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ABSTRACT 

James Francis Perna III 

Perinatal penicillin exposure affects cortical development and adolescent sensory 

processing 

BACKGROUND: Recent epidemiological and experimental work has raised concern that 

the use of antibiotics during early-life may have long-term detrimental consequences for 

children’s metabolic, immunological, and neuropsychological health. The effects of penicillin 

on the central nervous system (CNS) is not well understood. 

METHODS: We studied the effects of perinatal penicillin exposure (PPE) on brain structure 

and function in mice. Mice were maternally exposed to penicillin by administering a 

therapeutically relevant dose of penicillin to pregnant and nursing dams in their drinking 

water. We used a battery of behavioral tests to evaluate anxiety, working memory, and 

sensory processing at adolescence and immunohistochemistry to quantify changes in 

parvalbumin-expressing inhibitory interneurons (PV INs), perineuronal nets (PNNs), as well 

as microglia density, morphology, and dynamics. In addition, we used RT-qPCR and ELISA 

assays to examine systemic and cortical inflammatory states. Furthermore, we performed 

mesoscale Ca2+ in vivo imaging of awake adolescent mice to study neural activity and 

functional connectivity across cortical regions and two-photon in vivo imaging of sedated 

adolescent mice to monitor dendritic spine as well as microglial dynamics.  
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RESULTS: We found that PPE mice had altered sensory processing, including impaired 

texture discrimination and augmented prepulse inhibition. These behavioral abnormalities 

were associated with decreased functional connectivity and increased neuronal activities 

across the cortex as well as within the somatosensory cortex. Furthermore, PPE mice showed 

delayed maturation of PV INs in the somatosensory cortex, as well as significantly lower 

density of dendritic spines on the apical dendrites of layer 5 pyramidal neurons therein driven 

by an increased elimination rate. Interestingly, while the density and baseline terminal tip 

dynamics of cortical microglia were not altered, their ramifications and spatial coverages 

were significantly increased in the PPE mouse brain, resulting in overlapping territories 

between neighboring microglia.  

CONCLUSION: This work demonstrates that early-life penicillin exposure can disrupt 

cortical development and neuronal circuit formation, leaving lasting effects on brain 

functions. More generally, it broadens our awareness of how the neurobiological and 

behavioral development of our children may be vulnerable to early-life antibiotic exposure. 

Furthermore, it offers insight into a potential mechanistic chain linking antibiotic exposure, 

microbiota perturbation, immunological signaling, neuronal development, and behavior as 

well  as exploring the potential to exploit the gut-brain interaction to treat neurological and 

behavioral malfunctions, thus, helping to ensure that children exposed to antibiotics have the 

health and wellbeing to live free from disease or disability. 
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CHAPTER 1 | INTRODUCTION 

A HISTORICAL OVERVIEW OF ANTIBIOTICS 

Antibiotics in Early History 

The threat of infection was common to all early societies and peoples. Compelling 

archaeological and written evidence strongly substantiates the inference that the development 

and conscious administration of somewhat effective therapies to counter it can be traced back 

to ancient peoples across Europe, Africa, and Asia (Gould, 2016). These evidence include 

traces of tetracycline, a broad spectrum antibiotic that inhibits bacterial protein synthesis by 

binding to the bacterial ribosome, in ancient skeletal remains from Sudanese Nubia (circa CE 

350-550) (Bassett et al., 1980) and from a late Roman period tomb in the Dakhleh Oasis, 

Egypt (circa CE 400-500) (Cook et al., 1989). They also include historical references from 

ancient Egypt, China, Serbia, Greece, and Rome citing the salubrious effects of applying 

moldy bread (Gould, 2016) as well as from Jordan citing the ability of the red soils from the 

Mediterranean region to treat skin infections (Falkinham et al., 2009). Enabled by the 

scientific and technological advance of the last two centuries, we have developed an 

appreciation for how the molds, plant extracts, metals, and/or soil that constituted these 

therapies were able to exert their therapeutic effect. The effort to understand the mediating 

mechanisms as well as to improve the efficacy of treatments led to the discovery and 

synthesis of hundreds of antibiotic molecules.  
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The Discovery of Antibiotics 

The beginning of the modern ‘antibiotic era’ is demarcated by the work of Paul Ehrlich, 

Alexander Flemming, as well as Ernest Boris Chain and Howard Florey. In the early 

twentieth century, Ehrlich postulated that “magic bullet” compounds existed that would be 

capable of selectively killing disease-causing microbes. Inspired by this conviction, he 

conceived and established a screening approach for identifying a compound that would be 

capable of curing syphilis, a venereal disease caused by the bacterium Treponema pallidium. 

The success of his work initiated a medical discipline, chemotherapy, and established his 

large-scale systematic screen as a standard for the scientific community and pharmaceutical 

industry (Aminov, 2010). While thousands of drugs have been identified in Ehrlich-like drug 

screens, including a number of antibiotics, the discovery of penicillin, one of the first and 

most widely prescribed antibiotic, was slightly more serendipitous and targeted. In the late 

1920s, Flemming observed the inhibitory activity of the mold Penicillium notatum against 

bacteria. His subsequent experiments demonstrated that P. notatum broth filtrate had 

bacteriostatic, i.e. capable of arresting bacterial growth and/or reproduction, and bactericidal, 

i.e. capable of killing bacteria, action against a number of species in the Staphylococcus, 

Streptococcus, Bacillus, and Neisseria genera (Fleming, 1929). While Flemming was unable 

to isolate the active substance within the broth, his findings piqued the interest of Chain. In 

collaboration with Florey, a purification protocol was developed and the pharmacologically 

active compound was shown to have therapeutic effects in vivo (Chain et al., 1940). This 

preparation method enabled the mass production and distribution of penicillin in the 1940s 

and kicked off a search for new antibiotics. Following the identification of benzylpenicillin, 
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the penicillin that Florey and Chain had identified, the scientific community and 

pharmaceutical industry identified and synthesized more than 20 other penicillins. 

Antibiotics and Bacteria 

Bacteria are spherical- (cocci), rod- (bacillus), or spiral- (spirilla/spirochetes) shaped 

prokaryotic microorganisms that typically grow to be a few micrometers in size. Bacteria are 

typically selected for either aerobic or anaerobic life, solitary or community life, as well as, in 

some cases, life inside the body of a host creature. In most bacteria, a single inner cytoplastic 

compartment, containing all the necessary molecules for life (e.g. DNA, RNA, protein, etc.), 

is enveloped by a plasma membrane and a cell wall. The bacterial cell wall is comprised of 

layers of peptidoglycan, a matrix formed by the cross-linking of polysaccharide chains 

together through peptide bridges. The bacterial cell wall and can be used to classify bacteria 

into one of two bins. The cell walls of Gram-positive bacteria have approximately 30 - 100 

nm of peptidoglycan layers that are embedded with teichoic acids which stabilize the 

structure and, in some cases, enable binding to host cells under pathogen, commensal, or 

symbiotic circumstances. The cell walls of Gram-negative bacteria have approximately 4 nm 

of peptidoglycan layers. Beneath this peptidoglycan structure, and above the plasma 

membrane, is a periplasmic space which is occupied by a gel-like matrix. Above this 

peptidoglycan structure, and anchored to it by murein lipoproteins, is an outer membrane 

(Alberts et al., 2008; Parker et al., 2016). This outer membrane is an asymmetric lipid bilayer 

that has inner and outer leaflets comprised of phospholipids and lipopolysaccharide (LPS) 

molecules respectively. Each LPS molecule can be structurally dived into three distinct 

domains: the outer O-antigen, the core oligosaccharide, and the inner, more or less acylated 
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and more or less phosphorylated, lipid A. The LPS molecules function as a barrier to stress 

factors surrounding the Gram-negative cell while also serving, for better or worse, as a 

recognizable pattern for host cells (Steimle et al., 2016). In addition to the cell wall, some 

bacteria have the ability to form glycocalyces, additional cell envelope structures beyond the 

cell wall, that can facilitate adhesion to host cells as well as the formation of biofilms. 

Bacteria create biofilms by secreting extracellular polymeric substances (e.g. 

polysaccharides, extracellular DNA, proteins, and lipids) which form complex matrices in 

which communities of bacteria may be embedded. Biofilms confer many advantages to their 

resident bacteria including functioning as a physical barrier to antibiotics, thereby, preventing 

the antibiotic from entering the cytoplasmic compartment and exerting its affect (Parker et al., 

2016). Generally, an antibiotic can be classified by the mechanism of action it uses against 

susceptible bacteria. Cell wall-targeting antibiotics inhibit the synthesis of the bacterial cell 

wall. With regards to cell wall-targeting antibiotics, the specificity to bacteria and the broad 

susceptibility across many bacterial phyla and genera is largely due to the facts that bacterial 

cell walls are distinct from the cell walls of the other domains as well as the significant 

degree of conservation in the formation of the peptidoglycan layers within the domain of 

bacteria (Nikolaidis et al., 2014). Ribosome-targeting antibiotics inhibit bacterial protein 

synthesis by binding to either the 30S or 50S ribosomal subunit of the prokaryotic ribosome. 

With regards to ribosome-targeting antibiotics, the specificity to bacteria and the broad 

susceptibility across many bacterial phyla and genera is largely due to the facts that the 

prokaryotic ribosome is distinct from the eukaryotic ribosome as well as the significant 

degree of conservation within the genes that encode the rRNA subunits (Wilson, 2014). One 

of these genes, the 16S ribosomal RNA (rRNA) gene which encodes the RNA component of 

the 30S subunit, has been proven to be particularly useful in the phylogenetic and taxonomic 
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analysis of bacteria and bacterial communities. Specifically, sequencing of the 16S rRNA 

gene currently enables the taxonomic identification of bacteria at the genus level (Janda and 

Abbott, 2007) allowing us to better understand bacterial infection-related diseases and 

combat them. 

Antibiotics in Early 20th Century Medicine 

Over the course of the twentieth century there was a precipitous decline in infection-related 

mortality and morbidity. In 1900, infectious diseases, such as pneumonia, tuberculosis, as 

well as enteritis, were the leading causes of death in the United States. The same year, 

American children younger than 5 years made up 30% of all deaths and 40% of infectious 

disease-related deaths (1999). In our time, degenerative diseases, such as heart disease and 

cancer, have replaced infectious diseases as the leading causes of death in the United States.  

American children younger than 5 years make up 0.14% of all deaths in the United States. Of 

those deaths, less than 5% can be attributed to infectious diseases. Furthermore, as of 2017, 

99.7% of American children were expected to live past 5 years of age (Heron, 2019). With 

regards to bacterial infection-related diseases, we attribute much of this success in combating 

bacterial infection-related diseases to better hygiene as well as the discovery and use of 

antibiotics. The use of antibiotics in pediatric medicine appears to be not without some 

negative consequences however. Early-life antibiotic exposure has been associated with 

allergies and asthma (Kummeling et al., 2007; McKeever et al., 2002; Stensballe et al., 2013) 

as well as obesity (Bailey et al., 2014; Trasande et al., 2013).  It has been proposed that 

bacteria, the primary target of antibiotics, may be mediating these and other defects. 
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Antibiotics and the Microbiota 

Over the course of the first few years of human life, the infant/child’s body space is 

colonized, most abundantly within the gastrointestinal (GI) tract, by communities of bacteria, 

fungi, and archaea, collectively termed “microbiota” (Turnbaugh et al., 2010; Yatsunenko et 

al., 2012). The constituent species and their relative abundances is initially determined by 

birth, genetics, the environment, and body habitat but is then affected heavily by lifestyle 

factors such as exercise, diet, drugs and medications as well as infections and diseases 

(Costello et al., 2009; Filippo et al., 2010; Jackson et al., 2018; Lemon et al., 2012; Maier et 

al., 2018). The capacity to compositional change enables a process whereby relatively diverse 

and stable symbiotic communities well-adapted to their respective niches can be established 

over the first few years and weeks of life in humans and mice respectively (Rodríguez et al., 

2015a; Schloss et al., 2012; Tanaka and Nakayama, 2017; Yatsunenko et al., 2012). 

Significant perturbations to the composition, richness, and/or diversity of these communities 

can amount to states of dysbiosis. Such states resulting, and particularly those resulting from 

antibiotic exposure in pediatric or obstetric medicine, are thought to have lasting detrimental 

effects on the health and wellness of developing children (Francino, 2016; Wilkins et al., 

2019). 

PENICILLINS AND THEIR USE IN MEDICINE 

The Structure and Antibacterial Mechanism of Penicillin 
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All penicillins share a basic structure consisting of a thiazolidine ring, a β-lactam ring, and a 

side chain. Together, the thiazolidine and β-lactam rings constitute the antibacterial core of 

the molecule. The side chain, in contrast, largely determines the pharmacologic properties as 

well as the susceptible bacterial genera (Doi and Chambers, 2015). Mechanistically, the 

bacteriostatic action of penicillins is via the binding and inhibition of transpeptidase enzymes. 

As these enzymes mediate bacterial cell wall biosynthesis by covalently cross-link 

peptidoglycan polymers together, their binding and inhibition by penicillins obstructs the 

assemble of the polymer matrix that is the cell wall. The bactericidal action is thought to 

occur as a consequence of this compromised peptidoglycan matrix integrity as well as the 

induction of cellular stress responses (Kohanski et al., 2010).  

The Use of Penicillin in Modern Medicine 

Penicillins are readily absorbed and distributed throughout the body, with a notable exception 

of the central nervous system. Their therapeutic effectiveness is, in large part, due to this 

ability to disseminate in combination with high levels of activity against susceptible 

pathogens and the low levels of toxicity (Nau et al., 2010). Each penicillin can be assigned to 

one of five classes. Phenoxymethylpenicillin (penicillin V, PenV) is a natural penicillin, a 

class that is most active against Gram-positive bacteria, anaerobes, and selected Gram-

negative cocci (Doi and Chambers, 2015). In obstetric and pediatric medicine, it is 

administered at doses of 500 – 2000 mg per day and 25 – 50 mg / kg per day, respectively, to 

treat Streptococcal, Pneumococcal, and Staphylococcal infections (Czeizel et al., 2000; Doi 

and Chambers, 2015; US Food and Drug Administration).  
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Neurobiological Dangers of Early-Life Antibiotic Exposure 

Antibiotics have revolutionized medicine and saved countless lives. Over the past few 

decades, they have been extensively used in pediatric care in developing and developed 

countries alike (Rogawski et al., 2017; Youngster et al., 2017). In the United States, 

physicians and health care professionals prescribe antibiotics, particularly β-lactam 

antibiotics such as PenV, more than any other drug to pregnant women as well as to infants 

and young children (Hales et al., 2018; Hicks et al., 2015). However, accumulating evidence 

is beginning to suggest that early-life antibiotic exposure may have long-lasting adverse 

effects on the health and wellness of children (Ahmadizar et al., 2017; Arrieta et al., 2014; 

Clausen et al., 2016; Cox and Blaser, 2015; Trasande et al., 2013; Vrieze et al., 2014).  

particularly with regards to brain development (Dinan and Cryan, 2017; Rogers et al., 2016). 

To this point, early-life antibiotic exposure has been epidemiologically correlated with lower 

intelligence, reading, and social scores as well as higher behavioral difficulty scores 

suggesting that it may be a risk factor for attention deficit (hyperactivity) disorder 

(ADD/ADHD) as well as depression and anxiety disorders (Slykerman et al., 2017, 2019). 

Penicillin exposure in the second and third trimesters have also been epidemiologically 

associated with increased risk of Autism Spectrum Disorder (ASD) (Atladóttir et al., 2012). 

Corroborating these findings, rodents subjected to various antibiotic regimens have been 

found to exhibit a number of behavioral abnormalities, including decreased sociability 

(Desbonnet et al., 2014; Leclercq et al., 2017), increased anxiety behaviors (Tochitani et al., 

2016), and increased visceral hypersensitivity (O’Mahony et al., 2014).  

NEUROPSYCHIATRIC DISORDERS 
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The Cells of the Nervous System 

The fundamental units of the nervous system are neurons and glial cells. Neurons are 

electrically excitable cells capable of propagating chemical and electrical signals through 

neural circuits via synaptic junctions. The archetypal neuron can be structurally dived into 

three distinct domains: the dendritic arbor, the cell body (soma), and the axon. As a rule, 

synaptic input of a propagating signal is mediated by small postsynaptic membranous 

structures protruding out of the dendritic arbor, “dendritic spines,” whereas synaptic output is 

relayed on to subsequent neurons via axon terminating presynaptic structures, “terminal 

boutons.”  Neurons can be excitatory, in that their presynaptic activity increases the 

probability that subsequent neurons are excited, or inhibitory, in that their presynaptic activity 

decreases the probability that subsequent neurons are excited. Driven by activity, they are 

organized into neural circuits, ensembles of neurons interconnected by synapses. Glia are 

homeostatic cells that are thought to also take part in facilitating the formation and 

maintenance of neural circuits. There are four types of glia: astrocytes, oligodendrocytes and 

Schwann cells, as well as microglia. Astrocytes provide structural and metabolic support for 

neurons while also contributing heavily to the maintenance of the extracellular environment. 

Oligodendrocytes and Schwann cells wrap the axons of neurons in myelin sheaths thereby 

increasing the conduction velocity of electrical signals. Microglia are generally thought to 

function as the immune cells of the nervous system (Hanisch and Kettenmann, 2007). 

The Structure of the Nervous System 
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The nervous system can be divided into two component systems that intimately interact with 

one another: the central nervous system (CNS), comprised of the brain and the spinal cord, 

and which is separated from peripheral tissues by the blood-brain barrier (BBB), and the 

peripheral nervous system (PNS), comprised of the nerves and ganglia outside of the CNS. 

The function of the PNS is to create and relay sensory and motor input to the CNS and relay 

CNS output to affect motor output. The function of the CNS is to analyze and integrate 

sensory and motor information  as well as to provide output to the PNS. In mammals, much 

of this information is processed by the cerebral cortex, a thin laminar structure that surrounds 

the cerebrum, and the neocortex in particular, the most developed of the cortices that together 

constitute cerebral cortex. By and large, the cerebral neocortex has six layers that are 

distinguished from one another by distinct populations of cells, neural circuits, and general 

functions (Molyneaux et al., 2007; Rakic, 2009; Tremblay et al., 2016). Through these six 

layers, vertical cortical columns are thought to exist that form the iterative functional units, 

“minicolumns” or “modules,” of the neocortex. In turn, these columns are understood to be 

organized into higher order cortical regions such as the sensory and motor cortices as well as 

the association cortices (Mountcastle, 1957, 1997). Canonically, information from the 

periphery primarily enters cortical modules via thalamic projects to layer 4, the granular layer 

of the neocortex. Layer 4 projects heavily to the superficial supra-granular layers (layers 2 - 

3) as well as, to a lesser degree, the deeper infra-granular layers (layers 5 - 6) The superficial 

layers project within themselves, to other cortical modules, as well as, to layer 5. Layer 5 

projects superficially the supra-granular and granular layers, to subcerebral targets, as well as 

deeper into layer 6. Layer 6 projects to subcerebral targets as well as up to layer 4 (Harris and 

Mrsic-Flogel, 2013; Rolls and Mills, 2017). To put it crudely, it is generally thought that 
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information is received by the granular layer, processed by the supra-granular layers, and 

projected to other areas of the brain by the infra-granular layers.  

The Nervous System and Its Disorders 

It has been argued that the pathogenesis of a number of neuropsychiatric disorders is due, a 

least in part, to disruption of cortical modules and/or perturbations to how information flows 

through their circuits (Casanova et al., 2002; Casanova, 2008; Casanova et al., 2010; Opris, 

2013; Sibille and French, 2013).  

Neuropsychiatric Disorders and Abnormal Sensory Processing 

Sensory processing refers broadly to the processes by which sensory information is created 

by the PNS and interpreted, integrated, and responded to by the CNS. It develops through 

early life in an experience-dependent manner (Lickliter, 2011). Abnormal sensory processing 

has been observed in a number of neurodevelopmental disorders (Ben-Sasson et al., 2009; 

Liss et al., 2005) including ADHD (Mangeot et al., 2001; Parush et al., 2007) and ASD 

(Marco et al., 2011), in which defects were strongly associated with symptoms of depression 

and anxiety (Bitsika et al., 2016; Liss et al., 2008; Mazurek et al., 2013; Reynolds and Lane, 

2009). In these diseases, sensory processing defects may manifest as hyper- or 

hyposensitivity to sensory stimuli as well as impaired discrimination abilities (American 

Psychiatric Association, 2013; Ghanizadeh, 2011; Williams et al., 2006). As defects in 

sensory processing can be quantitatively measured and analyzed in rodent models as well as 
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human patients, they may serve as biomarkers for neuropsychiatric disorders and their 

subtypes 25(Harrison et al., 2019; Sinclair et al., 2017). 

