that damage to the frontal cortical region from alcohol increased 

neuroinflammation, neurodegeneration, and impulsive behavior. The discovery of the key role of 
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the frontal cortex in addiction provided new approaches to therapy for recovering alcoholics and 

that abstinence from alcohol induces brain regrowth and return of some cognitive abilities. 

Additionally, they found that addiction therapies that focus on enhancing abstinent brain activity 

and growth could become new approaches to treating addiction (Crews et al., 2009).  

 In addition to addiction, there are other diseases that lead to impulsive behavior. One of 

the key symptoms of Alzheimer’s disease (AD) is aggressive and impulsive behaviors, and 

individuals with more severe cognitive deficiencies demonstrate a greater intensity of these 

behaviors (Bidzan et al., 2012).  Medications have been established to help calm AD patients 

when they are expressing aggressive and impulsive behaviors, but permanent treatments are still 

yet to be discovered (Bidzan et al., 2012; Chung et al., 2000). Further investigations using animal 

models as a basis to investigate the effects of neuroinflammation has on brain functions and 

behavioral deficits, will allow us to step closer to the possibility of novel therapeutic approaches 

in treatments of several neurogenerative diseases and disorders. 

Conclusion 

 Based on the results of this study, a single LPS injection activates microglia two months 

after injection. Future studies can be conducted to better understand the instigators of 

neuroinflammation, the time scale in which the inflammatory process occurs, and if there are 

areas in the brain that are affected differently. Although there are no measurable behavioral 

deficits from a single LPS injection two months after treatment, to our knowledge, this is the first 

study to examine the relationship between LPS and impulsive behavior in rats. With the model of 

this preliminary study, further investigations can be conducted with larger sample sizes and at 

different time periods to see if a difference in impulsivity can be measured between groups. 

Furthermore, as the prevalence of neurodegenerative diseases increases, future studies expanding 
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from this one are important to allow for a better understanding of the relationships between 

neurodegenerative diseases, neuroinflammation and what causes it, and how it can be prevented 

and treated.  
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