Neuropsychiatric Disorders and Abnormal Inhibitory Circuits 

GABAergic inhibitory neurons and their circuits mature postnatally (Grateron et al., 2003; 

Le Magueresse and Monyer, 2013; Letinic and Kostovic, 1998; del Río et al., 1994).  They 

oversee the flow of information within circuits by modulating the activities of local neurons 

and are thus pivotal regulators of neural development and function (Balmer et al., 2009; 

Condé et al., 1996; Fuchs et al., 2007; Huang et al., 1999; del Río et al., 1994; Rudy et al., 

2011a; Sparta et al., 2014). Their defects have been implicated in many psychiatric disorders 

including ADHD and ASD as well as depression and anxiety disorders (Edden et al., 2012; 

Hashemi et al., 2017; Luscher et al., 2011; Marín, 2012; Möhler, 2012; Puts et al., 2017; 

Wöhr et al., 2015). In the cerebral cortex, GABAergic inhibitory interneurons can be 

classified via the expression of one of three markers: the Ca2+ binding protein parvalbumin 

(PV), the neuropeptide somatostatin (SST), and the ionotropic serotonin receptor 5HT3a 

(5HT3aR) (Rudy et al., 2011a). Respectively, these three classes constitute approximately 

40%, 30%, and 30% of the cortical GABAergic population. These classes and their 

subclasses differ morphologically, electrophysiologically, in their laminar distribution, as 

well as with regards to their synaptic partners and the subcellular location of their synapses 

(Rudy et al., 2011a; Tremblay et al., 2016). Of the three classes, PV interneurons are believed 

to be the particularly vulnerable and their dysfunction is thought to play a large part in a 

number of neuropsychiatric disorders (Ferguson and Gao, 2018). PV interneurons are 

characterized by an ability to fire sustained high-frequency trains of short action potentials 
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(“fast spiking”) without adaptation and with a large amplitude afterhyperpolarization. These 

firing patterns enable PV interneurons to direct intense, precise, and rapid inhibitory input 

onto their neighboring excitatory neurons, regulating excitatory spike timing via feedforward 

inhibition (Ferguson and Gao, 2018; Pouille and Scanziani, 2001; Wehr and Zador, 2003). 

The PV interneuron class can be divided into two morphological distinct subclasses: basket 

cells, the subclass distinguished by a multipolar morphology and whose axonal arbors 

disperse horizontally, and chandelier cells, the subclass distinguished by axonal arbors that 

form distinct arrays of vertically organized axon terminals, resembling the candlesticks of a 

chandelier  (Ascoli et al., 2008; Kawaguchi and Kubota, 1997; Povysheva et al., 2013; 

Woodruff et al., 2011). It is also often associated with extracellular matrix chondroitin sulfate 

proteoglycan-containing structures, perineuronal nets (PNNs), that form and condense around 

PV interneuron over the course of development (Baker et al., 2017; Bradshaw et al., 2018).  

These structures, which can be labeled with Wisteria floribunda lectin/agglutinin (WFL), a 

lectin that binds the aggrecan component of PNNs, are generally thought to protect the PV 

interneurons from oxidative stress, help regulate neuronal activity and synaptic plasticity, 

facilitate the high firing frequencies by decreasing membrane capacitance, and increase the 

stability of sensory circuits (Fawcett et al., 2019; Tewari et al., 2018). 

THESIS OVERVIEW 

Antibiotics are among the most commonly prescribed drugs in obstetric and pediatric 

medicine (Hicks et al., 2015; Hales et al., 2018). Alarmingly, accumulating evidence 

indicates that early-life antibiotic exposure may be a risk factor for a number of metabolic, 

immunological, and neuropsychiatric disorders (Ahmadizar et al., 2017; Arrieta et al., 2014; 
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Atladóttir et al., 2012; Clausen et al., 2016; Cox and Blaser, 2015; Dinan and Cryan, 2017; 

Rogers et al., 2016; Slykerman et al., 2017, 2019; Trasande et al., 2013; Vrieze et al., 2014). 

My long-term objective in pursuing this thesis work was to further our understanding of how 

antibiotics affect a child’s neurodevelopment and its vulnerability to neuropsychiatric 

maladies such as ASD, ADHD, as well as depression and anxiety disorders. Using the mouse 

as a model organism, I sought, more specifically, to determine how early-life penicillin 

exposure affects the development of neural circuits in the cerebral cortex and their associated 

behaviors, with a focus on the sensory processing region and sensory processing behaviors. 

To accomplish this, I subjected mice to a therapeutically-relevant perinatal penicillin 

exposure (PPE) regimen (Doi and Chambers, 2015; Leclercq et al., 2017). I found that PPE 

significantly increased sensorimotor gating and impaired the ability to discriminate between 

textures. Furthermore, I found that PPE mice had a significantly decreased density of 

parvalbumin-expressing inhibitory (PV) interneurons in layer 4 of the barrel fields of the 

primary somatosensory cortex (S1BF) as well as a significantly decreased density of PV 

interneurons surrounded by WFL+ immunoreactive PPNs in layers 4 and 5/6. Additionally, I 

found that PPE significantly affected the functional properties of neuronal networks across 

the cerebral cortex and particularly within sensory processing regions. I also observed that 

PPE induced significant changes to the morphology and dynamics of microglia in the S1BF 

and significantly decreased the spine density on the apical dendrites of S1BF L5 pyramidal 

neurons.  
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CHAPTER 2 | MATERIALS AND METHODS 

EXPERIMENTAL ANIMALS 

Snap25-GCaMP (JAX#025111), Thy1-YFP-H (JAX#003782), and Cx3cr1-GFP 

(JAX#005582) mouse lines were purchased from The Jackson Laboratory and maintained on 

the C57BL/6J background. Mice were group-housed in the UCSC animal facility, with 12h 

light-dark cycle and access to food and water ad libitum.  All animal studies were performed 

in accordance with protocols approved by the Animal Care and Use Committee (IACUC) of 

UCSC. 

PERINATAL PENICILLIN EXPOSURE (PPE) REGIMEN 

A therapeutically relevant dose of phenoxymethylpenicillin (penicillin V) was administered 

to pregnant dams in the drinking water (31 mg/kg bodyweight per day) (Doi and Chambers, 

2015; Leclercq et al., 2017) from embryonic day 16 (E16) to postnatal day 15 (P15). Dosing 

was calculated for a dam weighing 30 g with an averaged water intake of 6 mL/day between 

E16 and P6 ( i.e. 0.1550 mg ml-1 penicillin V) and 12mL/day between P7 and P15 (i.e. 0.0775 

mg ml-1 penicillin V). 

BEHAVIORAL ASSAYS 

Home cages were moved from the colony room to the behavior room at least 30 min prior to 

any handling or experiment. Animals were handled 5 min per day for 2 days in the behavior 
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room prior to any behavioral test to further acclimate them to the room and the experimenter. 

During the analysis of behavior, the experimenter was blind to treatment condition. 

Open field maze (OFM) 

Locomotion, exploratory behavior and anxiety-like behaviors were assessed using the OFM 

during the animal’s dark phase at approximately P30. The OFM arena was a 44 cm × 44 cm × 

44 cm transparent Plexiglas cage. The base of the cage was covered with a 1 cm-thick layer 

of woodchip bedding. During the test, the subject mouse was placed at the center of the arena 

and allowed to roam freely and uninterrupted for 10 min. Behavior was recorded using a 

Basler acA1300-60gm GigE camera (cat# 106200) and analyzed with EthoVision XT V10.0. 

Distance traveled, time spent moving, velocity, time spent in the arena center and periphery 

were measured. 

Spontaneous alternation Y-maze (Y-maze) 

Willingness to explore new environments and working memory were assessed using the Y 

maze during the animal’s dark phase at approximately P30. The Y-maze was an opaque 

plastic arena composed of three 35 cm × 7 cm arms diverging at 120° angles. During the test, 

the subject mouse was placed at the center of the Y-maze arena and allowed to roam freely 

and uninterrupted for 15 min. Behavior was recorded using an ELP USB camera with 2.8-

12mm VARIFOCAL lens (cat# ELP-USBFHD04H-FV) and analyzed with a custom-written 

program in Bonsai (Lopes et al., 2015). Number of entries and percentage of alternation were 

recorded as previously described (Gué et al., 2004). More explicitly, an arm entry was 
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defined by the center point of the mouse entering the central hub area and then moving into 

one of the three arms. Alternation was defined as a series of three consecutive arm entries 

into three unique arms. The maximum number of alternations was consequently the total 

number of arm entries minus two. Percent alternation was calculated by dividing the number 

of observed alternations by the maximum number of alternations. Chance performance in this 

task was 33%. 

Whisker-dependent texture discrimination task 

Investigative behavior and sensory discrimination ability were assessed using the whisker-

dependent texture discrimination task during the animal’s dark phase. The arena used was a 

38 cm × 28 cm × 23 cm opaque Plexiglas. The base of the arena was covered with a 2 cm-

thick layer of corncob bedding. The column objects used to assay investigative behavior and 

sensory discrimination ability were 3 cm × 3 cm × 9 cm wood pillars coated with either 220 

grit or 1500 grit sandpaper. The whisker-dependent texture discrimination task was 

performed as previously described (Chen et al., 2017).  

More explicitly, it was performed over three days starting at approximately P30: one day of 

group and individual acclimation, one day of individual acclimation, and one day of 

behavioral assessment. On the first day, subject mice that shared a home cage were placed 

together within the arena and allowed to roam freely and uninterrupted for 10 min. Mice were 

then returned to their home cage and the bedding was stirred and leveled. Following this 

group habituation, each subject mouse was placed within the center of the arena and allowed 

to roam freely and uninterrupted alone for 10 min. Between each trial of this individual 
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habituation, the bedding was stirred and leveled. The arena bedding used for each home cage 

was saved and reused on the second and third days for subject mice from that home cage. On 

the second day, each subject mouse was placed within the arena and allowed to roam freely 

and uninterrupted alone for 10 min. On the third day, a subject mouse was placed within the 

arena and allowed to roam freely and uninterrupted for 5 min. The subject mouse was then 

moved to a resting cage for 2 min as the arena’s bedding was stirred and leveled and two 

column objects that were coated with either 220 grit or 1500 grit sandpaper were placed 

within the arena. For the “encoding phase,” the subject mouse was placed back within the 

center of the arena and allowed to investigate the two column objects coated with the same 

texture for 5 min. The subject mouse was then moved back to the resting cage for 5 min as 

the arena’s bedding was stirred and leveled and the two encoding objects were replaced with 

two testing objects: one column object coated with the same texture presented during the 

encoding phase (“familiar) and one object coated with the texture that was not used during 

the encoding phase (“novel”). For the “testing phase,” the subject mouse was placed back 

within the center of the arena and allowed to investigate the two differently textured column 

objects for 3 min.  

All behavior was recorded using a Basler acA1300-60gm GigE camera (cat# 106200) and 

EthoVision XT V10.0. Video files were reviewed via the VideoLan VLC media player and 

the number of interactions as well as the number of frames of each interaction were recorded 

for each animal. If the mouse exhibited insufficient interest (<16 total interactions or < 10s 

total interaction time) or a bias towards one column (>60% number of interactions or 

interaction time with one object) during the encoding phase, it was excluded from the 

experiment.  
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Prepulse inhibition (PPI) of the acoustic startle response (ASR) 

The Kinder Scientific Acoustic Startle system (cat# SM-1000-II) was used to evaluate the 

ASR and the PPI of the ASR during the animal’s light phase. The subject mouse was 

acclimated to the restrainer and the STARTLE II Station for 15 min with 65 dB white noise 

on broadcast for two days starting at approximately P34 and ending at approximately P37. 

On the third day, the subject mouse was subjected to the ASR protocol. The mouse first 

underwent a 5 min acclimation. Following acclimation, it was exposed to a series of 70 white 

noise stimuli (40 ms each). The series consisted of seven types of stimuli (65 dB, 70 dB, 80 

dB, 90 dB, 100 dB, 110 dB, or 120 dB; 10 stimuli each) presented in a pseudo-random order, 

with a variable inter-trial interval of 10-35 sec. A group of five consecutive stimuli (40 ms 

120 dB white noise) were presented immediate before and after the 70 trials. Maximum 

responses were record for each trial and averaged for each stimulus type. 

On the fourth day, the subject mouse was subjected to the PPI protocol. The mouse first 

underwent a 5 min acclimation. Following acclimation, it was exposed to a series of 70 white 

noise stimuli. The series consisted of seven types of stimuli (10 stimuli each) presented in a 

pseudo-random order, with a variable inter-trial interval of 10-25 sec. One of the seven types 

consisted of a single 40 ms 120 dB white noise (startling stimulus). The remaining six types 

consisted of a 40 ms 120 dB white noise stimulus and a nonstartling 40 ms white noise 

(prepulse) preceding it by 100 ms. The prepulse was of 67 dB, 69 dB, 71 dB, 73 dB, 75 dB, 

or 77 dB loudness. A group of five consecutive stimuli (40 ms 120 dB white noise) were 

presented immediately before and after the 70 trials. Maximum responses were recorded for 



 20 

each trial and averaged for each stimulus type (Rmax). Percent inhibition was calculated via 

the equation (Rmax|120dB – Rmax|PP) / Rmax|120dB ´ 100%. 

An alternative ASR and PPI combined protocol was used for the AmpNeo experimental 

group. As described above, the subject mouse was acclimated to the restrainer and the 

STARTLE II Station for 15 min with 65 dB white noise on broadcast for two days. On the 

third day, however, the subject mouse was then subjected to a ASR and PPI combined 

protocol. More explicitly, the mouse first underwent a 5 min acclimation. Following 

acclimation, it was exposed to a series of 78 white noise stimuli trials. The series consisted of 

seven types of ASR stimuli and six types of PPI stimuli (six trials of each type). The ASR 

stimuli types used were 40 ms white noise pulses of either 65 dB, 70 dB, 80 dB, 90 dB, 100 

dB, 110 dB, or 120 dB intensity. The PPI stimuli types used were 40 ms white noise prepulse 

of either 67 dB, 69 dB, 71 dB, 73 dB, 75 dB, or 77 dB intensity preceding a 40 ms white 

noise startling pulses of 120 dB by 100 ms. Trials were presented in a pseudo-random order, 

with a variable inter-trial interval of 10-35 sec. Maximum responses and percent inhibition 

were recorded and computed as previously noted. 
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MESOSCALE CORTICAL CALCIUM IMAGING 

Surgery 

Presence of Snap25 GCaMP6s transgene was confirmed via genotyping using a single 

common forward primer (5’ CCC AGT TGA GAT TGG AAA GTG 3’) in conjunction with 

either a transgene specific reverse primer (5’ ACT TCG CAC AGG ATG CAA GA 3’; 230 nt 

amplicon) or a control reverse primer (5’ CTG GTT TTG TTG GAA TCA GC 3’; 498 nt 

amplicon). P21 Snap25 GCaMP6s positive mice were anesthetized using 2.5% isoflurane in 

pure oxygen in an isoflurane chamber initially and subsequently, for the length of the surgical 

procedure, via a nose cone. Once in the nose cone, ophthalmic ointment was applied to the 

eyes and the body temperature was maintained at 30°C using a feedback-regulated heating 

pad. 1% lidocaine was applied to scalp and the skin above the skull was carefully cut away. 

Cyanoacrylate was then used to glue the skull to two head bars, one across the back of the 

skull and the other on the lateral parietal bone. Mice were then transferred to a rotating disk 

apparatus for the length of the recording. Upon completion of data collection, the mice were 

euthanized. 

In vivo wide-field cortical Ca2+ imaging 

Following a 1h recovery period, un-anaesthetized animals were placed under the wide-field 

scope for data collection. GCaMP6s fluorescence was excited by two blue light-emitting 
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diode (470 nm, max power 1000 mW; cat# M470L3, Thorlabs) each passing through a 

480/30 nm bandpass filter (cat# AT480/30x, Chroma Technology). Emitted fluorescence was 

collected through a 520/36 nm bandpass filter (cat# 67-044, Edmund Optics), tandem 50mm 

Nikon lenses (F 5.6/F 1.2, optical magnification 1X), and a scientific cMOS camera (PCO 

Edge 5.5, ~ 6.5 µm pixel resolution; PCO AG, Kelheim, Germany).  In each imaging session, 

16-bit images (2560 ´ 2160 px) were collected at 10 Hz frame rate for 10 min. Four imaging 

sessions were recorded for each animal, of which two were used for analysis. 

ICA for determination of cortical domains 

For image analysis, we first used a mask generated from a single image frame to select pixels 

belonging to the brain for further processing. We computed ΔF/F0 per pixel using its mean 

value throughout the entire time series as F0. Then we applied an independent component 

analysis (ICA) pipeline custom-written in Python (Weiser et al., 2021) to decompose the Ca2+ 

image series into eigenvectors, and manually removed eigenvectors corresponding to vascular 

and other artifacts. From images re-built with neural eigenvectors we defined domain maps 

and aligned them to the Allen Brain Atlas to determine to which anatomical regions they 

belong.  

Wavelet Analysis 

Wavelet code was built using software provided by C. Torrence and G. Compo and can be 

found at the URL: < http://paos.colorado.edu/research/wavelets/ >. We implemented a morlet 

wavelet (ω=4) for all analysis. Further software was developed by implementing functions of 
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the wavelet coherence (Grinsted et al., 2004).  We computed the wavelet coherence between 

each pair of domains and used a threshold of 0.4 to define whether they were coherent. In 

each anatomical region, we define its coherence index as the percentage of distinct pairs of 

domains therein that were coherent. Analogously, for each pair of anatomical regions, we 

define their mutual coherence index as the percentage of distinct pairs of domains (one from 

each region) that were coherent. Ca2+ events were detected by projecting through the periods 

of the wavelet space; each event was defined as a significant wavelet structure above the red 

noise threshold (Torrence and Compo, 1998). A mean regional value was then calculated for 

each animal by taking the average of the hemispheres. Descriptive statistics of each event 

were then computed, and the median of each feature was reported as a measure of each 

domain’s behavior.  

HISTOLOGY 

PV+ interneuron and WFL+ PNN analysis 

Mice were transcardially perfused with 4% paraformaldehyde (PFA) in 0.1 M PBS. Brains 

were post-fixed in 4% PFA at 4°C overnight and then moved to a cryopreservation solution 

consisting of 30% (w/v) sucrose, 0.01M PBS, and 0.05% (w/v) sodium azide (NaN3). 50 µm-

thick coronal sections of the brain were cut using a vibratome (cat# VT1000S, Leica 

Biosystems), and stored in 0.01M PBS and 0.05% NaN3 at 4°C. IHC labeling of sections 

proceeding over the course of 4 days. On the first day, tissue was rinsed in 0.01M PBS (10 

min ´ 3) and blocked for 1 h in 5% (v/v) normal goat serum (NGS), 5% (w/v) bovine serum 

albumin (BSA), 0.01M PBS with 0.2% TX (0.2% TX-PBS). Tissue was then incubated with 
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a mouse anti-PV primary antibody (cat# MAB1572, Millipore; 1:1000) in 0.01M PBS for 3 

nights at 4°C. On the fourth day, tissue was rinsed with 0.2% TX-PBS (10 min ´ 1) and 

subsequently with 0.01M PBS (10 min ´ 3). Anti-PV was then fluorescently labeled by 

incubating sections in a secondary of 0.2% TX-PBS with Alexa anti-Mouse 594λ (cat# A-

11032, Life, 1:500) for 2 h. Tissue was then rinsed in 0.01M PBS (10 min ´ 3).  Next, tissue 

was incubated in 0.01M PBS with biotinylated WFL (cat# B-1355, Vector, 1:200) for 2 h. 

Tissue was then rinsed in 0.01M PBS (10 min ´ 3). WFL was then fluorescently labeled by 

incubating sections in a secondary of 0.01M PBS with Alexa Streptavidin anti-biotin 488λ 

(cat# S32354, Life, 1:200) for 2 h. Tissue was then rinsed with 0.01M PBS (10 min ´ 3), 

counterstained with 1:36k 4,6-diamidino-2-phenylindole (DAPI) for 20 min, and rinsed with 

0.01M PBS (10 min ´ 3). Sections were then mounted onto slides with Vectashield (cat# H-

1000, Vector). Images of the barrel cortex were captured on a Zeiss AxioImager Z2 widefield 

microscope with apotome using a 10x/0.45 NA objective lens. Cells that were PV+ or 

surrounded by WFL immunostaining were marked using Stereo Investigator 11 (MBF 

Bioscience), and their densities were calculated using Neurolucida Explorer 11 (MBF 

Bioscience). 9 - 10 animals were used per condition; 3 – 4 sections (i.e. 6 – 8 hemispheres) 

were labeled per animal; 4 – 6 images were taken, analyzed, and averaged for each animal. 

Microglial density and morphological analysis 

Mice were transcardially perfused with 4% PFA in 0.1 M PBS. Brains were post-fixed in 4% 

PFA at 4°C overnight and then moved to a cryopreservation solution consisting of 30% 

sucrose, 0.01M PBS, and 0.05% NaN3. 50 µm-thick coronal sections of the brain were cut 
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using a vibratome, and stored in 15% sucrose, 30% glycol ethylene, 0.05% NaN3, 0.01M PBS 

(anti-freeze buffer) at -20°C. 

IHC labeling of 50 µm-thick coronal sections for microglial density analysis proceeded over 

the course of 4 days. On the first day, tissue was first rinsed in 0.01M PBS (10 min ´ 3). 

Endogenous peroxidase activity was then quenched for 30 min in a peroxidase blocking 

solution consisting of 0.6% (v/v) hydrogen peroxide, 1% (v/v) methanol, and 0.01M PBS. 

Sections were then rinsed in 0.01M PBS (10 min ´ 3) and subsequently blocked for 1 h in 

10% (v/v) normal donkey serum (NDS), 5% BSA, and 0.7% TX-PBS. Sections were then 

incubated with a goat anti-Iba1 primary antibody (cat# ab5076, Abcam, 1:1000) in 5% NDS 

and 0.01M PBS for 3 nights at 4°C. On the fourth day, tissue was rinsed in 0.01M PBS (10 

min ´ 3). Anti-Iba1 was then biotin labeled by incubating sections in a secondary of 5% NDS 

and 0.01M PBS with biotinylated donkey anti-goat (cat# 017-000-121, Jackson Immuno 

Research Laboratories, 1:200) for 2 h. Biotin labeled sections were treated with the 

VECTASTAIN Elite ABC system (cat# PK-6100, Vector Laboratories) for 90 min. Sections 

were then rinsed in 0.01M PBS (10 min ´ 3), counterstained with 1:38k DAPI for 20 min, 

rinsed again in 0.01M PBS (10 min ´ 3), and mounted mounted onto slides with Fluormount-

G (cat# 00-4958-02, ThermoFisher). Images were captured on a Zeiss AxioImager Z2 

widefield microscope using a 10x/0.45 NA objective lens. Microglia density was quantified 

using Neurolucida Explorer 11 (MBF Bioscience). 

IHC labeling of 50 µm-thick coronal sections for microglial morphology analysis proceeded 

over the course of 4 days. On the first day, tissue was initially rinsed in 0.01M PBS (10 min ´ 

3) and subsequently blocked for 1h in 10% NDS, 5% BSA, and 0.7% TX-PBS. Sections were 
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then incubated with goat anti-Iba1 primary antibody (see above) in 2% NDS and 0.01M PBS 

for 3 nights at 4°C. On the fourth day, tissue was initially rinsed with 0.7% TX-PBS (10 min 

´ 1) and subsequently with 0.01M PBS (10 min ´ 3). Anti-Iba1 was then fluorescently 

labeled with a donkey anti-goat secondary antibody conjugated to Alexa Fluor 488 (cat# 

A11055, ThermoFisher, 1:1000) in 0.7% TX-PBS for 2 h. Sections were then counterstained 

with DAPI and mounted as before. Image stacks were captured on a Zeiss 880 confocal 

microscope using a 63x/1.4 NA oil-immersion objective lens, and analyzed using the 

IMARIS software (Bitplane). Microglia with all processes entirely contained within the 

image stack were identified, and a ROI was generated around each using the IMARIS surface 

function. Microglia were reconstructed with the IMARIS filament tracer function using 

autopath (no loop allowed) on the ROI source channel. Spurious or missing filament traces 

were manually edited or appended. The number of terminal points, total process length, 

convex hull volume, and number of Sholl intersections were exported from IMARIS for 

comparison of PPE and Ctrl animals. A hull channel was generated using the boundaries of 

the convex hull volume and source channel for each traced microglia. Within the hull 

channel, the processes of neighboring microglia were traced using the semi-automatic 

filament tracing method. The number of terminal points and total process length were 

exported from IMARIS for statistical analysis. 

RNA ISOLATION AND RT-PCR 

Cerebral cortices were dissected and immediately flash frozen in liquid nitrogen and stored at 

-80°C. Using a mortar and pestle, a hemisphere from each animal was submerged in liquid 

nitrogen, ground into a fine powder, and stored at -80°C. Total RNA was isolated from 25 mg 
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of sample using the TRIZOL extraction method and quantified via Nanodrop 

spectrophotometer. 1ug total RNA from each sample was transcribed into cDNA using the 

SMARTScribeTM Reverse Transcriptase Protocol (cat# 639538, Takara Bio). Gene 

expression for GAPDH, IL-6, and Nox were analyzed using the Bio-Rad CFX Connect Real-

Time PCR Detection System and the PowerUpTM SYBRTM Green Master mix (Applied 

Biosystems, catalog: A25742). Reactions were run in triplicate and relative gene expression 

levels were analyzed by the 2ΔΔCt method. GAPDH served as a reference gene for 

normalization 

Gene Direction Primer Sequence (5’ ® 3’) 

GAPDH 
Forward AGCTTGTCATCAACGGGAAG 

Reverse TTTGATGTTAGTGGGGTCTCG 

IL-6 
Forward CTGCAAGAGACTTCCATCCAGTT 

Reverse GAAGTAGGGAAGGCCGTGG 

Nox 
Forward GGTTGGGGCTGAACATTTTTC 

Reverse TCGACACACAGGAATCAGGAT 
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ASSAY SERUM AND CORTICAL IL-6 VIA ELISA 

Preparation of cortical lysates 

Following anesthetization by 2% isoflurane, mice were decapitated and their cerebral cortices 

were dissected on ice. One of cortical hemispheres was homogenized in 1 mL lysis buffer 

(200 mM HEPES, 50 mM NaCl, 1% Triton X-100, 10% Glycerol) supplemented with the 

Roche cOmplete Mini Protease inhibitor cocktail (cat# 4693116001, Millipore Sigma), 

Phosphatase Inhibitor Cocktails 2 (cat# P5726, Millipore Sigma) and 3 (cat# P0044, 

Millipore Sigma) using a dounce homogenizer. Dounced samples were incubated on ice then 

centrifuged at 16.1k rcf for 10m. Supernatants were pipetted away from the pellets and stored 

at -80°C. 

Preparation of blood sera 

Following anesthetization by 2% isoflurane, mice were decapitated and their blood was 

collected in BD Microtainer MAP K2 EDTA 1.0 mg tubes (cat# 22-253-270, FisherSci) and 

stored on ice. Samples were then centrifuged at 2k rcf for 15 min. Serum was pipetted off and 

stored at -80°C. 

IL-6 enzyme-linked immunosorbent assay (ELISA) 
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Total protein concentrations were measured via the Pierce BCA Protein Assay Kit (cat# 

23225, ThermoFisher). The level of immunoreactive IL-6 was determined in 125 µg  serum 

and cortical samples (in duplicate) via the Mouse IL-6 Quantikine ELISA Kit (M6000B, 

R&D Systems) according to the manufacturer’s instructions.  

IN VIVO TRANSCRANIAL IMAGING AND DENDRITIC SPINE ANALYSIS 

The procedure for thin skull preparation, imaging, spine and microglia analyses were 

performed as described previously (Davalos et al., 2005; Xu et al., 2009). All images were 

performed on a two-photon microscope (Ultima Investigator, Bruker Co., Middleton, WI) 

equipped with either a 16x/0.8 NA or 40x/0.8 NA water immersion objective (CFI75 LWD 

16X W, Nikon Instruments, Inc., Melville, NY) and an ultrafast two-photon laser (Mai Tai, 

Spectra-Physics, Santa Clara, CA) operating at 940 nm. For spine imaging, stacks of images 

were acquired with a 16x/0.8 NA lens at 12x zoom with a Z-step size of 1 µm.  All images 

were analyzed using ImageJ. Typically, 150-200 spines were analyzed per animal per session. 

The percentage of spines eliminated/formed was calculated as the number of spines 

eliminated/formed divided by the total number of spines counted from the previous imaging 

session. Spine density was calculated by dividing spine number with the dendritic length. For 

microglial imaging, a time lapse series of a single image plane was acquired with a 40x/0.8 

NA lens at 4x zoom at an interval of 10s for 25 min. All images were analyzed using 

IMARIS. Typically, 7 – 11 terminal tips were analyzed per cell. Terminal tip length was 

calculated by measuring the distance from the tip to the first node using the IMARIS semi-

automatic tracer function every 5 min. Net length change was calculated by summing the 

difference in length between subsequent timepoints for each terminal tip across 25 min. 
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Absolute length change was calculated by summing the absolute value of the difference in 

length change between subsequent timepoints for each terminal tip across 25 min. 

PROBIOTIC EXPOSURE REGIMEN 

PPE mouse pups were either orally gavaged with 100 µL H2O vehicle (P-Veh) or 100 µL 

Gram-positive probiotic cocktail (cat# VSL3, Sigma-Tau Pharmaceuticals) at P9 and P15. 

The probiotic cocktail delivers 107 CFU of Streptococcus thermophilus, Bifidobacterium 

breve, Bifidobacterium longum, Bifidobacterium infantis, Lactobacillus acidophilus, 

Lactobacillus plantarum, Lactobacillus paracasei, and Lactobacillus delbrueckii subsp. 

Bulgaricus (Möhle et al., 2016). 

ALTERNATIVE ANTIBIOTIC TREATMENTS 

In addition to PPE, we also explored the effects of exposing pregnant and nursing dams from 

E16 to P15 to a number of other antibiotic regimens. These included an ampicillin regimen 

(Amp) in which dams were administered 1 mg ampicillin / mL in their drinking water, an 

ampicillin neomycin regimen (Amp Neo) in which dams were administered 1 mg ampicillin / 

mL and 5 mg neomycin / mL in their drinking water, a vancomycin regimen (Vanc) in which 

dams were administered 2.5 mg vancomycin / mL in their drinking water, as well as a 

vancomycin neomycin regimen (Vanc Neo) in which dams were administered 2.5 mg 

vancomycin / mL and 5 mg neomycin / mL.   
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STATISTICS 

Statistical analyses were performed using GraphPad Prism 8.4. The Shapiro-Wilk test was 

used to check for normality and to determine whether parametric or non-parametric tests were 

to be used. For nonparametric data with one independent variable, the Mann-Whitney test 

was used. For parametric data with one independent variable and comparable variances, 

unpaired or paired t-tests were performed. For parametric data with one independent variable 

and significantly different variances, the unpaired t-test with Welch’s correction was used. 

For data with two independent variables, the two-way analysis of variance (ANOVA) was 

used. Unless otherwise states, all quantitative data were shown as box plots displaying the 

minimum, first quartile, median, third quartile, and maximum; n refers to the number of mice; 

p-values represent a comparison of PPE mice to Ctrl mice. * p < 0.05, ** p < 0.01, *** p < 

0.001. 
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CHAPTER 3 | RESULTS - PPE AFFECTS ADOLESCENT 

SENSORY PROCESSING 

PPE DOES NOT AFFECT WATER CONSUMPTION BY DAMS NOR GROSS 

DEVELOPMENTAL TRAJECTORY OF OFFSPRING. 

To examine how early-life penicillin exposure affects the adolescent brain and behavior of 

exposed mice, we administered penicillin (31 mg/kg bodyweight per day) to pregnant dams in 

their drinking water starting on embryonic day (E) 16 to postnatal day (P) 15 (Figure 1A). As 

penicillin is absorbed by mammalian cells, crosses the placenta, and is secreted in milk 

(Chung et al., 2002; Skidmore-Roth, 2015), pups were exposed to penicillin both in utero and 

via nursing (Chung et al., 2002; Doi and Chambers, 2015; Kurdyukova, 1961).  This delivery 

method avoids the stress of daily gavages or injections and appears not to affect the daily 

liquid intake between E16 and P15 of the dam (Fig. 01B). We found that the total water 

consumed by Ctrl dams (11.03 ± 0.64 mL) did not significantly differ from that of PPE dams 

(10.51 ± 0.81 mL); t(14) = 0.510, p = 0.618, unpaired two-tailed t-test. 

At gross level, PPE mice appear to follow the same developmental trajectory as controls as 

assayed via weight at P9, P21, and P30 (Fig. 01 C, D, & E respectively).  We observed that 

the weights of P9 pups are comparable between Ctrl (Mdn = 5.15 g) and PPE (Mdn = 5.00 g) 

mice as the distributions of the two conditions did not significantly differ from one another; U 

= 237.5, nCtrl = 18, nPPE = 28, p = 0.750, two-tailed Mann Whitney U test. To examine 

whether PPE affected the weight of exposed male and female animals at P21 and P30, 
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offspring weights were subjected to two-way ANOVAs having two levels of condition 

independent variable (Ctrl and PPE) and two levels of sex independent variable (Male and 

Female). For P21 animals, the main effect of condition yielded an F ratio of F(1,56) = 0.508, 

p = 0.479, indicating that there is not a significant difference in weight between the Ctrl (9.1 

± 0.2 g)  and PPE (8.9 ± 0.2 g) groups. The main effect of sex yielded an F ratio of F(1,56) = 

4.085, p = 0.048, indicating that there is a significant difference in weight between P21 male 

(9.2 ± 0.2 g) and P21 female (8.8 ± 0.2 g) mice. The interaction effect was not significant; 

F(1,56) = 3.380, p = 0.071, indicating that, within each condition, similar weight trends were 

observed between the sexes. A post hoc Tukey multiple comparisons test confirmed that there 

was not a significant difference between Ctrl and PPE males (p = 0.247) as well as between 

Ctrl and PPE females (p = 0.870). For P30 animals, the main effect of condition yielded an F 

ratio of F(1,46) = 0.311, p = 0.580, indicating that there is not a significant difference in 

weight between the Ctrl (16.4 ± 0.5 g) and PPE (16.8 ± 0.3 g) groups. The main effect of sex 

yielded an F ratio of F(1,46) = 64.77, p < 0.001, indicating, as with P21 animals, there exists 

a significant difference in weight between P30 male (18.2 ± 0.3 g) and P30 female (15.3 ± 0.2 

g) mice. The interaction effect was not significant; F(1,46) = 0.682, p = 0.413, indicating that, 

within each condition, similar weight trends were observed between the sexes. A post hoc 

Tukey multiple comparisons test confirmed that there was not a significant difference 

between Ctrl and PPE males (p = 0.998) as well as between Ctrl and PPE females (p = 

0.741). 

PPE DECREASES LOCOMOTION WITHIN A FOREIGN STRESS-

INDUCING ENVIRONMENT WITHOUT SIGNIFICANTLY AFFECTING 

ANXIETY-LIKE BEHAVIORS IN ADOLESCENCE 
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While possessing an inclination to explore their environments, mice also are naturally averse 

towards brightly lit, unfamiliar, open areas (Choleris et al., 2001). The open field maze 

(OFM) behavioral paradigm employs a behavioral arena that triggers these aversions to assay 

locomotor behaviors, anxiety-like behaviors as well as the exploratory will of mice under 

stress-inducing circumstances (Seibenhener and Wooten, 2015). While a number of different 

antibiotic regimens have been reported to affect these behaviors, behavioral responses, if they 

occur, appear to be potentially influenced by the antibiotic(s) administered, the window of 

exposure, and/or the background of the mice being exposed (Ceylani et al., 2018; Kwon et 

al., 2020; Leclercq et al., 2017; Tochitani et al., 2016). To determine whether and how PPE 

affects these behaviors under stressful conditions, we subjected Ctrl and PPE mice when they 

reached adolescence (approximately 1 month of age) to the OFM. Mice were tested during 

their dark phase under brightly-lit conditions. We found that the percent of time that animals 

spent moving in the arena was significantly less in PPE mice (58.8 ± 1.7%) than in Ctrl mice 

(67.0 ± 1.0%) (Fig. 02E); t(23) = 3.953, p < 0.001, independent-samples two-tailed t-test. 

Furthermore, we observed that the movement velocities are comparable between PPE (Mdn = 

10.48 cm/s) and Ctrl (10.64 cm/s) mice (Fig. 02F) as the distributions of the two conditions 

did not significantly differ from one another; U = 65.50, nCtrl = 11, nPPE = 14, p = 0.545, two-

tailed Mann Whitney U test. Consequently, penicillin exposure had the effect of significantly 

decreasing the total distance traveled within the arena over the length of a 10m trial in PPE 

mice (36.98 ± 1.59 m) as compared to Ctrl mice (43.70 ± 1.28 m) (Fig. 02D); t(23) = 3.171, p 

= 0.004, unpaired two-tailed t-test. Interestingly, when we examined where the animals were 

spending their time within the arena, we did not observe a significant difference in the 

percent time spent within the center of the arena between PPE (12.3 ± 0.9%) and Ctrl (13.5 ± 

1.7%) mice (Fig. 02G); t(23) = 0.668, p = 0.511, unpaired two-tailed t-test. 
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PPE DOES NOT AFFECT ADOLESCENT EXPLORATORY WILL OR 

WORKING MEMORY. 

Mice naturally explore their environments and are also inclined to investigate novel areas 

(Dember and Fowler, 1958). The Spontaneous alternation Y-maze (Y-maze) behavioral 

paradigm exploits these dispositions to examine exploratory will and short term working 

memory by assaying the activity of a mouse within a three armed behavioral arena (Fig 03A) 

(Kraeuter et al., 2019; Lalonde, 2002).  Evidence of increased or decreased exploratory will 

appear as significant increases or decreases in the total number of arm entries, respectively. 

Evidence of improved or impaired working memory defects appear as significant increased or 

decreased percent alternation, respectively (Miedel et al., 2017). To determine whether and 

how PPE affects exploratory will and short term working memory, we subjected adolescent 

mice to the Y-maze. We observed that the number of arm entries for PPE mice (Mdn: 36 

entries) was comparable to that of Ctrl mice (Mdn: 38 entries) (Fig. 03B) as the distributions 

of the two conditions did not significantly differ from one another; U = 96, nCtrl = 18, nPPE = 

14, p = 0.262, two-tailed Mann Whitney U test. Moreover, with regards to how the animals 

explored the three arms of the maze, we did not observe a significant difference in the percent 

alternation between PPE (52.6 ± 3.9%) and Ctrl (55.5 ± 3.3%) mice (Fig. 03C); t(30) = 

0.564, p = 0.577, unpaired two-tailed t-test. 

PPE IMPAIRS TEXTURE DISCRIMINATION IN ADOLESCENCE 

Mice use their whiskers, highly specialized sensitive peripheral tactile sensing structures, to 

acquire vital tactile and spatial information about their surroundings. This information is then 
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relayed to the S1BF for further processing, which ultimately shapes behavioral responses 

(Erzurumlu and Gaspar, 2012; Feldmeyer et al., 2013; Petersen, 2007). To examine how PPE 

affects sensory processing in later life, we subjected adolescent mice to a whisker-dependent 

texture discrimination (WTD) task (Fig. 04). The WTD task is a behavioral paradigm that 

takes advantage of the rodent’s inclination to explore and innate preference for novelty to 

examine exploratory will, short term memory, and sensory processing (Chen et al., 2017; Wu 

et al., 2013). Briefly, behavior is assayed in WTD task over the course of two phases 

following a period of acclimation to the behavioral arena. During the encoding phase, each 

mouse is presented with a pair of column objects that are indistinguishable by sight and 

texture. During the testing phase, each mouse is presented with a pair of column objects that 

are indistinguishable by sight but possess distinct textures, one of which was presented to the 

mouse during the encoding phase (“Familiar Texture”) and one of which is new (“Novel 

Texture”) (Fig. 04). The willingness to explore, i.e. the degree to which a mouse explores 

both column objects, can be observed by assaying the total number of interaction events or 

total length of time interacting with the column objects. Operating on the well-established 

assumption that mice prefer novel stimuli, short term working memory and sensory 

processing can be assessed by assaying and comparing the number of interaction events and 

length of time interacting with each of the two differently textured testing column objects, i.e. 

the degree to which a mouse explores the novel textured column object relative to the familiar 

textured column object. Willingness to explore defects can be observed as significant changes 

in the total number of interactions and/or the total length of interactions. Defects in short term 

memory and sensory processing can be observed as significant decreases in relative attention 

towards the novel textured column object. 
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Notably, PPE mice did not exhibit a defect in willingness to explore as they spent a 

comparable amount of time investigating the two column objects (Fig. 05A) as well as a 

comparable number of interaction events (Fig. 05B) during both the encoding and testing 

phases as Ctrl mice. These observations were determined by performing two two-way 

ANOVAs having two levels of the condition independent variable (Ctrl and PPE) and two 

levels of the phase independent variable (Encoding and Testing). With regards to interaction 

time, the main effect of condition yielded an F ratio of F(1, 22) = 0.309, p = 0.584, indicating 

that there was not a significant difference between the Ctrl (24.1 ± 4.3 sec) and PPE (22.0 ± 

2.9 sec) groups. The main effect of phase yielded an F ratio of F(1, 22) = 19.64, p < 0.001, 

indicating that the animals interacted significantly more with the column objects during the 5 

min encoding phase (31.3 ± 3.0 sec) than the 3 min testing phase (14.6 ± 2.1 sec). 

Furthermore, the interaction effect yielded an F ratio of F(1, 22) = 0.273, p = 0.607, 

indicating that, for within and between each phase, Ctrl and PPE animals behaved in a similar 

way. A post hoc Tukey multiple comparisons test confirmed that there were no significant 

differences in the total time length of encoding interactions between Ctrl (33.5 ± 5.2 sec) and 

PPE (29.4 ± 3.7 sec, p = 0.870) as well as testing interactions between Ctrl (14.7 ± 4.2 sec) 

and PPE (14.5 ± 1.9 sec, p > 0.999). With regards to interaction events, the main effect of 

condition yielded an F ratio of F(1, 22) = 0.007, p = 0.934, indicating that there is not a 

significant difference between the Ctrl (26.6 ± 5.4 interaction events) and PPE (26.9 ± 3.0 

interaction events) groups. The main effect of phase yielded an F ratio of F(1, 22) = 27.27, p 

< 0.001, indicating that, as with time, the animals interacted more with the column objects 

during the 5 min encoding phase (37.4 ± 3.7 interaction events) than the 3 min testing phase 

(16.2 ± 1.8 interaction events). Furthermore, the interaction effect yielded an F ratio of F(1, 

22) = 1.399, p = 0.250, indicating that, for within and between each phase, Ctrl and PPE 
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animals behaved in a similar way. A post hoc Tukey multiple comparisons test confirmed that 

there were no significant differences in the number of encoding interaction events between 

Ctrl (39.8 ± 6.9 interaction events) and PPE (35.3 ± 3.8 interaction events, p = 0.864) as well 

as number of testing interaction events between Ctrl (13.3 ± 3.1 interaction events) and PPE 

(18.6 ± 1.5 interaction events, p = 0.807). 

To determine how Ctrl and PPE mice were dividing their interaction time between the two 

column objects of each phase, the percent time spent investigating each column object as well 

as the percent number of interaction events with each column object were computed and 

compared to the other column object of its pair. During the encoding phase, Ctrl mice divided 

their interaction time approximately equally between the two same-textured column objects 

in terms of percent interaction time (46.3, 53.7 ± 1.8%; t(5) = 2.016, p = 0.100, paired two-

tailed t-test) (Fig. 06A) and percent interaction number (50.4, 49.6 ± 2.5%; t(5) = 0.152, p = 

0.885, paired two-tailed t-test) (Fig. 06E). During the testing phase, Ctrl mice committed 

significantly more of their interaction time towards the novel-textured column object than the 

familiar-textured column object in terms of percent interaction time (71.0, 29.0 ± 4.3%; t(5) = 

4.866, p = 0.005, paired two-tailed t-test) (Fig. 06C) and percent interaction number (66.0, 

34.0 ± 4.6%, t(5) = 3.521, p = 0.017; paired two-tailed t-test) (Fig. 06G). These observations 

are consistent with findings previously reported for control animals in the literature, i.e. equal 

exploration during the encoding phase and preferentially exploration of novel texture during 

the testing phase (Chen et al., 2017; Wu et al., 2013). Similar to Ctrl mice, during the 

encoding phase, PPE mice divided their interaction time approximately equally between the 

two same-textured column objects in terms of percent interaction time (50, 50 ± 1.5%; t(6) = 

0.009, p = 0.993, paired two-tailed t-test) (Fig. 06B) as well as the percent interaction number 
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(52.8, 47.2 ± 2.2%; t(6) = 1.239, p = 0.262, paired two-tailed t-test) (Fig. 06F). During the 

testing phase, however, and contrary to Ctrl mice, PPE mice divided their interaction time 

approximately equally between the novel-textured column object and the familiar-textured 

column object in terms of percent interaction time (50.4, 49.6 ± 4.5%; t(6) = 0.093, p = 0.929, 

paired two-tailed t-test) (Fig. 06D) as well as percent interaction number (54.8, 45.2 ± 2.9%; 

t(6) = 1.661, p = 0.148, paired two-tailed t-test) (Fig. 06H). Together, these data indicate that 

while Ctrl mice allocated more or their time investigating the column coated with the novel 

texture with respect to the column coated with the familiar texture during the testing phase, 

PPE mice did not. 

To further quantify this preference and compare conditions, we defined two types of 

discrimination indices. The interaction time discrimination index was defined as the amount 

of time spent interacting with either the first encoding object or the novel-textured column 

object minus that with the second encoding object or the familiar-textured column object, 

normalize by the total amount of interaction time for that phase. The interaction number 

discrimination index was defined as the number of interaction events with either the first 

encoding object or the novel-textured column object minus that with the second encoding 

object or the familiar-textured column object, normalized by the total number of interaction 

events for that phase. Interaction time discrimination indices (Fig. 07A) were subjected to a 

two-way ANOVA having two levels of the condition independent variable (Ctrl and PPE) 

and two levels of the phase independent variable (Encoding and Testing). The main effect for 

condition yielded an F ratio of F(1, 22) = 6.255, p = 0.020, indicating that there was a 

significant difference in the interaction time discrimination indices between the Ctrl (0.172 ± 

0.087) and PPE (0.004 ± 0.046) conditions. The main effect for phase yielded an F ratio of 
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F(1, 22) = 13.86, p = 0.001, indicating that there was a significant difference in interaction 

time discrimination indices between the encoding (-0.035 ± 0.026) and testing (0.197 ± 

0.084) phases. Notably, the interaction effect was also significant, F(1, 22) = 13.08, p = 

0.002, indicating that the behavior between the encoding and testing phases differed between 

the Ctrl and PPE conditions. A post hoc Tukey multiple comparisons test revealed that the 

interaction time discrimination index was comparable between Ctrl and PPE mice during the 

encoding phase (p = 0.859). Furthermore the interaction time discrimination index was 

significantly greater during the testing phase than the encoding phase for Ctrl mice (p < 

0.001) but not for PPE mice (p = 0.999). Notably, the interaction time discrimination index 

was also significantly higher in the Ctrl mice than in the PPE mice during the testing phase (p 

= 0.001). Interaction number discrimination indices (Fig. 07B) were also subjected to a two-

way ANOVA having two levels of the condition independent variable (Ctrl and PPE) and two 

levels of the phase independent variable (Encoding and Testing). The main effect for 

condition yielded an F ratio of F(1, 22) = 1.908, p = 0.181, indicating that the discrimination 

indices of Ctrl (0.165 ± 0.068) and PPE (0.079 ± 0.036) mice did not significant differ from 

one another. The main effect for phase yielded an F ratio of F(1, 22) = 8.279, p = 0.009, 

indicating that the interaction number discrimination indices of the encoding (0.035 ± 0.033) 

and testing (0.203 ± 0.059) phases did significantly differ from one another. The interaction 

effect was significant, F(1, 22) = 4.485, p = 0.046, indicating that the behavior between the 

encoding and testing phases differed between the Ctrl and PPE conditions. A post hoc Tukey 

multiple comparisons test revealed that the interaction number discrimination index was 

comparable between Ctrl and PPE mice during the encoding phase (p = 0.953). Furthermore, 

the interaction number discrimination index was significantly higher during the testing phase 

than the encoding phase for Ctrl animals (p = 0.013) but not for PPE animals (p = 0.943).  
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Together, these analyses indicate that PPE diminishes the ability of mice to discriminate 

between two textures. This diminution of discriminatory ability in PPE mice does not appear 

to be due to a lack of interest in texture exploration, as they spent a comparable time 

investigating the columns as controls during both the encoding and testing phases. Nor is it 

due to increased anxiety or impaired working memory, as PPE mice performed normally with 

regards to these metrics in the open field maze and the Y-maze Spontaneous Alternation Test. 

PPE INCREASES SENSORIMOTOR GATING 

Sensorimotor gating refers to the phenomenon whereby sensory stimuli suppress motor 

responses. It can be assayed via the prepulse inhibition (PPI) of the acoustic startle response 

(ASR) (Braff et al., 2001), in which a non-startling acoustic stimulus (prepulse) preceding a 

startling stimulus by 30-500 ms attenuates the startle response to the latter (Powell et al., 

2012). To determine the effect of PPE on sensorimotor gating, we subjected adolescent 

control and PPE mice to the ASR and PPI paradigms.  

To examine the effect of PPE on startle response, we compared startle responses of Ctrl and 

PPE mice during a series of 60 trials consisting of six types of white noise stimuli (Fig. 08A). 

Maximum mean startle responses collected during the ASR task were subjected to a two two-

way ANOVA having two levels of the condition independent variable (Ctrl and PPE) and six 

levels of the stimulus volume independent variable (70 dB, 80 dB, 90 dB, 100 dB, 110 dB, 

and 120 dB). The main effect of condition yielded an F ratio of F(1, 210) = 2.393, p = 0.123, 

indicating that there is not a significant difference in mean startle response between the Ctrl 

(0.322 ± 0.025 N) and PPE (0.294 ± 0.025 N) conditions. The main effect of stimulus volume 
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yielded an F ratio of F(5, 210) = 128.9, p < 0.001, indicating that there is a significant 

difference in mean startle response to stimulus volumes of 70 dB (0.013 ± 0.001 N), 80 dB 

(0.034 ± 0.003 N), 90 dB (0.221 ± 0.026 N), 100 dB (0.480 ± 0.030 N), 110 dB (0.554 ± 

0.027 N), 120 dB (0.554 ± 0.023 N). There was not a statistically significant interaction 

between the effects of condition and stimulus volume on the startle response, F(5, 210) = 

0.533, p = 0.751, indicating that, for within each startling volume, Ctrl and PPE animals 

behavior was statistically indistinguishable. Together, these findings indicate that higher 

startle volumes elicited increasingly larger ASRs in both control and PPE mice, without a 

significant difference in the maximum mean startle responses between the two groups.  

In addition to examining the startle responses to the six different stimuli intensities, we also 

examined the response of mice to background noise (Fig. 08B) as well as the sensitization of 

the ASR in mice to startling stimuli over the course of the experiment (Fig 08C). With 

regards to background noise, we measured the startle responses of Ctrl and PPE mice to the 

65 dB background noise, computed maximum mean startle responses for each animal, and 

compared the conditions. We observed that the response of PPE mice (Mdn: 0.010) was 

comparable to that of Ctrl mice (Mdn: 0.014) as the distributions of the two conditions did 

not significantly differ from one another; U = 117, nCtrl = 21, nPPE = 15, p = 0.199, two-tailed 

Mann Whitney U test. With regards to sensitization, measured startle responses of Ctrl and 

PPE mice to 120 dB startling stimuli immediately prior to and following the 60 trial series, 

computed maximum mean startle responses. These data were then subjected to a two way 

ANOVA having two levels of the condition independent variable (Ctrl and PPE) and two 

levels of the stimulus independent variable (pre 120 dB, and post 120 dB). The main effect of 

condition yielded an F ratio of F(1, 68) = 3.45, p = 0.068 indicating that there is not a 
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significant difference in mean startle response between the Ctrl (0.596 ± 0.031 N) and PPE 

(0.520 ± 0.032 N) conditions. The main effect of stimulus yielded an F ratio of F(1, 68) = 

17.5, p < 0.001, indicating that there is a significant difference in startle response to pre-120 

dB (0.650 ± 0.030 N), and post-120 dB (0.479 ± 0.028 N) stimuli. There was not a 

statistically significant interaction between the effects of condition and stimulus volume on 

the startle response F(1, 68) = 0.000, p = 0.989, indicating that for within each phase, Ctrl and 

PPE animals behavior was roughly similar. A post hoc Tukey multiple comparisons test 

confirmed that both Ctrl (p = 0.010) and PPE (p = 0.040) startled less in response to the 120 

dB stimulus following the 60 trial testing series than preceding it. Furthermore, it confirmed 

that there were no differences between the Ctrl and PPE conditions for either the pre-120 dB 

(p = 0.552) or the post-120 dB (p = 0.564) stimuli. 

To examine the effect of PPE on the inhibition of startle responses to a startling stimulus by a 

nonstartling stimulus, we measured and compared startle responses of Ctrl and PPE mice 

during a series of 70 trials consisting of seven types of white noise stimuli. Maximum mean 

startle responses were collected and used to calculate percent inhibitions for each prepulse 

trial type. These data were then subjected to a two way ANOVA having two levels of the 

condition independent variable (Ctrl and PPE) and six levels of the prepulse stimulus volume 

independent variable (67 dB, 69 dB, 71 dB, 73 dB, 75 dB, and 77 dB). The main effect of 

condition yielded an F ratio of F(1,186) = 32.85, p < 0.001 indicating that mean percent PPI 

was significantly greater in PPE animals (25.7 ± 1.8%) than in Ctrl animals (13.8 ± 1.6%). 

The main effect of prepulse stimulus volume yielded an F ratio of F(5,186) = 15.09, p < 

0.001, indicating a significant difference in mean percent PPI between the different prepulse 

stimulus volumes of 67 dB (7.2 ± 2.7%), 69 dB (8.4 ± 2.2%),  71 dB (19.1 ± 2.6%),  73 dB 
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(22.0 ± 2.5%),  75 dB (24.3 ± 2.9%), and 77 dB (32.3 ± 3.1%). There was not a statistically 

significant interaction between the effects of condition and prepulse stimulus volume, 

F(5,186) = 0.405, p = 0.845. A post hoc Bonferroni multiple comparisons test revealed that 

the percent inhibition was significantly different between PPE and Ctrl animals at prepulse 

stimulus volumes of 75 dB (p = 0.011) and 77 dB (p = 0.020). Together, these findings 

indicate that increased prepulse volumes elicited significantly greater percent inhibition of the 

ASR in both control and PPE animals, and that PPE mice exhibited significantly more 

percent inhibition than controls. Furthermore, the difference in percent inhibition was most 

significant when the 120 dB startle stimulus was preceded by the loudest prepulse stimuli. 
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Figure 01 | PPE does not affect water consumption by dams nor weight gain by 
PPE offspring.  
(A) Experimental design (B) Water consumption by dams of PPE offspring did significantly 
differ from dams of Ctrl offspring. Weights of PPE mice did not significantly from those of 
Ctrl mice at (C) postnatal day (P) 9, (D) P21, or (E) P30.  



 46 

 

 
 
Figure 02 | PPE affects locomotion behavior in a foreign stress-inducing 
environment.  
(A) Experimental schematic of the open field maze (OFM) arena. (B- C) Representative 
traces of a (B) Ctrl and (C) PPE mouse moving within the OFM arena over the 10 min. PPE 
decreased (D) the distance traveled as well as (E) the percent of time spent moving. PPE did 
not affect (F) the average speed of the mice while moving or (G) the percent of time spent 
within the center region of the arena. Hereinafter unless stated otherwise, all data are 
presented as box plots displaying the minimum, first quartile, median, third quartile, and 
maximum; n refers to the number of mice; p-values represent a comparison of PPE mice to 
Ctrl mice. * p<0.05, ** p<0.01, *** p<0.001. 
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Figure 03: PPE does not affect exploratory will or working memory.  
(A) Schematic of the Y-maze arena. PPE did not affect (B) the number of arm entries nor (C) 
the spontaneous alternation. Dotted line in (C) demarcates chance level of 33%. 
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Figure 04 | Experimental design of the whisker dependent texture discrimination 
task. 
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Figure 05 | PPE does not affect the exploratory activity of mice in the whisker-
dependent texture discrimination task.  
Ctrl and PPE mice interact overall with the two textured columns for (A) a comparable length 
of time as well as (B) a comparable number of times during both the encoding and the testing 
phase. 
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Figure 06 | PPE impairs preference for novelty in the whisker-dependent texture 
discrimination task.  
Comparison of object preference within a phase for each condition was examined in terms of 
(A - D) percent interaction time as well as (E - H) percent interaction number. During the 
encoding phase (A, B, E, F) no preferences were observed in either Ctrl (A, E) or PPE mice 
(B, F). During the testing phase (C, D, G, H) preferences for the novel textured object were 
observed in Ctrl mice both with regards to interaction time (C) as well as interaction number 
(G). Such preferences were not observed in PPE animals (D, H). Dotted lines in (A - H) 
demarcate chance of 50%. 
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Figure 07 | PPE impairs preference for the novel textured object during the 
testing phase of the whisker-dependent texture discrimination task.  
Discrimination indices using (A) interaction time and (B) interaction numbers revealed a 
number of significant differences between conditions and testing phases. Ctrl mice exhibited 
a significant increase in preference for the novel textured object relative to the familiar 
textured object as compared to preference for one of the encoding objects relative to the other 
both with regards to the (A) time discrimination index and the (B) number discrimination 
index. These phenomena were not observed in the PPE mice. Notably, Ctrl mice also 
exhibited a significantly greater preference for the novel textured object relative to the 
familiar with regards to the time discrimination index than PPE mice. 
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Figure 08 | PPE does not affect the acoustic startle reflex.  
(A) Louder acoustic stimulus evokes greater startle response in both Ctrl and PPE mice, with 
no significant difference between the two groups. (B) Both Ctrl and PPE mice exhibited 
negligible responses to the background stimulus. (C)  Desensitization to startle stimuli 
occurred in both Ctrl and PPE mice over the length of the experiment, with no significant 
difference between the two groups. 
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Figure 09 | PPE impairs sensorimotor gating.  
Louder prepulse stimuli evoke greater attenuation of the startle response in both Ctrl and PPE 
mice; PPE mice exhibit significantly greater inhibition of the startle response than Ctrl mice. 
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CHAPTER 4 | RESULTS - PPE AFFECTS THE 

STRUCTURAL AND FUNCTIONAL PROPERIES OF 

CORTICAL NEURONAL NETWORKS 

Neuronal activity in the cerebral neocortex regulates the formation of neural circuits and 

networks and mediates learning and behavior (Kim et al., 2018; Singer, 1993). Mesoscopic in 

vivo Ca2+ imaging has been used to probe the functional properties of cortical neuronal 

networks (Bolaños et al., 2018; Vanni et al., 2017). We leveraged this technique to monitor 

cortical neural activities in early adolescent (P21) Ctrl and PPE Snap25-GCaMP6s mice. 

These mice express the genetically encoded Ca2+ indicator GCaMP6s across cortical neurons 

(Madisen et al., 2015). We used an independent component analysis pipeline (pySEAS) 

(Weiser et al., 2021) to isolate neuronal activities and identify distinct functional domains. 

We further assigned each functional domain to one of the ten cortical regions defined by the 

Allen Brain Atlas: the medial (mM) and lateral (lM) motor cortices, the primary 

somatosensory core (S1C) and barrel fields (S1BF), the other regions of the primary 

somatosensory cortex (oS1), the secondary somatosensory cortex (S2), the auditory cortex 

(Aud), the primary (V1) and higher order (V+) visual cortices, as well as the retrosplenial 

cortex (RSC) (Fig. 10). 

PPE AFFECTS THE FUNCTIONAL STRUCTURE OF THE CEREBRAL 

CORTEX 
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Using pySEAS (Weiser et al., 2021), we partitioned the cortices of Ctrl and PPE P21 mice 

into functionally distinct domains, each of which was then cosigned to one of ten cortical 

regions: the medial (mM) and lateral (lM) motor cortices, the primary somatosensory core 

(S1C) and barrel fields (S1BF), the other regions of the primary somatosensory cortex (oS1), 

the secondary somatosensory cortex (S2), the auditory cortex (Aud), the primary (V1) and 

higher order (V+) visual cortices, as well as the retrosplenial cortex (RSC) (Fig. 11A,B). We 

then examined how PPE affected the number of ICA-defined domains across the cortex as 

well as within the different regions. To accomplish this, we compared the annotated ICA-

defined cortical domains within each hemisphere of Ctrl and PPE mice (Fig. 11C) via a two-

way ANOVA having two levels of condition independent variable (Ctrl and PPE) and ten 

levels of the cortical region independent variable (mM, lM, S1C, S1BF, oS1, S2, Aud, V1, 

V+, and RSC). The main effect of condition yielded an F ration of F(1, 120) = 12.6, p = 

0.007, indicating that the cortices of PPE mice had significantly fewer domains than Ctrl 

mice. The main effect of cortical region yielded an F ratio of F(9, 120) = 49.05, p < 0.001, 

indicating that there were significant differences in the number of domains between the 

different cortical regions. The interaction effect yielded an F ratio of F(9, 120) = 1.561, p = 

0.135, indicating that general trends between the different layers were statistically similar 

between Ctrl and PPE mice. Interestingly, a post hoc Bonferroni multiple comparisons test 

revealed that the difference between the conditions was largely due to a loss of domains 

within the V1 region (p = 0.03) as all other regions appeared unaffected (p > 0.4, Fig. 11C) 

PPE AFFECTS THE FUNCTIONAL NETWORKS OF THE CORTEX 
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We then used coherence analysis  to quantify synchronous activities within and between 

cortical regions (Fig. 12A,B) and compared our conditions (Fig. 12C,D). This analysis 

revealed a significant main effect of condition (p < 0.05) and of regional pair (p < 0.001) as 

well as a trending interaction effect (p = 0.05, two-way ANOVA, Figure 2F). To determine in 

which regional pair(s) was PPE affecting coherence, we performed a post hoc Bonferroni 

multiple comparisons test. This work revealed that the coherence between the domains of the 

S1BF and the domains of the S2 (p = 0.002) as well as the coherence between the domains of 

the S2 and the domains of the Aud (p < 0.001) were significantly less in PPE animals than 

controls (Fig. 12C,D). 

PPE LENGTHENS CORTICAL CALCIUM EVENTS 

Lastly, we sought to determine whether PPE was affecting some of the properties of Ca2+ 

events across the cerebral cortex as well as within the different cortical regions. Our focus 

was on the duration of events. We subjected these data to a two-way ANOVA having two 

levels of the condition independent variable (Ctrl and PPE) and ten levels of the cortical 

region independent variable (mM, lM, S1C, S1BF, oS1, S2, Aud, V1, V+, and RSC). 

To assay whether PPE affected Ca2+ event duration, we measured the length of events within 

the domains of the different regions of the cerebral cortex and compared PPE to Ctrl mice. 

With regards to the duration (Fig. 13), the main effect of condition yielded an F ratio of F(1, 

1695) = 135, p < 0.001, indicating that the length of wavelet events in PPE mice was 

significantly longer than in Ctrl mice. The main effect of cortical region yielded an F ratio of 

F(9, 1695) = 83.2, p < 0.001, indicating that the duration of events differed significantly 
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between the regions. The interaction effect yielded an F ratio of F(9, 1695) = 7.17, p = 0.001, 

indicating that PPE was likely affecting the different regions to different degrees. A post hoc 

Bonferroni multiple comparisons test revealed that the duration of wavelet events was 

significantly longer in the S1BF, S1C , Mm, V+, RSC (all p < 0.001) of PPE mice as 

compared to Ctrl mice. 
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Figure 10 | Schematic of Mesoscale Imaging and Data Processing. 
Ca2+ signal was collected from P21 mice and then processed via an independent component 
analysis pipeline (pySEAS) to create a function domain map for the cortex. The functionally 
distinct domains were then consigned to one of eleven cortical regions. The regionalized 
domain map was then used to examine the connectivity and activity of the different cortical 
regions. 
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Figure 11 | PPE decreases the number of domains across the cortex. 
Representative annotated domain map from a (A) Ctrl and (B) PPE mouse. (C) The number 
of domains per region was significantly reduced in PPE mice as compared to controls (p = 
0.007). N (data points) is animal 
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Figure 12 | PPE affects regional coherence in the cortex with particularly 
significant decreases in the somatosensory regions. 
Representative inter- and intra-regional coherence projected onto domain maps of Ctrl and 
PPE hemisphere (A,B respectively). Regional coherence in PPE mice significantly differed 
from Ctrl mice across the cortex (p = 0.03, two-way ANOVA), particularly with the 
relationships between the domains of the S1BF and the domains of the S2 as well as between 
the domains of the S2 and the domains of the Aud (p = 0.002 and p < 0.001, respectively, 
post hoc Bonferroni multiple comparisons test; C,D). 
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Figure 13 | PPE significantly increases the duration of Ca2+ events. 
(A) PPE significantly increases the duration of Ca2+ events across the hemisphere (p = 0.007, 
two-way ANOVA) with particularly significant increases in the mM, S1BF, S1C, V+, and 
RSC (p < 0.001, post hoc Bonferroni multiple comparisons test). N is the number of domains. 
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CHAPER 5 | RESULTS - PPE AFFECTS THE 

DEVELOPMENT OF INHIBITORY CIRCUITS 

PPE PERTURBS THE MATURATION OF PARVALBUMIN-EXPRESSING 

INHIBITORY INTERNEURONS IN THE BARREL FIELDS OF THE 

SOMATOSENSORY CORTEX 

Parvalbumin-immunoreactive (PV+) interneurons are the predominant type of interneuron in 

the mammalian cortex (Fishell and Rudy, 2011; Rudy et al., 2011b). They mature postnatally 

and play important roles in feedforward inhibition and sensory processing (Atallah et al., 

2012; Chen et al., 2017; Lee et al., 2012). During early adolescent development, perineuronal 

nets (PNNs), extracellular proteoglycan matrices, assemble around PV interneurons (Baker et 

al., 2017; Bradshaw et al., 2018). These structures are thought to be involved in the closure of 

critical periods and function as markers for maturity (Balmer et al., 2009; Pizzorusso et al., 

2002). To determine how PPE affects the development of PV+ interneurons in the barrel 

fields of the somatosensory cortex (S1BF), we stained coronal brain slices collected from 

adolescent (P45) mice with an anti-PV antibody and Wisteria floribunda lectin/agglutinin 

(WFL), a lectin that binds the aggrecan component of PNNs (Härtig et al., 1992) (Fig. 14 

A,B).  

First, we examined the density of PV+ interneurons across the different layers of the S1BF in 

Ctrl and PPE mice. We found that the PV+ cell density in S1BF layer (L) 4 was significantly 

lower in PPE mice (133.5 ± 12.9 cells/mm2) than in Ctrl mice (190.1 ± 10.9 cells/mm2; t(17) 
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= 3.304, p = 0.004, unpaired two-tailed t-test) (Fig. 15B). We did not observe a significant 

difference in the density of PV+ interneurons between PPE (89.1 ± 7.8 cells/mm2) and Ctrl 

(95.1 ± 5.7 cells/mm2; t(17) = 0.608, p = 0.551, unpaired two-tailed t-test) mice in L2/3 (Fig. 

15A) nor did we observe one between PPE (166.5 ± 9.9 cells/mm2) and Ctrl (189.1 ± 12.2 

cells/mm2; t(17) = 1.448, p = 0.166, unpaired two-tailed t-test) mice in L5/6 (Fig. 15C). To 

corroborate these findings and examine the effect of condition, we performed a two-way 

ANOVA having two levels of the condition independent variable (Ctrl and PPE) and three 

levels of the layer independent variable (L2/3, L4, and L5/6). The main effect for the 

condition independent variable yielded an F ratio of F(1, 51) = 11.44, p = 0.001, indicating 

that the density of PV+ interneurons is significantly less in PPE mice than in Ctrl mice. The 

main effect for the layer independent variable yielded an F ratio of F(2, 51) = 39.35, p < 

0.001, indicating that the density of PV+ interneurons changed significantly between the 

different layers of the S1BF. The interaction effect yielded an F ratio of F(2, 51) = 3.142, p = 

0.052, indicating that, while, there is some evidence of dependence between the layer and 

condition, the trends between the layers were statistically comparable between PPE and Ctrl 

mice.  A post hoc Bonferroni multiple comparisons test confirmed that PPE mice had 

significantly fewer PV cells in L4 than Ctrl mice (p < 0.001).  

We then assayed the density of cells surrounded by WFL+ PNN in Ctrl and PPE mice. 

Throughout the S1BF we did not observe any significant differences between the conditions 

as the density of L2/3 S1BF cells surrounded by WFL+ PNNs was comparable between PPE 

(76.0 ± 4.0 cells/mm2) and Ctrl (70.8 ± 4.9 cells/mm2; t(17) = 0.823, p = 0.423, unpaired two-

tailed t-test) mice (Fig. 16A), the density of L4 S1BF cells surrounded by WFL+ PNNs was 

comparable between PPE (229.3 ± 10.5 cells/mm2) and Ctrl (251.1 ± 10.5 cells/mm2; t(17) = 
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1.459, p = 0.163, unpaired two-tailed t-test) mice (Fig. 16B), and the density of L5/6 S1BF 

cells surrounded by WFL+ PNNs was comparable between PPE (132.0 ± 5.2 cells/mm2) and 

Ctrl (150.3 ± 9.1 cells/mm2; t(17) = 1.796, p = 0.090, unpaired two-tailed t-test) mice (Fig. 

16C). 

We then measured the percentage of PV+ interneurons that were surrounded by WFL+ PNNs 

throughout the S1BF of Ctrl and PPE mice. We did not observe a significant difference in 

L2/3 between Ctrl (52.5 ± 2.7%) and PPE (52.8 ± 3.0%; t(17) = 0.088, p = 0.931, unpaired 

two-tailed t-test) mice (Fig. 17A) nor did we observe one in L4 between Ctrl (94.6 ± 0.73%) 

and PPE (90.4 ± 2.0%%; t(11.30) = 1.974, p = 0.073, unpaired two-tailed t-test with Welch’s 

correction) mice (Fig. 17B). We did observe a significant difference in L5/6 between Ctrl 

(57.5 ± 2.1%) and PPE (46.6 ± 2.0%; t(17) = 3.735, p = 0.002, unpaired two-tailed t-test) 

mice (Fig. 17C). As with the density of PV cells, we followed up these analyses with a two-

way ANOVA having two levels of the condition independent variable (Ctrl and PPE) and 

three levels of the layer independent variable (L2/3, L4, and L5/6) to corroborate findings and 

examine the effect of the condition. The main effect for the condition independent variable 

yielded an F ratio of F(1, 51) = 7.148, p = 0.010, indicating that the percentage of S1BF PV+ 

interneurons surrounded by WFL+ PNNs was significantly less in PPE mice than in Ctrl 

mice. The main effect for the layer independent variable yielded an F ratio of F(2, 51) = 

212.3, p < 0.001, indicating that significant differences exist between the layers with regards 

to the percentage of S1BF PV+ interneurons surrounded by WFL+ PNNs. The interaction 

effect yielded an F ratio of F(2, 51) = 3.17, p = 0.050, indicating PPE might affect the 

different layers of the S1BF to different degrees, this effect did not reach statistical 

significance. A post hoc Bonferroni multiple comparisons test confirmed that PPE mice had a 
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significantly lower percentage of S1BF PV+ interneurons surrounded by WFL+ PNNs than 

Ctrl mice in L5/6 (p = 0.004) but not in L2 (p > 0.999) nor in L4 (p = 0.579). 

We then sought to determine how PPE affected the density of PV+ interneurons that were 

surrounded by WFL+ PNNs within the separate layers of the S1BF. The superficial layers of 

the S1BF appeared unaffected by PPE as the density of L2/3 S1BF PV+ interneurons that 

were surrounded by WFL+ PNNs was comparable between PPE (46.7 ± 5.0 cells/mm2) and 

Ctrl (50.1 ± 3.1 cells/mm2; t(17) = 0.0563, p = 0.581, unpaired two-tailed t-test) mice (Fig. 

18A). We did observe a decrease in the deeper layers as the density of S1BF L4 PV+ 

interneurons that were surrounded by WFL+ PNNs was significantly less in PPE mice (120.5 

± 12.6 cells/mm2) as compared to Ctrl mice (179.4 ± 9.8 cells/mm2; t(17) = 3.645, p = 0.002, 

unpaired two-tailed t-test) (Fig. 18B) and the density of S1BF L5/6 PV+ interneurons that 

were surrounded by WFL+ PNNs was significantly less in PPE mice (78.4 ± 6.2 cells/mm2) 

as compared to Ctrl mice (108.6 ± 8.1 cells/mm2; t(17) = 3.005, p = 0.008, unpaired two 

tailed t-test) (Fig. 18C). Once again, we followed up these analyses with a two-way ANVOA 

having two levels of the condition independent variable (Ctrl and PPE) and three levels of the 

layer independent variable (L2/3, L4, and L5/6) to corroborate earlier findings and examine 

the effect of the condition. The main effect for the condition independent variable yielded an 

F ratio of F(1, 51) = 21.44, p < 0.001, indicating that the density of S1BF PV+ interneurons 

surrounded by WFL+ PNNs was significantly less in PPE mice as compared to Ctrl mice. 

The main effect for the layer independent variable yielded an F ratio of F(1, 51) = 77.72, p < 

0.001, indicating that there exist significant differences between the layers with regards to the 

density of PV+ interneurons surrounded by WFL+ PNNs. The interaction effect yielded an F 

ratio of F(1, 51) = 5.788, p = 0.005, indicating that PPE significantly affected the different 
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layers of the S1BF to different degrees. A post hoc Bonferroni multiple comparisons test 

confirmed that PPE mice had a significantly lower density of S1BF PV interneurons 

surrounded by WFL+ PNNs than Ctrl mice in L4 (p < 0.001) and L5/6 (p  = 0.035) but not in 

L2/3 (p > 0.999). 

We also assayed whether PPE affected the density of PV+ interneurons that were not 

surrounded by WFL+ PNNs across within the separate layers of the S1BF. PPE did not 

appear to affect the density of PV+ interneurons that were not surrounded by WFL+ PNNs 

each of the separate layers of a S1BF cortical column as the density of PV+ interneurons that 

were not surrounded by WFL+ PNNs in L2/3 was comparable between PPE (42.4 ± 4.7 

cells/mm2) and Ctrl (45.0 ± 4.7 cells/mm2; t(17) = 0.395, p = 0.698, unpaired two-tailed t-

test) mice (Fig. 19B), in L4 was comparable between PPE (13.1 ± 2.7 cells/mm2) and Ctrl 

(10.7 ± 1.9 cells/mm2; t(17) = 0.709, p = 0.488, unpaired two-tailed t-test) mice (Fig. 19C), 

and in L5/6 was comparable between PPE (88.2 ± 5.7 cells/mm2) and Ctrl (80.5 ± 6.3 

cells/mm2; t(17) = 0.898, p = 0.382, unpaired two-tailed t-test) mice (Fig. 19D). 

Lastly, we examined whether PPE affected the expression of parvalbumin and WFL by PV+ 

interneurons by assaying the fluorescent intensity of the PV label within S1BF PV+ cells and 

the fluorescent intensity of the WFL label around S1BF PV+ cells respectively. We did not 

observe a significant difference in the intensity of PV label in S1BF PV+ interneurons within 

L2/3 between Ctrl (877.8 ± 45.2 AU) and PPE (823.2 ± 32.6 AU; t(13) = 0.954, p = 0.357, 

unpaired two-tailed t-test) mice (Fig. 20A) nor within L5/6 between Ctrl (852.2 ± 50.0 AU) 

and PPE (778.8 ± 32.2 AU; t(13) = 1.195, p = 0.254, unpaired two-tailed t-test) mice (Fig. 

20C). We did, however, observe a significant difference within L4 between Ctrl (847.7 ± 
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51.3 AU) and PPE (667.0 ± 33.7 AU; t(13) = 2.852, p = 0.014, unpaired two-tailed t-test) 

mice (Fig. 20B). To corroborate earlier findings and examine the effect of the condition, we 

performed a two-way ANOVA having two levels of the condition independent variable (Ctrl 

and PPE) and three levels of the layer independent variable (L2/3, L4, and L5/6). The main 

effect for the condition independent variable yielded an F ratio of F(1, 39) = 8.61, p = 0.006, 

indicating that the fluorescent intensity of the PV label within S1BF PV+ interneurons is 

significantly less in PPE mice as compared to Ctrl mice. The main effect for the layer 

independent variable yielded an F ratio of F(2, 39) = 2.40, p = 0.104, indicating that the 

fluorescent intensity of the PV label within S1BF PV+ interneurons was comparable between 

all the cortical layers. The interaction effect yielded an F ratio of F(2, 39) = 1.25, p = 0.297, 

indicating that there is little evidence of dependence between the condition of the mouse and 

the layer within the S1BF. A post hoc Bonferroni multiple comparisons test confirmed that 

the fluorescent intensity of the PV labeled in S1BF PV+ interneurons of PPE mice in L4 was 

significantly less than Ctrl mice (p = 0.015). We did not observe a significant difference in 

the intensity of WFL label surrounding S1BF PV+ interneurons in L2/3 between Ctrl (Mdn: 

374.6 AU) and PPE (Mdn: 406.7; U = 17, nCtrl = 8, nPPE = 7, p = 0.232, two-tailed Mann 

Whitney U test) mice (Fig. 21A) nor in L5/6 between Ctrl (599.5 ±  33.9 AU)  and PPE 

(523.9 ± 12.6 AU; t(8.879) = 2.087, p = 0.067, unpaired two-tailed t-test with Welch’s 

correction) mice (Fig. 21C). As with PV intensity, we did observe a significant difference 

within L4 between Ctrl (921.0 ± 44.3 AU) and PPE (811.3 ± 18.8 AU; t(9.381) = 2.279, p = 

0.048, unpaired two-tailed t-test with Welch’s correction) mice (Fig. 21B). We followed up 

these analyses with a two-way ANOVA having two levels of the condition independent 

variable (Ctrl and PPE) and three levels of the layer independent variable (L2/3, L4, and 

L5/6) to corroborate earlier findings and examine the effect of the condition.  The main effect 
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for condition yielded an F ratio of F(1, 39) = 5.69, p = 0.022, , indicating that the fluorescent 

intensity of the WFL label around S1BF PV+ interneurons is significantly less in PPE mice 

as compared to Ctrl mice. The main effect for layer yielded an F ratio of F(2, 39) = 130, p < 

0.001, indicating the separate layers were statistically distinguishable  by the intensity of 

WFL label surrounding S1BF PV+ interneurons. The interaction effect yielded an F ratio of 

F(2, 39) = 2.10, p = 0.136, indicating that PPE affected the separate layers comparably. A 

post hoc Bonferroni multiple comparisons test confirmed that the fluorescent intensity of the 

WFL label surrounding S1BF PV+ interneurons  of PPE mice in L4 was significantly less 

than Ctrl mice (p = 0.041) 
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Figure 14 | S1BF Cortical Column of Ctrl and PPE mice.  
Representative images of immunolabeling for DAPI, PV, and WFL in the S1BF of (A) Ctrl 
and (B) PPE mice. Dotted lines demarcate layer boundaries. Scale bar = 100 µm.  
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Figure 15 | PPE significantly decreases density of S1BF PV+ cells in L4.  
The density of S1BF PV+ cells is significantly decreased in (B) L4 (unpaired two-tailed t-
test) but not in (A) L2/3 (unpaired two-tailed t-test) nor in (C) L5/6 (unpaired two-tailed t-
test). 9 - 10 animals were used per condition; 3 – 4 sections (i.e. 6 – 8 hemispheres) were 
labeled per animal; 4 – 6 images were taken, analyzed, and averaged for each animal. N is the 
animal. 
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Figure 16 | PPE does not affect the density of cells surrounded by WFL+ PNNs. 
The density of S1BF cells surrounded by WFL+ PNNs is unaffected by PPE in (A) L2/3 
(unpaired two-tailed t-test), (B) L4 (unpaired two-tailed t-test), as well as in (C) L5/6 
(unpaired two-tailed t-test). 
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Figure 17 | PPE significantly decreases the percent of PV+ cells surrounded by 
WFL+ PNNs in the S1BF and L5/6 in particular.  
The percentage of S1BF PV+ cells that are surrounded by WFL+ PNNs is significantly 
decreased in (C) L5/6 (unpaired two-tailed t-test) but not in (A) L2/3 (unpaired two-tailed t-
test) nor in (B) L4 (unpaired two-tailed t-test with Welch’s correction) 
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Figure 18 | PPE significantly decreases the density of PV+ cells that are 
surrounded by WFL+ PNNs in the S1BF and the deeper layers in particular.  
The density of S1BF PV+ cells that are surrounded by WFL+ PNNs is significantly decreased 
in (B) L4 (unpaired two-tailed t-test) and (C) L5/6 (unpaired two-tailed t-test) but not in (A) 
L2/3 (unpaired two-tailed t-test). 
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Figure 19 | PPE does not affect the density of PV+ cells not surrounded by 
WFL+ PNNs.  
The density of S1BF PV+ cells that are not surrounded by WFL+ PNNs is not affected by 
PPE in (A) L2/3 (unpaired two-tailed t-test), (B) L4 (unpaired two-tailed t-test), nor in (C) 
L5/6 (unpaired two-tailed t-test). 
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Figure 20 | PPE decreases PV label within S1BF L4 PV+ cells.  
The fluorescent intensity of the PV label of S1BF PV+ cells is significantly decreased in (B) 
L4 (unpaired two-tailed t-test) but not in (A) L2/3 (unpaired two-tailed t-test)nor in (C) L5/6 
(unpaired two-tailed t-test). 
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Figure 21 | PPE decreases WFL label around S1BF L4 PV cells  
The fluorescent intensity of the WFL label of S1BF PV+ cells is significantly decreased in 
(B) L4 (unpaired two-tailed t-test with Welch’s correction) but not in (A) L2/3 (Mann 
Whitney U test) nor in (C) L5/6 (unpaired two-tailed t-test with Welch’s correction). 
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CHAPTER 6 | RESULTS - PPE AFFECTS MICROGLIA 

PPE INCREASES THE RAMIFICATION AND TERRITORIAL COVERAGE 

OF MICROGLIA IN THE S1BF 

Microglia are the resident immune cells in the central nervous system (Mosser et al., 2017). 

They exhibit a ramified morphology and extend and retract their processes constantly to 

survey the immediate environment (Davalos et al., 2005; Nimmerjahn et al., 2005). Recent 

studies further show that microglia contribute to neuronal activity (Li et al., 2012) as well as 

synaptic dynamics and plasticity (Tremblay et al., 2010). To evaluate the effect of PPE on 

microglia, we used an antibody against Iba1 (a microglia marker) to stain them in brain slices 

generated from adolescent Ctrl and PPE mice, and analyzed their density and morphology in 

S1BF.  

We first examined the density of Iba1 immunoreactive microglia across the different layers of 

the S1BF in Ctrl and PPE mice (Fig. 22A,B respectively). We did not observe a significant 

difference in the density of Iba1+ microglia between Ctrl (269.3 ± 13.5 cells/mm2) and PPE 

(242.4 ± 10.2 cells/mm2; t(11) = 1.603, p = 0.137, unpaired two-tailed t-test) mice in L2/3 

(Fig. 22C), nor between Ctrl (198.7 ± 5.6 cells/mm2) and PPE (189.3 ± 7.3 cells/mm2; t(11) = 

0.904, p = 0.385, unpaired two-tailed t-test) mice in L4 (Fig. 22D), nor between Ctrl (161.8 ± 

10.3 cells/mm2) and PPE (167.0 ± 6.5 cells/mm2; t(11) = 0.457, p = 0.657, unpaired two-

tailed t-test) mice in L5/6 (Fig. 22E). To corroborate these findings and examine the effect of 

the condition across the layers, we followed up these analyses with a two-way ANOVA 
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having two levels of the condition independent variable (Ctrl and PPE) and three levels of the 

layer independent variable (L2/3, L4, and L5/6). The main effect for condition yielded an F 

ratio of F(1, 33) = 1.84, p = 0.184, indicating that the density of S1BF Iba1+ cells was 

comparable between Ctrl and PPE mice. The main effect for layer yielded an F ratio of F(2, 

33) = 50.2, p < 0.001, indicating that the density of Iba1+ cells changes significantly between 

the different S1BF layers. The interaction effect yielded an F ratio of F(2, 33) = 1.49, p = 

0.240, indicating that the different layers were similarly unaffected by PPE. A post hoc 

Bonferroni multiple comparisons test confirmed that there were no significant differences 

between the conditions for each of the S1BF layers. 

We then examined the morphology of S1BF microglia in Ctrl and PPE mice (Fig. 23A,B 

respectively). We found that the total process length of individual S1BF microglia was 

significantly greater in PPE (992.7 ± 32.0 µm) than Ctrl (800.0 ± 23.4 µm; t(82.77) = 4.861, p 

< 0.001, unpaired two-tailed t-test with Welch’s correction) mice (Fig. 24A). To determine 

how this increase was distributed throughout the microglial arbor, we assessed the process 

length at the different branch levels (Fig. 26A). In this effort, we performed a two-way 

ANOVA with two levels of the condition independent variable (Ctrl and PPE) and twelve 

levels of the branch level independent variable (first, second, et cetera). The main effect for 

condition yielded an F ratio of F(1, 1080) = 28.97, p < 0.001, indicating that the S1BF 

microglia of PPE mice had significantly more process length than those of Ctrl mice. The 

main effect for branch level yielded an F ratio of F(11, 1080) = 289.6, p < 0.001, indicating 

that the different branch levels significantly differed from one another with regards to the 

amount of process length within them. The interaction effect yielded an F ratio of F(11, 1080) 

= 1.817, p = 0.047, indicating that PPE affected the different branch levels to different 
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degrees. A post hoc Bonferroni multiple comparisons test revealed that the microglia of PPE 

mice had significantly more process length than those of Ctrl mice at the third (p = 0.015), 

fourth (p = 0.012), and fifth (p = 0.007) branch levels. Additionally, we observed that the 

total number of terminal points of individual S1BF microglia was significantly greater in PPE 

(100.7 ± 3.8 points) than Ctrl (77.6 ± 3.2 points; t(91) = 4.634, p < 0.001, unpaired two-tailed 

t-test) mice (Fig. 24B). As with the process length, to determine how this increase was 

distributed throughout the microglial arbor, we assessed the number of terminal points at the 

different branch levels (Fig. 26B). In this effort, and as before, we performed a two-way 

ANOVA with two levels of the condition independent variable (Ctrl and PPE) and twelve 

levels of the branch level independent variable (first, second, et cetera). The main effect for 

condition yielded an F ratio of F(1, 1067) = 31.15, p < 0.001, indicating that the S1BF 

microglia of PPE mice had significantly fewer terminal points than those of Ctrl mice. The 

main effect for branch level yielded an F ratio of F(11, 1067) = 209.4, p < 0.001,  indicating 

that the different branch levels significantly differed from one another with regards to the 

number of microglial terminal points within them. The interaction effect yielded an F ratio of 

F(11, 1067) = 2.487, p = 0.004, indicating that PPE affected the different branch levels to 

different degrees. A post hoc Bonferroni multiple comparisons test revealed that the S1BF 

microglia of PPE mice had significantly more terminal points than those of Ctrl mice at the 

fourth (p = 0.001), fifth (p = 0.002), sixth (p = 0.013), and seventh (p = 0.042) branch levels. 

We also examined the area of cortical parenchyma that the microglia occupied and found that 

the convex hull volumes of individual S1BF microglia from PPE mice (40287 ± 1510 µm3) 

were significantly greater than that of Ctrl mice (32999 ± 1247 µm3; t(91) = 3.728, p < 0.001, 

unpaired two-tailed t-test) (Fig. 24C).  



 81 

Following up on these analyses, we then performed a sholl analysis to assess how the 

complexity of S1BF microglia was affected by PPE at different distances from the cell body 

(Fig. 25). To accomplish this, we performed a two-way ANOVA having two levels of the 

condition independent variable (Ctrl and PPE) and sixty levels of the sholl shell independent 

variable (1 µm, 2 µm, et cetera). The main effect for condition yielded an F ratio of F(1, 

5520) = 260.3, p < 0.001, indicating that the microglia of PPE mice had significantly more 

sholl intersections than those of Ctrl mice. The main effect for sholl shell yielded an F ratio of 

F(59, 5520) = 396.2, p < 0.001, indicating that the sholl shells at different distances from the 

cell body had significantly different numbers of intersections with microglial processes. The 

interaction effect  yielded an F ratio of F(59, 5520) = 3.387, p < 0.001, indicating that PPE 

affected the number of intersections differently at different distances from the cell body. A 

post hoc Bonferroni multiple comparisons test revealed that the S1BF microglia of PPE mice 

had significantly more intersections than Ctrl mice at distances of 13 µm (p = 0.002), 14 µm 

(p = 0.028), 17 µm (p = 0.010), 19 µm (p < 0.001), 20 µm (p < 0.001), 21 µm (p = 0.004), 22 

µm (p = 0.003), 23 µm (p = 0.011), 24 µm (p < 0.001), 25 µm (p < 0.001), 26 µm (p < 0.001), 

27 µm (p < 0.001), 28 µm (p < 0.001), 29 µm (p < 0.001), 30 µm (p = 0.012), and 31 µm (p = 

0.002) away from the cell body.  

Together, these analyses demonstrate that PPE increase the size and complexity of S1BF 

microglia as well as the amount of cortical space that they occupy. As PPE does not affect the 

density of S1BF microglia, we then sought to determine whether PPE affected the degree to 

which microglia respected the parenchymal territories of neighboring microglia (Fig. 27A). 

We observed that there was significantly more process length of neighboring microglia 

within the convex hull volumes of traced PPE microglia (Mdn = 40.1 µm) as compared to 
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Ctrl microglia (Mdn = 14.4 µm; U = 665, nCtrl = 47, nPPE = 46, p = 0.001, two-tailed Mann-

Whitney U test) (Fig. 27B). We also observed that there were significantly more terminal 

points of neighboring microglia within the convex hull volumes of trace PPE microglia (Mdn 

= 9 points) as compared to Ctrl microglia (Mdn = 3 points, U = 692, nCtrl = 47, nPPE = 46, p = 

0.002, two-tailed Mann-Whitney U test) (Fig. 27C). 

PPE AFFECTS THE DYNAMICS OF MICROGLIA IN THE S1BF 

To investigate how PPE affects the process dynamics of microglia, we performed in vivo 

two-photon imaging of adolescent CX3CR1GFP/+ mice with and without PPE (Fig. 28A,B 

respectively). We found that the tips of S1BF microglia were dynamic, with comparable 

absolute changes in length over the length of 25 min between Ctrl (Mdn = 0.3 µm/min) and 

PPE (Mdn = 0.3 µm/min; U = 1826, nCtrl = 69, nPPE = 56, p = 0.592, two-tailed Mann-

Whitney U test) mice (Fig. 28C). We also observed that the net change in length of S1BF 

microglial tips, resulting from increases via extension events and decreases via retraction 

events, was comparable between Ctrl (Mdn = 0.0 µm/min) and PPE (Mdn = 0.0 µm, nCtrl = 

69, nPPE = 56, p = 0.645, two-tailed Mann-Whitney U test) mice (Fig. 28D). While these data 

demonstrate that the dynamics of microglia at a tip level appears unaffected by PPE, because 

PPE increases the total number of terminal tips by approximately 30%, it is likely that the 

dynamics of microglia at the cell level is significantly increased.  

PPE DOES NOT APPEAR TO PROVOKE A PROINFLAMMATORY STATE. 
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To investigate whether the dynamic and morphological changes we observed in PPE S1BF 

microglia was associated with an overall increase in the neural or systemic immune state, we 

performed an ELISA for interleukin 6 (IL-6), a proinflammatory cytokine (Tanaka et al., 

2014), on P45 serum and cortical tissues as well as RT-qPCRs for IL-6 and NADPH oxidase 

(Nox), a critical mediator of inflammatory responses (Segal et al., 2012), on P15 and P45 

cortical tissues. In our pilot ELISA experiment comparing IL-6 expression of P45 Ctrl and 

PPE mice, we did not observe a significant difference in the serum IL-6 concentration 

between Ctrl (3.635 ± 0.987 pg / mL) and PPE (3.110 ± 0.726 pg / mL; t(13) = 0.438, p = 

0.669, unpaired two-tailed t-test) mice (Fig. 29A); nor did we observe a significant difference 

in the cortical IL-6 concentration between Ctrl (6.327 ± 0.623 pg / mL) and PPE (7.614 ± 

0.426 pg / mL; t(13) = 1.770, p = 0.100, unpaired two-tailed t-test) mice (Fig. 29B). When we 

examined the expression of IL-6 in the cortices of control and experimental mice, we found 

that the normalized mRNA expression of IL-6 was comparable between Ctrl (1.070 ± 0.141 

AU) and PPE (1.043 ± 0.173 AU; t(14) = 0.124, p = 0.903, unpaired two-tailed t-test) mice at 

P15 (Fig. 30A) as was it comparable between Ctrl (1.080 ± 0.149 AU, Mdn = 1.170) and PPE 

(1.187 ± 0.345 AU, Mdn = 0.798 AU; U = 27, nCtrl = 8, nPPE = 8, p = 0.645, two-tailed Mann-

Whitney U test) mice at P45 (Fig. 30C). As with the IL-6 data, when we examined the 

expression of Nox in the cortices of control and experimental mice, we found that the 

normalized mRNA expression of Nox was comparable between Ctrl (1.058 ± 0.126 AU) and 

PPE (0.841 ± 0.111 AU; t(14) = 1.296, p = 0.216, unpaired two-tailed t-test) mice at P15 

(Fig. 30B) as it was comparable between Ctrl (1.056 ± 0.144 AU) and PPE (1.364 ± 0.305 

AU; t(14) = 0.916, p = 0.375, unpaired two-tailed t-test) mice at P45 (Fig. 30D). 

PPE RESULTS IN DENDRITIC SPINE LOSS IN S1BF 
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Dendritic spines are highly specialized membranous structures that protrude out of the 

dendritic branches. They contain molecular components necessary for synaptic function and 

plasticity  (Colgan and Yasuda, 2014; Nimchinsky et al., 2002). Decreases in spine density 

are observed in a number of neurological disorders (Blanpied and Ehlers, 2004; Fiala et al., 

2002). To investigate whether and how PPE affects dendritic spines in the S1BF, we expose 

Thy1-YFP-H line mouse pups (Feng et al., 2000) to PPE. These mice express cytoplasmic 

yellow fluorescent protein (YFP) in a sparse subset of L5 pyramidal neurons in the cortex, 

which enables us to image dendritic spines in vivo using transcranial two-photon microscopy 

(Zuo et al., 2005). We imaged spines on apical dendrites (within 150 µm below the pial 

surface) in S1BF of control and PPE mice at 1 month of age. We tracked spines on 10-15 

dendritic segments per mouse (Fig. 31A), and found that the spine density in control mice 

was 4.656 ± 0.005 spine/µm, comparable to previously reported values (Chen et al., 2017; Yu 

et al., 2013; Zuo et al., 2005) but significantly higher than that in PPE mice (3.477 ± 0.0124 

spines/µm; p < 0.001, unpaired t-test; Fig. 31B). Following the same dendrites over time 

(Fig. 31C), we further showed that the elimination of dendritic spines over 7 day was 

elevated in 1-month-old PPE mice compared to control (17.6 ± 0.2 % vs 12.4 ± 0.5%, 

respectively; p < 0.001 unpaired t-test with Welch’s correction, Fig. 31D). In contrast, the 

spine formation over the same period was not affected (6.99 ± 0.77 % vs 6.36 ± 0.86 %, 

respectively; p = 0.599, unpaired t-test, Fig. 31E). 
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Figure 22 | PPE does not affect the density of S1BF microglia.  
Representative brightfield images of immunolabeling for Iba1 in the S1BF of (A) Ctrl and 
(B) PPE mice. The density of S1BF Iba1+ cells is comparable between PPE and Ctrl mice in 
(C) L2/3, (D) L4, and (E) L5/6. Dotted lines demarcate layer boundaries. Scale bar = 100 µm. 
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Figure 23 | PPE appears to increase the size of S1BF microglia.  
Representative three-dimensional reconstructions of traced S1BF microglia from (A) Ctrl and 
(B) PPE mice. Scale bar = 10 µm. 
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Figure 24 | PPE increases the ramification of S1BF microglia.  
PPE significantly increases the (A) total process length, (B) number of terminal points, and 
(C) convex hull volume on individual S1BF microglia. Sample n refers to the number of 
traced microglia for each condition. 
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Figure 25 | PPE significantly increases the complexity of S1BF microglia.  
PPE significantly increase the number of sholl intersections of individual S1BF microglia. 
Data is presented as mean (bright blue/red line) ± SEM (lightly shaded blue/red area). Sample 
n refers to the number of traced microglia for each condition. 
  



 89 

 
 
Figure 26 | PPE significantly increases the length and complexity of S1BF 
microglia.  
PPE significantly increases (A) process length and (B) number of terminal points of 
individual S1BF microglia at the intermediate branch levels. Sample n refers to the number of 
traced microglia for each condition. 
 
 



 90 

 
 
Figure 27 | PPE significantly increases the territorial overlap of individual S1BF 
microglia.  
(A) A cartoon illustrating the neighboring microglial processes (green) entering the convex 
hull (light purple) of a traced microglia (dark purple). PPE significantly increases (B) the 
number of terminal points and (C) the total process length of neighboring microglia within 
the convex hulls of traced S1BF microglia. Sample n refers to the number of traced microglia 
for each condition. 
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Figure 28 | PPE does not affect the dynamics of S1BF microglial terminal tips.  
(A-B) Representative time-lapse in-vivo two-photon images of (A) Ctrl and (B) PPE S1BF 
microglia. Scale bar = 20 µm. The (C) absolute and (D) overall dynamics of S1BF microglial 
terminal tips were comparable between Ctrl and PPE conditions. Sample n refers to the 
number of traced microglia tips for each condition. 
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Figure 29 | PPE does not affect central or peripheral IL-6 expression. 
Preliminary ELISA data examining the effect of PPE on the expression of IL-6 in (A) the 
serum and (B) the cortex of P45 mice. 
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Figure 30 | PPE does not affect cortical expression of IL-6 or Nox mRNA. 
PPE does not affect the cortical mRNA expression of IL-6 at (A) P15 or (C) P45. Nor does it 
affect the cortical mRNA expression of Nox at (B) P15 or (D) P45. 
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Figure 31 | The density of spines on the apical dendrites of S1BF L5 pyramidal 
neurons is decreased in PPE mice. 
Representative (A) density images and (C) 7 day dynamics images of dendrite segments 
imaged in vivo from Ctrl and PPE mice. Scale bar = 2 µm. (B) PPE significantly decreases 
the density of spines (p < 0.001, unpaired t-test). (D) PPE significantly increases the spine 
elimination rate (p < 0.001, unpaired t-test with Welch’s correction) (E) PPE does not affect 
dendritic spine formation rate (p = 0.599, unpaired t-test). Plots are mean ± SEM. 
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CHAPTER 7 | RESULTS - PROBIOTIC TREATMENT 

PARTIALLY COUNTERS SOME PPE ASSOCIATED 

DEFECTS 

It has been shown that a probiotic cocktail containing a number of Gram-positive bacteria 

including Streptococcus thermophilus, Bifidobacterium breve, Bifidobacterium longum, 

Bifidobacterium infantis, Lactobacillus acidophilus, Lactobacillus plantarum, Lactobacillus 

paracasei, and Lactobacillus delbrueckii subsp. Bulgaricus was capable of countering the 

antibiotic-induced behavioral and neurological defects (Möhle et al., 2016). To investigate 

whether such treatment might be able to ameliorate some of the defects we observed 

following PPE, we gavaged PPE pup with either water vehicle (P-Veh) or probiotics (P-Pro) 

at P9 and P15 (Fig. 32). To determine whether such intervention is capable of rescuing the 

defects (id est in comparison to Ctrl mice), additional work will need to be performed in 

which Ctrl mice are treated with either water vehicle (C-Veh) or probiotics (C-Pro). 

PROBIOTIC TREATMENT OF PPE MICE PARTIALLY COUNTERS THE 

IMPAIRMENT OF TEXTURE DISCRIMINATION DURING 

ADOLESCENCE. 

PPE mice that were orally gavaged with a probiotic solution displayed a willingness to 

explore similar to that of PPE mice orally gavaged with vehicle, both with respect to the 
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amount of time spent investigating the two column objects (Fig. 33A) as well as a the number 

of interaction events with the two column objects (Fig. 33B) during both the encoding and 

testing phases. These observations were determine by performing two two-way ANOVAs 

having two levels of the condition independent variable (P-Veh and P-Pro) and two levels of 

the phase independent variable (Encoding and Testing). With regards to interaction time, the 

main effect of condition yielded an F ratio of F(1, 26) = 0.999, p = 0.327, indicating that there 

was not a significant difference between P-Veh (29.8 ± 3.0 sec) and P-Pro (26.9 ± 2.5 sec) 

mice. The main effect of phase yielded an F ratio of F(1, 26) = 23.49, p < 0.001, indicating 

that mice spent significantly more time interacting with the objects during the 5 min encoding 

phase (35.3 ± 2.4 sec) than the 3 min encoding phase (21.1 ± 1.6 sec). Furthermore, the 

interaction effect yielded an F ratio of F(1, 26) = 0.067, p = 0.798, indicating that for within 

and between each phase, P-Veh and P-Pro mice behaved in a similar way. A post hoc Tukey 

multiple comparisons test confirmed that there were no significant differences in the total 

time length of encoding interactions between P-Veh (36.5 ± 4.0 sec) and P-Pro (34.3 ± 3.0 

sec, p = 0.953) as well as testing interactions between P-Veh (23.1 ± 2.8 sec) and P-Pro (19.4 

± 1.6 sec, p = 0.810). With regards to interaction events, the main effect of condition yielded 

an F ratio of F(1, 26) = 0.062, p = 0.806, indicating that there was not a significant difference 

between P-Veh (30.9 ± 3.4 interaction events) and P-Pro (31.8 ± 3.7 interaction events). The 

main effect of phase yielded an F ratio of F(1, 26) = 22.33, p < 0.001, indicating that the mice 

interacted significantly more with the encoding objects (40.5 ± 3.4 interaction events) than 

the testing objects (22.3 ± 1.5 interaction events). The interaction effect yielded an F ratio of 

F(1, 26) = 0.035, p = 0.852,  indicating that, for within and between each phase, Ctrl and PPE 

animals behaved in a similar way.  A post hoc Tukey multiple comparisons test confirmed 

that there were no significant differences in the number of encoding interaction events 
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between P-Veh (39.6 ± 4.3 interaction events) and P-Pro (41.3 ± 5.4 interaction events, p = 

0.990) nor in the number of testing interaction events between P-Veh (22.1 ± 2.2 interaction 

events) and P-Pro (22.4 ± 2.1 interaction events, p > 0.999). 

To determine whether probiotic treatment affected the way PPE mice divided their attention 

between the two column objects of each phase, the percent time spent investigating each 

column object as well as the percent number of interaction events with each column object 

were computed and compared to the other column object of its pair. During the encoding 

phase, P-Veh mice divided their attention approximately equally between the two same-

textured column objects in terms of percent interaction time (52.1, 47.9 ± 1.3%; t(6) = 1.631, 

p = 0.154, paired two-tailed t-test) (Fig. 34A) and percent interaction number (50.9, 49.1 ± 

1.8%; t(6) = 0.524. p = 0.619, paired two-tailed t-test) (Fig. 34E). During the testing phase, 

P-Veh mice divided their attention approximately equally between the novel-textured and 

familiar-textured column objects both in terms of percent interaction time (44.6, 55.4 ± 3.6%; 

t(6) = 1.489, p = 0.187, paired two-tailed t-test) (Fig. 34C) and percent interaction number 

(46.3, 53.7 ± 2.9%; t(6) = 1.314, p = 0.237, paired two-tailed t-test) (Fig. 34G). These 

observations are more or less consistent with how the PPE animals performed in the initial 

behavioral experiment. Similar to all other groups, P-Pro mice divided their attention 

approximately equally between the two same-textured column objects in terms of percent 

interaction time (50.8, 49.2 ± 2.3%; t(7) = 0.336, p = 0.747, paired two-tailed t-test) (Fig. 

34B) as well as the percent interaction number (48.7, 51.3 ± 1.9%, t(7) = 0.704, p = 0.504, 

paired two-tailed t-test) (Fig. 34F). Interestingly, during the testing phase, P-Pro mice 

committed significantly more attention towards the novel-textured column object than the 

familiar-textured column object in terms of percent interaction time (60.4, 39.6 ± 3.3%, t(7) = 
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3.139, p = 0.016, paired two-tailed t-test) (Fig. 34D). Intriguingly, this preference was not 

observed in terms of percent interaction number (54.3, 45.7 ± 1.8%, t(7) = 2.342, p = 0.052, 

paired two-tailed t-test) (Fig. 34H). These observations are somewhat consistent with how 

Ctrl animals performed in the initial behavioral experiment. 

To further characterize the discrimination behavior in P-Veh and P-Pro mice, as well as to 

compare the conditions, we computed the interaction time and number discrimination indices 

as previously defined. As before, both the interaction time (Fig. 35A) and interaction number 

(Fig. 35B) discrimination indices were subjected to a two-way ANOVA having two levels of 

the condition independent variable (P-Veh and P-Pro) and two levels of the phase 

independent variable (Encoding and Testing). For the interaction time discrimination indices, 

the main effect of condition yielded an F ratio of F(1, 26) = 4.649, p = 0.016, indicating that 

the interaction time discrimination indices of P-Veh (-0.03 ± 0.04) and P-Pro (0.11 ± 0.05) 

mice were significantly different from one another. The main effect of phase yielded an F 

ratio of F(1, 26) = 0.139, p = 0.712, indicating that the interaction time discrimination indices 

of the encoding (0.03 ± 0.03) and testing (0.06 ± 0.06)  did not significantly differ from one 

another. Notably, the interaction effect yielded an F ratio of F(1, 26) = 0.9283, p = 0.005, 

indicating that P-Veh and P-Pro mice do not behave in similar ways within and between 

phases. A post hoc Tukey multiple comparisons test revealed that the testing time 

discrimination index of P-Pro mice (0.21 ± 0.07) was significantly greater than that of P-Veh 

mice (-0.11 ± 0.07).  For the interaction number discrimination indices, the main effect of 

condition yielded an F ratio of F(1, 26) = 1.192, p = 0.178, indicating that the interaction 

number discrimination indices of P-Veh (-0.03 ± 0.03) and P-Pro (0.03 ± 0.03) mice did not 

significantly differ from one another. The main effect of phase yielded an F ratio of F(1, 22) 
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= 0.050, p = 0.823, indicating that the interaction number discrimination index of the 

encoding phase (-0.01 ± 0.03) did not significantly differ from that of the testing phase (0.01 

± 0.04).  The interaction effect yielded an F ratio of F(1, 26) = 5.997, p = 0.021, indicating 

that the behavior of P-Veh and P-Pro mice may differ between the phases. Interestingly, a 

post hoc Tukey multiple comparisons test of these data found no differences between the P-

Veh and P-Pro conditions.  

Together, these analyses indicate that probiotic treatment of PPE mice partially counters the 

detrimental effect of penicillin on tactile discriminatory ability which was observed in P-Veh 

mice during this experiment as well as PPE mice during the initial experiment. The partial 

rescue of discriminatory ability in P-Pro mice does not appear to be due to an increased 

interest in texture exploration, as P-Pro and P-Veh mice spent comparable amounts of time 

and number of events investigating the columns during both the encoding and testing phases. 

PROBIOTIC TREATMENT OF PPE MICE DOES NOT COUNTER 

AUGMENTED SENSORIMOTOR GATING. 

To examine whether probiotic treatment affected sensorimotor gating behavior of PPE mice 

(Fig. 36), we measured and compared startle responses of P-Veh and P-Pro mice during the 

same 70 trial PPI series performed on Ctrl and PPE mice. As before these, data were then 

subjected to a two-way ANOVA having two levels of the condition independent variable (P-

Veh and P-Pro) and six levels of the prepulse stimulus volume independent variable (67 dB, 

69 dB, 71 dB, 73 dB, 75 dB, and 77 dB). The main effect of condition yielded an F ratio of 

F(1, 132) = 0.668. p = 0.415, indicating that the mean percent PPI of P-Veh mice (21.4 ± 
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2.3%) did not significantly differ from that of P-Pro mice (23.8 ± 2.3%). The main effect of 

prepulse stimulus volume yielded an F ratio of F(5, 132) = 10.31, p < 0.001, indicating 

significant differences in mean percent PPI exist between the different prepulse stimulus 

volumes of 67 dB (8.7 ± 4.3%), 69 dB (11.6 ± 3.5%), 71 dB (18.4 ± 3.6%), 73 dB (26.6 ± 

3.4%), 75 dB (33.4 ± 3.0%), and 77 dB (36.1 ± 3.0%). There was not a statistically 

significant interaction between the effects of condition and prepulse stimulus volume, F(5, 

132) = 0.329, p = 0.895. A post hoc Bonferroni multiple comparisons test did not reveal any 

statistically significant interactions between the conditions at any of the different prepulse 

stimulus volumes. 

PROBIOTIC TREATMENT COUNTERS S1BF PV+ INTERNEURON 

DEFECTS OBSERVED IN PPE MICE. 

Next we assayed whether probiotic treatment was able to counter some of the S1BF+ PV+ 

and WFL+ defects  observed in PPE mice by staining S1BF tissue of P-Veh and P-Pro mice 

for WFL and PV (Fig. 37A,B respectively) 

To determine how probiotic treatment of PPE mice would affect the density of PV+ 

interneurons across the different layers of the S1BF we quantified their densities in P-Veh 

and P-Pro adolescent mice. We did not observe a significant difference in the S1BF PV+ cell 

density in L2/3 of P-Veh (52.4 ± 3.7 cells/mm2) and P-Pro (62.3 ± 6.1 cells/mm2; t(13) = 

1.434, p = 0.175, unpaired two-tailed t-test) (Fig. 38A). Remarkably, we did find that the L4 

PV+ cell density was greater in P-Pro (145.2 ± 3.8 cells/mm2) than P-Veh (108.8 ± 7.8 

cells/mm2; t(13) = 3.999, p = 0.002, unpaired two-tailed t-test) mice (Fig. 38B) and that the 
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L5/6 PV+ cell density was greater in P-Pro (124.6 ± 2.1 cells/mm2) than P-Veh (106.8 ± 3.1 

cells/mm2; t(13) = 4.618, p < 0.001, unpaired two-tailed t-test) mice (Fig. 38C). To 

corroborate these findings and examine the effect of condition, we performed a two-way 

ANOVA having two levels of the condition independent variable (P-Veh and P-Pro) and 

three levels of the layer independent variable (L2/3, L4, and L5/6). The main effect of 

condition yielded an F ratio of F(1, 39) = 28.23, p < 0.001, indicating that the density of PV+ 

interneurons is significantly greater in P-Pro than in P-Veh mice. The main effect for the 

layer independent variable yielded an F ratio of F(2, 39) = 115.4, p < 0.001, p < 0.001, 

indicating that the density of PV+ interneurons changes significantly between the different 

layers of the S1BF. The interaction effect yielded an F ratio of F(2, 39) = 3.825, p = 0.030, 

indicating that probiotic treatment of PPE mice affected the density of PV+ cells within the 

different layers to different degrees. A post hoc Bonferroni multiple comparisons test 

confirmed that the S1BF PV+ cell density was greater in L4 (p < 0.001) and L5/6 (p = 0.045) 

of P-Pro mice than P-Veh mice. 

To determine whether probiotic treatment of PPE mice affected the density of cells 

surrounded by WFL+ PNNs in the S1BF we quantified their densities across the different 

layers in adolescent P-Veh and P-Pro mice. Throughout the S1BF we did not observe any 

significant differences between the conditions as the density of L2/3 S1BF cells surrounded 

by WFL+ PNNs was comparable between P-Veh (56.3 ± 5.5 cells/mm2) and P-Pro (57.9 ± 

3.3 cells/mm2; t(13) = 0.233, p = 0.819, unpaired two-tailed t-test) mice (Fig. 39A), the 

density of L4 S1BF cells surrounded by WFL+ PNNs was comparable between P-Veh (175.4 

± 8.0 cells/mm2) and P-Pro (191.3 ± 4.5 cells/mm2; t(13) = 1.668, unpaired two-tailed t-test) 

mice (Fig. 39B), and the density of L5/6 S1BF cells surrounded by WFL+ PNNs was 
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comparable between P-Veh (104.1 ± 5.2 cells/mm2) and P-Pro (115.5 ± 3.6 cells/mm2; U = 

14, nP-Veh = 8, nP-Pro = 7, p = 0.121, two-tailed Mann-Whitey U test) mice (Fig. 39C). To 

corroborate these findings and examine the effect of condition, we performed a two-way 

ANOVA with the same structure as the ANOVA used to analyze the PV data. The main 

effect of condition yielded an F ratio of F(1, 39) = 4.407, p = 0.036, indicating that the 

density of cells surrounded by WFL+ PNNs is significantly greater in P-Pro mice  than in P-

Veh mice. The main effect of layer yielded an F ratio of F(2, 39) = 272.7, p < 0.001, 

indicating that the density of cells surrounded by WFL+ PNNs changes significantly between 

the different layers of the S1BF. The interaction effect was nonsignificant (p = 0.410). A post 

hoc Bonferroni multiple comparisons test found no differences between the conditions within 

any of the layers of the S1BF. 

We then sought to determine whether the percentage of PV+ interneurons that were 

surrounded by WFL+ PNNs throughout the different layers of the S1BF in PPE mice was 

affected by probiotic treatment. We did not observe any significant differences within L2/3 

between P-Veh (57.9 ± 5.5%) and P-Pro (57.0 ± 3.5%; t(13) = 0.139, p = 0.892, unpaired 

two-tailed t-test) mice (Fig. 40A), nor within L4 between P-Veh (95.8 ± 1.3%) and P-Pro 

(96.6 ± 1.2%; U = 26, nP-Veh = 8, nP-Pro = 7, p = 0.867, two-tailed Mann-Whitney U test) mice 

(Fig. 40B), nor within L5/6 between P-Veh (61.2 ± 1.0%) and P-Pro (61.2 ± 2.1%; t(13) = 

0.024, p = 0.981, unpaired two-tailed t-test) mice (Fig. 40C). To corroborate these findings 

and examine the effect of condition, we performed a two-way ANOVA with the same 

structure as the ANOVA used to analyze the PV data. The main effect of condition yielded an 

F ratio of F(1, 39) = 0.0002, p = 0.988, indicating that there is not a significant difference 

between P-Veh and P-Pro mice. The main effect of layer yielded an F ratio of F(2, 39) = 
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101.4, p < 0.001, indicating that the percentage of PV+ interneurons that were surrounded by 

WFL+ PNNs changes significantly between the different layers of the S1BF. The interaction 

effect was nonsignificant (p = 0.960). A post hoc Bonferroni multiple comparisons test found 

no differences between the conditions in any of the S1BF layers.  

Lastly, we examined whether probiotic treatment of PPE mice affected the density of PV+ 

interneurons that were surrounded by WFL+ PNNs within the separate layers of the S1BF. 

The superficial layers of the S1BF appeared to be unaffected by probiotic treatment as the 

density of L2/3 S1BF PV+ interneurons that were surrounded by WFL+ PNNs was 

comparable between P-Veh (29.8 ± 3.3 cells/mm2) and P-Pro (35.3 ± 3.7 cells/mm2; t(13) = 

1.121, p = 0.283, unpaired two-tailed t-test) mice (Fig. 41A). We did observe, contrariwise, a 

probiotic-associated increase in the deeper layers of the S1BF as the density of L4 S1BF PV+ 

interneurons that were surrounded by WFL+ PNNs was significantly greater in P-Pro (140.6 

± 4.4 cells/mm2) than P-Veh (104.5 ± 7.8 cells/mm2; t(13) = 3.890, p = 0.002, unpaired two-

tailed t-test) mice (Fig. 41B) and the density of L5/6 S1BF PV+ interneurons that were 

surrounded by WFL+ PNNs was significantly greater in P-Pro (76.3 ± 3.0 cells/mm2) than P-

Veh (65.5 ± 2.4 cells/mm2; t(13) = 2.880, p = 0.013, unpaired two-tailed t-test) mice (Fig. 

41C). Once again, we followed these analyses with a two-way ANOVA that had the same 

structure as the ANOVA used to analyze the PV data. The main effect of condition yielded an 

F ratio of F(1,39) = 22.14, p < 0.001, indicating the density of PV+ interneurons that were 

surrounded by WFL+ PNNs was significantly greater in P-Pro mice than P-Veh mice. The 

main effect of layer yielded an F ratio of F(2, 39) = 196.6, p < 0.001, indicating that the 

density of PV+ interneurons that were surrounded by WFL+ PNNs changes significantly 

between the different layers of the S1BF. The interaction effect yielded an F ratio of F(2, 39) 
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= 6.436, p = 0.004, indicating that probiotic treatment affected the different layers to different 

degrees. Interestingly, the post hoc Bonferroni multiple comparisons test revealed that only 

the density of L4 PV+ interneurons that were surrounded by WFL+ PNNs was significantly 

affected by probiotic treatment (p < 0.001); and that the densities of L2/3 (p > 0.999) and 

L5/6 (p = 0.297) were comparable between P-Veh and P-Pro mice. 

PROBIOTIC TREATMENT COUNTERS THE INCREASED 

RAMIFICATION PHENOTYPE OF S1BF MICROGLIA OBSERVED IN PPE 

MICE. 

We examine the morphology of S1BF microglia in P-Veh and P-Pro mice (Fig. 42A,B 

respectively). We found that the total process length of individual S1BF microglia was 

significantly less in P-Pro (836.3 ± 22.9 µm) than P-Veh (950.9 ± 22.1 µm; U = 391, nP-Veh 

= 41, nP-Pro = 37, p < 0.001, two-tailed Mann-Whitney U test) mice (Fig. 43A). 

Additionally, we observed that the total number of terminal points of individual S1BF 

microglia was significantly less in P-Pro (74.4 ± 2.9 points) than P-Veh (91.9 ± 2.4 points; 

t(76) = 4.753, p < 0.001, unpaired two-tailed t-test) mice (Fig. 43B). We also examined the 

area of cortical parenchyma that the microglia occupied and found that the convex hull 

volumes of individual S1BF microglia from P-Pro mice (33303 ± 1141 µm3, Mdn = 32288 

µm3) were significantly less than that of P-Veh mice (39792 ± 1448 µm3, Mdn = 39959 µm3; 

U = 409, nP-Veh = 41, nP-Pro = 37, p < 0.001, two-tailed Mann-Whitney U test) (Fig. 43C). 

Following up on these analyses, we then performed a sholl analysis to assess how the 

complexity of S1BF microglia perturbed by PPE was affected by probiotic treatment at 
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different distances from the cell body (Fig. 44). accomplish this, we performed a two-way 

ANOVA having two levels of the condition independent variable (Ctrl and PPE) and sixty 

levels of the sholl shell independent variable (1 µm, 2 µm, et cetera). The main effect of 

condition yielded an F ratio of F(1, 4558) = 90.54, p < 0.001, indicating that the microglia of 

P-Pro mice had significantly fewer sholl intersections that those of P-Veh mice. The main 

effect of sholl shell yielded an F ratio of F(59, 4558) = 490.7, p < 0.001, indicating that the 

sholl shells at different distances form the cell body had significantly different numbers of 

intersections with microglial processes. The interaction effect yielded an F ratio of F(59, 

4558) = 2.513, p < 0.001, indicating that probiotic treatment affected the number of 

intersections differently at different distances from the cell body. A post hoc Bonferroni 

multiple comparisons test revealed that the S1BF of P-Pro mice had significantly fewer 

intersections than P-Veh mice at distances of 18 µm (p = 0.018), 19 µm (p = 0.021), 20 µm (p 

< 0.001), 27 µm (p = 0.002), 28 µm (p < 0.001), 29 µm (p = 0.008), 30 µm (p = 0.032), 31 

µm (p = 0.004), 32 µm (p = 0.022), 33 µm (p = 0.002), and 34 µm (p = 0.040) away from the 

cell body. 
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Figure 32 | Schematic of treatment for P-Pro and P-Veh conditions.  
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Figure 33 | Probiotic treatment of PPE mice does not affect the exploratory 
activity of mice in the whisker dependent texture discrimination task.  
P-Veh and P-Pro mice interact overall with the two textured columns for (A) a comparable 
length of time as well as (B) a comparable number of during both the encoding and testing 
phases. 
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Figure 34 | Probiotic treatment of PPE mice partially rescues the preference for 
novelty in the whisker-dependent texture discrimination task lost via PPE. 
Comparison of object preference within a phase for each condition was examined in terms of 
(A - D) interaction time as well as (E - H) interaction number. During the (A, B, E, F) 
encoding phase no preferences were observed in either the (A, E) P-Veh or (B, F) P-Pro 
mice. During the (C, D, G, H) testing phase a significant preference for the novel textured 
object were observed in P-Pro mice with regards to (D) interaction time but not for (H) 
interaction number. Neither a time nor a number preference was observed in (C, G) P-Veh 
mice. 
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Figure 35 | Probiotic treatment partially counters the effect of PPE on 
discriminatory behavior during the testing phase of the whisker-dependent 
texture discrimination task.  
(A) The interaction time discrimination index revealed a significant difference between the 
conditions as well as an interaction effect between condition and phase. Interestingly, neither 
P-Veh nor P-Pro exhibited significant differences between their encoding and testing 
discrimination indices. P-Pro mice, did however, exhibit a significant greater preference for 
the novel textured object relative to the familiar than P-Pro mice. (B) The interaction number 
discrimination index revealed a significant interaction effect between condition and phase 
with no significant differences between the phases or conditions. Interestingly, no significant 
differences were observed within conditions and between the phases or within the phases and 
between the conditions. 
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Figure 36 | Probiotic treatment of PPE mice does not counter the effect of PPE 
on sensorimotor gating.  
Louder prepulse stimuli evoke greater attenuation of the startle response in both P-Veh and 
V-Pro mice. No difference was observed between P-Veh and V-Pro mice. 
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Figure 37 | S1BF of P-Veh and P-Pro.  
Representative images of immunolabeling for DAPI, PV, and WFL in the S1BF of (A) P-Veh 
and (B) P-Pro mice. Dotted lines demarcate layer boundaries. Scale bar = 100 µm. 
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Figure 38 | Probiotic treatment of PPE mice significantly increases the density of 
S1BF PV+ cells in the deeper layers.  
The density of S1BF PV+ cells is significantly increased in (B) L4 and (C) L5/6 of PPE mice 
following probiotic treatment. (A) L2/3 is unaffected. 
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Figure 39 | Probiotic treatment of PPE mice does not affect the density of cells 
surrounded by WFL+ PNNs.  
The density of S1BF cells surrounded by WFL+ PNNs in PPE mice is unaffected by 
probiotic treatment in (A) L2/3, (B) L4, as well as in (C) L5/6. 
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Figure 40 | Probiotic treatment of PPE mice does not affect the percent of PV+ 
cells surrounded by WFL+ PNNs in the S1BF.  
The percentage of S1BF PV+ cells that are surrounded by WFL+ PNNs is comparable 
between P-Veh and P-Pro in (A) L2/3, (B) L4, as well as (C) L5/6. 
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Figure 41 | Probiotic treatment of PPE mice significantly increases the density of 
PV+ cells that are surrounded by WFL+ PNNs in the S1BF and the deeper 
layers in particular.  
For P-Pro mice, the density of S1BF PV+ cells that are surrounded by WFL+ PNNs is 
significantly increased in (B) L4 and (C) L5/6 but not in (A) L2/3 as compared to P-Veh 
mice. 
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Figure 42 | Probiotic treatment of PPE mice appears to decrease the size of S1BF 
microglia.  
Representative three-dimensional reconstructions of traced S1BF microglia from (A) P-Veh 
and (B) P-Pro mice. Scale bar = 10 µm. 
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Figure 43 | Probiotic treatment of PPE mice decreases the ramification of S1BF 
microglia.  
Probiotic treatment of PPE mice significantly decreased the (A) total process length, (B) 
number of terminal points, and (C) convex hull volume of individual S1BF microglia as 
compared to PPE-Veh mice. Sample n refers to the number of traced microglia for each 
condition.  
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Figure 44 | Probiotic treatment of PPE mice significantly decreases the 
complexity of S1BF microglia.  
Probiotic treatment of PPE mice significantly decreased the number of sholl intersections of 
individual S1BF microglia as compared to P-Veh mice. Data is presented as mean (bright 
green/purple line) ± SEM (lightly shaded green/purple area). Sample n refers to the number 
of traced microglia for each condition. 
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CHAPTER 8 | RESULTS - BEHAVIORAL AND 

NEUROBIOLOGICAL EFFECTS OF DIFFERENT 

ANTIBIOTIC REGIMENS 

Prior to settling on our PPE regimen, we explored a number of other antibiotic regimens 

inspired by recent literature (Fig. 45). This included works using supratherapeutic 

concentrations of ampicillin, vancomycin, neomycin, and metronidazole that observed 

anxiolytic, memory, and social behavioral defects, significant increases and decreases in the 

serum concentrations of  tryptophan and kynurenine respectively (Desbonnet et al., 2015), as 

well as significant decreases in serum 5-HT and colonic expression of TPH1 (Yano et al., 

2015). Additionally, it included work that used supratherapeutic concentrations of neomycin, 

bacitracin, and pimaricin and observed significant decreases to activity and exploratory will 

in familiar and novel environments (Tochitani et al., 2016). It also included work that used a 

spectrum of vancomycin concentrations ranging from therapeutic to supratherapeutic and 

observed a dose dependent decrease in visceral pain threshold as well as increased peripheral 

IL-6 (O’Mahony et al., 2014). 

Taking our PPE findings into consideration, data from our pilot studies offer a glimpse of 

some interesting trends while also providing an interesting perspective on early-life antibiotic 

treatments in general. It should be clearly emphasized that these data are preliminary and that 

these trends may not hold up with further increases in n. 
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ALTERNATIVE ANTIBIOTIC REGIMENS MAY AFFECT SIMILAR 

BEHAVIORS AS PPE 

With respect to the whisker-dependent discrimination task, we observed notable visual trends 

across almost all of the different antibiotic groups. For the most part, the antibiotic groups 

appear unlikely to display a preference for the novel-textured testing object either in terms of 

(Fig. 46A) time or (Fig. 46B) number of interactions.  

With respect to the ASR, we observed general visual similarities between the Ctrl, PPE, 

Amp, and Vanc groups (Fig. 47A). Those groups that were administered neomycin in their 

cocktails did appear to be potentially unique. While unable to perform any statistics for the 

Vanc Neo group as there was not an appropriate group of Ctrl animals (Fig. 47A), we were 

able to do so for the Amp Neo experimental group (Fig. 47B). We performed a two way 

ANOVA having two levels of the condition independent variable (Ctrl and Amp Neo) and six 

levels of the stimulus volume independent variable (70 dB, 80 dB, 90 dB, 100 dB, 110 dB, 

and 120 dB). The main effect for condition yielded an F ratio of F(1, 108) = 0.132, p = 0.717, 

indicating that the Amp Neo treatment does not likely affect ASR performance. The main 

effect for stimulus volume yielded an F ratio of F(5, 108) = 33.0, p < 0.001, indicating that 

the startle response increased significantly with increasing stimulus volumes. The interaction 

effect yielded an F ratio of F(5, 108) = 0.395, p = 0.852, indicating that, for within and 

between the different startling volumes, Ctrl and Amp Neo mice performed comparably. 

While these statistical findings dispute our initial impressions, it might still be prudent to 

examine the Vanc Neo group more thoroughly. 



 122 

 

With respect to PPI of the ASR, we observed general visual similarities between the PPE, 

Amp, and Vanc groups (Fig. 48A). Interestingly, again, those groups that were administered 

neomycin in their cocktails appeared to be potentially unique. In the case of the Vanc Neo 

group (Fig. 48A), the PPI data collected appears to resemble those of the Ctrl group far more 

than the other antibiotics groups. Additionally, when comparing Amp Neo mice to Ctrl mice 

(Fig. 48B), both having undergone the alternative ASR/PPI protocol, the Amp Neo treatment 

appears to significantly decrease percent inhibition. As with our ASR data, the lack of proper 

Ctrl mice prevented us from being able to statistically analyze the PPI behavior of Vanc Neo 

mice; however, we were able to examine differences between Ctrl and Amp Neo groups. To 

do this, we measured and compared startle responses of Ctrl and PPE mice during 36 PPI 

trials a series of 78 ASR and PPI trial. Maximum mean startle responses were collected and 

used to calculate percent inhibitions for each prepulse trial type. These data were then 

subjected to a two way ANOVA having two levels of the condition independent variable 

(Ctrl and Amp Neo) and six levels of the prepulse stimulus volume independent variable (67 

dB, 69 dB, 71 dB, 73 dB, 75 dB, and 77 dB). The main effect of condition yielded an F ratio 

of F(1, 102) = 8.36, p = 0.005, indicating that the percent inhibition of Amp Neo mice was 

significantly less than that of Ctrl mice. The main effect for prepulse volume yielded an F 

ratio of F(5, 102) = 10.1, p < 0.001, indicating that the percent inhibition increased 

significantly with increased prepulse intensities irrespective of condition. The main 

interaction effect yielded an F ratio of F(5, 102) = 0.133, p = 0.984, indicating that the 

general trends between the conditions were fairly consistent across the range of different 

prepulse volumes. Interestingly, but consistent with the interaction effect results, a post hoc 
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Bonferroni multiple comparisons test did not observe a significant difference between the 

conditions at any of the specific prepulse volumes. 

VANC NEO REGIMEN DOES NOT APPEAR TO AFFECT SIMILAR S1BF 

CIRCUITS AS PPE 

When we examined the density of PV+ interneurons across the different layers of the S1BF 

in Ctrl and Vanc Neo mice, we did not observe any differences between Ctrl (154.2 ± 21.5 

cells/mm2) and Vanc Neo (114.1 ± 7.4 cells/mm2; t(9) = 2.160, p = 0.059, unpaired two-tailed 

t-test) mice in L2/3 (Fig. 49A), between Ctrl (174.7 ± 19.8 cells/mm2) and Vanc Neo (165.9 

± 16.9 cells/mm2; t(9) = 0.327, p = 0.751, unpaired two-tailed t-test) mice in L4 (Fig. 49B), 

or between Ctrl (212.1 ± 29.0 cells/mm2) and Vanc Neo (175.3 ± 12.4 cells/mm2; t(9) = 

1.372, p = 0.203, unpaired two-tailed t-test) mice in L5/6 (Fig. 49C). To corroborate these 

findings and examine the effect of condition, we performed a two-way ANOVA having two 

levels of the condition independent variable (Ctrl and PPE) and three levels of the layer 

independent variable (L2/3, L4, and L5/6). The main effect for the condition independent 

variable yielded an F ratio of F(1, 27) = 4.10, p = 0.053, indicating that, while, there is some 

evidence of a difference between the conditions, the densities of PV cells are statistically 

comparable between Ctrl and Vanc Neo mice. The main effect for layer yielded an F ratio of 

F(2, 27) = 6.03, p = 0.007, indicating that there exist significant differences between the 

layers with regards to the density of PV+ interneurons surrounded by WFL+ PNNs. The 

interaction effect yielded an F ratio of F(2, 27) = 0.495, p = 0.615, indicating that the general 

trends between the conditions were fairly consistent across the different layers.  



 124 

We also examined the density of PV+ interneurons that were surrounded by WFL+ PNNs 

across the different layers of the S1BF in Ctrl and Vanc Neo mice. We did not observe a 

significant difference in the density of PV+ interneurons that were surrounded by WFL+ 

PNNs between Ctrl (64.2 ± 7.2 cells/mm2) and Vanc Neo (51.0 ± 6.6 cells/mm2; t(9) = 1.270, 

p = 0.236, unpaired two-tailed t-test) mice in L2/3 (Fig. 49D), nor between Ctrl (101.4 ± 18.1 

cells/mm2, Mdn = 86.1 cells/mm2) and  Vanc Neo (87.4 ± 8.9 cells/mm2, Mdn = 88.0 

cells/mm2; U = 11, nCtrl = 4, nVanc Neo = 7, p = 0.612, two-tailed Mann Whitney U test) mice in 

L4 (Fig. 49E), nor between Ctrl (130.3 ± 17.9 cells/mm2) and Vanc Neo (129.0 ± 14.0 

cells/mm2; t(9) = 0.057, p = 0.956, unpaired two-tailed t-test) mice in L5/6 (Fig. 49F). To 

corroborate these findings and examine the effect of condition, we performed a two-way 

ANOVA as previously described. The main effect for the condition independent variable 

yielded an F ratio of F(1, 27) = 0.849, p = 0.365, indicating that the densities of PV+ 

interneurons that were surrounded by WFL+ PNNs was comparable between Ctrl and Vanc 

Neo mice. The main effect for layer yielded an F ratio of (2, 27) = 16.3, p < 0.001, indicating 

that, while, there is some evidence of a difference between the conditions, the densities of PV 

cells are statistically comparable between Ctrl and Vanc Neo mice. The main effect for layer 

yielded an F ratio of F(2, 27) = 16.3, p < 0.001, indicating that there exist significant 

differences between the layers with regards to the density of PV+ interneurons surrounded by 

WFL+ PNNs. The interaction effect yielded an F ratio of F(2, 27) = 0.158, p = 0.855, 

indicating that the general trends between the conditions were fairly consistent across the 

different layers. 
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Figure 45 | Experimental design schematic of PPE and pilot antibiotic regimens. 
Ctrl mice were born from dams provided with water. All experimental mice were born from 
dams exposed to antibiotics within their drinking water from E16 to P15. PPE mice (red) 
were born from dams administered 31 mg penicillin / kg body weight per day. Amp mice 
(brown) were born from dams administered 1 mg ampicillin / mL. Amp Nep mice (yellow) 
were born from dams administered 1mg ampicillin / mL and 5 mg neomycin / mL. Vanc mice 
(maroon) were born from dams administered 2.5 mg vancomycin / mL. Vanc Neo mice 
(pink) were born from dams administered 2.5 mg vancomycin / mL and 5 mg neomycin / mL. 
Behavior was assessed beginning at P30. Animals were sacrificed at approximately P45 for 
histology. 
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Figure 46 | Early life Amp, Vanc, and VancNeo antibiotic regimens may impair 
preference for the novel textured object during the testing phase of the whisker-
dependent texture discrimination task.  
(A) Interaction time and (B) interaction number discrimination indices during the testing 
phase of the whisker-dependent texture discrimination task. Ctrl (blue) and AmpNeo (yellow) 
mice appear to exhibit preferences for the novel texture which is not visible in PPE (red), 
Amp (brown), Vanc (maroon), and VancNeo (pink) mice. Data are presented as mean ± sem. 
Dots demarcate data from individual mice. Data previously reported (Ctrl and PPE) are 
included for comparison and are demarcated by dashed lines and the absence of individual 
data points. 
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Figure 47 | Early life antibiotic regiments do not appear to affect the acoustic 
startle reflex.  
ASR data collected during either a (A) 70 trial ASR protocol or an (B) 88 trial combined 
ASR and PPI protocol. Across all groups, louder acoustic stimuli evoke greater startle 
responses. Generally, early life antibiotic exposure does not appear to affect responses to 
startle stimulus, though VancNeo mice (pink) may be an exception to this. Data are presented 
as mean ± sem. Dots demarcate data from individual mice. Data previously reported (Ctrl and 
PPE) are included for comparison and are demarcated by dashed lines and the absence of 
individual data points. 
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Figure 48 | Different early life antibiotic regiments appear to differentially affect 
sensorimotor gating.  
PPI data collected during either a (A) 90 trial PPI protocol or an (B) 88 trial combined ASR 
and PPI protocol. The inhibition of the startle response behavior of Amp (brown) and Vanc 
(maroon) mice appears to vague resemble the augmented sensorimotor gating phenotype of 
PPE mice (red). Conversely, compared to Ctrl mice (blue), VancNeo (pink) mice appear to 
vaguely resemble Ctrl (blue mice) while AmpNeo (yellow) mice have an attenuated 
sensorimotor gating phenotype. Data are presented as mean ± sem. Dots demarcate data from 
individual mice. Data previously reported (Ctrl and PPE) are included for comparison and are 
demarcated by dashed lines and the absence of individual data points. 
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Figure 49 | Early life VancNeo exposure does not appear to affect S1BF PV 
interneurons.  
The densities of (A-C) PV+ cells and (D-F) PV+ cells that were surrounded by WFL+ PNNs 
were comparable between VancNeo and Ctrl mice across the different layers of the S1BF. 
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CHAPTER 9 | DISCUSSION 

OVERVIEW OF OUR PPE MODEL 

Late embryonic development and the first year of life in humans, with regards to the central 

nervous system (CNS), is marked by pronounced structural and functional changes to the 

brain including neural circuit formation and maturation, neuronal migration and 

differentiation, synaptogenesis, as well as the maturation of microglia (Bennett et al., 2016; 

Tau and Peterson, 2010). Notably, it is also within this period that epidemiological work has 

observed significant correlations between antibiotic exposure and lasting neurocognitive 

issues (Atladóttir et al., 2012; Slykerman et al., 2017, 2019). In the mouse, an analogous 

neurodevelopmental period, comprising much of these processes, occurs in the final days of 

gestation and first few weeks of life (Stagni et al., 2015).  

In this study, I adapted an antibiotic exposure regimen that had been reported to elicit 

penicillin-associated defects in social behaviors, localized increases in neural transcription of 

proinflammatory cytokines, and perturbations to microbiota communities in mice to examine 

the effects of early-life penicillin exposure on sensory behavior (Leclercq et al., 2017). I 

slightly altered the exposure regimen by reducing the length of penicillin exposure in an 

effort to make the regimen somewhat more clinically relevant as well as to have it more 

closely aligned with the aforementioned neurodevelopmental period. More explicitly, rather 

than administering a therapeutically relevant dose of 31 mg penicillin / kg bodyweight per 

day to pregnant and nursing dams from E13 to P21, I administered it from E16 to P15. In 

humans, my regimen would be effectively comparable to ending exposure of the offspring to 
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penicillin at approximately 6 months (Stagni et al., 2015). Using my PPE model, I discovered 

penicillin-associated behavioral defects in sensory processing behaviors as well as 

neurobiological defects to the sensory processing region of the cerebral neocortex following 

exposure to penicillin through early-life.  

MERGING OUR PPE FINDINGS WITH EARLIER PPE WORK 

Using BALB/c mice, Leclercq et al. (Leclercq et al., 2017) found that early-life penicillin 

exposure, while having no effect on locomotion behaviors in the OFM paradigm, decreased 

anxiety-like behaviors in the OFM and elevated plus maze paradigms, decreased sociability 

and social memory/preference in the three chamber sociability and preference for social 

novelty paradigm, as well as increased aggression and decreased social avoidance behavior in 

the microdefeat/resident intruder paradigm. My thesis work builds upon the behavioral work 

by Leclercq et al., and shows that, in addition to being able to affect anxiety and social 

behaviors, early-life penicillin exposure is able to affect sensory processing behaviors as well 

as the cortical regions that process sensory information. Using C57BL6 mice, I was able to 

determine that early-life penicillin exposure results in augmented sensorimotor gating and 

diminished tactile discrimination behaviors. Curiously, I was not able to replicate Leclercq et 

al.’s OFM findings. The C57BL6 mice exposed to my PPE regimen exhibited a significant 

decrease in the distance moved which was accompanied by no change in the time spent in the 

center of the arena. In my mind, there are two immediately forthcoming explanations that 

address these inconsistencies. First, the differences may be explained by different OFM 

protocols. Where Leclercq et al. assayed the OFM behaviors over 30 min under dim-light 

conditions during the animals’ dark phase, we assayed over 10 min under bright-light 
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conditions during the animals’ dark phase. Second, the differences may be explained by the 

fact that, in some ways, the BLAB/c and C57BL6 mouse lines respond differently to 

penicillin exposure.  

Leclercq et al. followed up their behavioral work with experiments that were able to associate 

the anxiety-like, aggression, and social defects with penicillin-associated compositional 

changes to specific bacterial phyla in the gut, as well as increased expression of genes in the 

frontal cortex, including the proinflammatory cytokines interleukin-6 (IL-6) and C-X-C motif 

ligand 15 (CXCL15). As Leclercq et al. directed their follow-up investigations searching for 

neurobiological aberrations that could explain their behavioral defects at the frontal cortex, a 

region often associated regulating social and emotion behaviors (Tucker et al., 1995), I 

directed my investigations at the barrel fields in the primary somatosensory cortex (S1BF), a 

region that is necessary for the texture discrimination task (Chen et al., 2017). I observed 

significant changes to cortical connectivity and information processing, marred cellular 

maturation of inhibitory circuits, decreased excitatory neuron synaptic density, as well as 

increased microglial ramification and activity. I also assayed the expression of mRNA 

expression of IL-6 and Nox, critical mediator of inflammatory responses that can be 

upregulated by IL-6 (Behrens et al., 2008; Segal et al., 2012), across the entire cerebral 

neocortex and found no effect of PPE. Again, this discrepancy, i.e. the cortical upregulation 

of IL-6, may be attributed to differences in the BLAB/c and C57BL6 mouse lines. 

Alternatively, it may indicate that different areas of the cortex respond differently to early-life 

penicillin exposure. 

INTERPRETING OUR FINDINGS 
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I have spent the length of my Ph.D. investigating how early-life antibiotic exposure affects 

the behavior and neural development. While exploring a number of different antibiotics and 

antibiotic cocktails early on, I ended up focusing my attention primarily how penicillin 

affects the cerebral neocortex and its associated behaviors. In pursing this thesis work, I 

sought to  establish a neurodevelopmental mechanism linking penicillin exposure, 

perturbations of microbiota, microglial proinflammatory responses, cortical PV+ interneuron 

deficits, disruptions of cortical connectivity and processing, and behavioral defects.  

My behavioral findings were fairly straightforward. I found that PPE resulted in a loss of 

preference for the novel-textured testing object in the whisker-dependent discrimination task. 

As I did not observe any differences between my experimental and control conditions with 

regards to exploratory behavior or working memory, as assayed via the Y-maze, I reasoned 

that the loss of preference was due to an inability to distinguish between the novel and 

familiar textures. An alternative explanation is that the PPE mice were able to distinguish 

between the textures, however, they experienced comparable valences for each texture. In 

other words, they were equally excited by or apathetic towards both novel and familiar 

textures.  I also found that PPE decreased the total distance traveled in the OFM while having 

no effect on where in the arena the animal was spending its time. From these data, I reasoned 

that PPE decreased the exploratory activity of mice in a foreign stress-inducing environment 

while having no effect on anxiety behaviors. It would be interesting to use other behavioral 

paradigms that examine anxiety behaviors, such as the elevated plus maze or the light/dark 

box, to see whether this phenotype holds up, particularly in light of the PPE axiolytic effects 

reported by Leclercq et al. Lastly, I found that PPE increased the percent inhibition of the 
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acoustic startle reflex. This augmented sensorimotor gating phenotype indicates that PPE 

mice have difficulty filtering out redundant or irrelevant information.  

Following these behavioral experiments, I used whole brain Ca2+ imaging to assess how PPE 

was affecting the spatial, temporal, and network properties of the cerebral neocortex. My 

regionalization analysis revealed that PPE significantly decreased the number of distinct 

domains within cortical regions. This decrease appeared minor (approximately 1 domain per 

region) and largely driven by a loss of domains within the V1 region. My network analysis 

revealed that PPE significantly altered the cortical coherence with particularly significant 

decreases in the coherence of regional pairs that included somatosensory regions. My event 

analysis revealed that PPE significantly increased the Ca2+ event duration, again, notably 

within somatosensory regions. Together this work indicated that temporal, and network 

properties of cortical regions involved in tactile sensory processing, including the S1BF and 

the secondary somatosensory cortex (S2) (Chen et al., 2017; Condylis et al., 2020; Hubatz et 

al., 2020), appeared to be particularly affected by PPE.  

Recognizing that GABAergic interneurons are thought to help mediate the maturation and 

function of the cortex (Balmer et al., 2009; Pizzorusso et al., 2002; Sohal et al., 2009), I next 

sought to determine whether defects in inhibitory cells may be able to provide a 

neurobiological explanation for the activity, connectivity, and behavioral defects we were 

observing. Noting that the PV+ class of GABAergic interneurons not only mature within the 

period of PPE exposure, but also the parallels between the longer events and the role PV+ 

interneurons play in feedforward inhibition as well between the diminished tactile 

discrimination ability and the role S1BF PV+ interneurons play in sensory processing 
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(Atallah et al., 2012; Chen et al., 2017; Lee et al., 2012), I specifically asked whether PPE 

was perturbing PV+ interneurons in the S1BF.  

In the mouse somatosensory cortex, PV+ interneurons appear in an inside-out manner starting 

around postnatal day (P)10 and achieving adult densities across all layers by P21 (del Río et 

al., 1994). As previously mentioned, during adolescence, WFL+ PNNs begin to assemble 

around these cells (Baker et al., 2017; Bradshaw et al., 2018) to protect them from oxidative 

stress, regulate activity and synaptic plasticity, stabilize sensory circuits, and are thought to 

function as markers for maturity (Balmer et al., 2009; Cabungcal et al., 2013; Carstens et al., 

2016; Dityatev et al., 2007). For the most part, it appears that immunoreactivity for PV and 

WFL follow similar developmental trajectories (Ueno et al., 2017).  

I found that the PPE significantly decreased the S1BF PV+ interneuron density in L4 layer, 

but not in L23 nor in L5/6. I also found that PPE significantly decreased the percentage of 

S1BF PV+ interneurons that were surrounded by WFL+ PNNs in L5/6, but not the L2/3 nor 

in L4. Together, these defects resulted in a significant decrease in the densities of S1BF PV+ 

interneurons that were surrounded by WFL+ PNNs in L4 and L5/6. I also attempted to 

examine the average intensity of the PV+ label of and WFL+ label around S1BF PV+ 

interneurons. I found that both labels were significantly decreased in the L4. Unfortunately, 

the data used in this analysis were from multiple IHC experiments with slightly different 

imaging protocols and are thus not entirely trustworthy. This noted, the distribution of 

conditions among the different exposure times suggests that we may in fact be 

underestimating the difference between conditions as the exposureHIGHER : exposureLOWER data 

ratio was greater for the Ctrl condition than the PPE condition. It would be interesting to see 
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whether, in a well-designed and -executed experiment, PV and WFL label decreases are 

present in L4 and any other layers. When I examined the densities of cells surrounded by 

WFL+ PNNs, I found no differences. Using these data, I argued that PPE was perturbing the 

maturation of PV+ interneurons in the S1BF. My experiments do not establish how PPE 

achieves this phenotype. That is to say, other timepoint(s) are necessary to determine whether 

PV development simply stalls at some point prior to P21 when the PV densities of Ctrl mice 

reach mature levels (del Río et al., 1994), whether it is delayed, i.e. the PV density in PPE 

animals will reach Ctrl levels at some later point in life, or whether PV densities in PPE 

animals reach Ctrl levels at P21 but then decline. Additionally, my experiments do not 

answer what is becoming of the lost PV+ interneurons. That is to say, do they perform 

apoptosis, resulting in a decrease to the overall cortical cell density, or do they adopt some a 

new identity.  

I next sought to understand how PPE was mediating these behavioral and neurobiological 

defects. Noting Leclercq et al.’s finding that PPE increased the expression of IL-6 in the 

frontal cortex  as well as work demonstrating that IL-6 prevents PV expression in primary 

neuronal cultures in vitro via over-activation of the enzyme NADPH-oxidase (Nox), a 

membrane bound protein that catalyzes the formation of reactive oxygen species to effect 

oxidative stress (Behrens et al., 2007, 2008), I reasoned that PPE may be instigating a 

proinflammatory state across the cortex and specifically within the S1BF, resulting in an 

increased expression of IL-6, and a subsequent decrease in the expression of PV. To 

investigate this possibility, I examined whether PPE affects S1BF microglia as well as the 

cortical expression of IL-6 and Nox. As previously noted, microglia are the resident immune 

cells in the central nervous system as well as the primary source of pro-inflammatory 
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cytokines in the brain (Kim and Joh, 2006; Mosser et al., 2017). They are a long-lived and 

self-maintaining population that originates from yolk sac-derived erythromyeloid progenitor 

cells which colonize the CNS parenchyma prior to the formation of the BBB in early 

embryonic development (Dubbelaar et al., 2018). They adopt a ramified morphology early in 

development that is, for the most part, maintained during steady-state conditions. 

Furthermore, they persistently surveil their immediate neural environments via dynamic 

morphological transformations that are largely extensions and retractions of their processes 

(Davalos et al., 2005; Nimmerjahn et al., 2005). These morphological and dynamic properties 

are conducive to the efficient surveying, phagocytosis, and secreting of immunological and 

tropic factors that microglia do to maintain neural homeostasis or help reestablish it when it 

has been compromised (Tay et al., 2018; Wolf et al., 2017). These functions also enable 

microglia to contribute to the regulation of neuronal turnover (Marı ́n-Teva et al., 2004; Peri 

and Nüsslein-Volhard, 2008) and activity (Li et al., 2012) as well as synaptic dynamics and 

plasticity (Tremblay et al., 2010). Different types of CNS stress can initiate drastic 

morphological changes in microglia that are thought to either a facilitate proper response to 

that stress or, under some circumstances, exacerbate an already stressed system (Heindl et al., 

2018; Hellwig et al., 2016; Hinwood et al., 2013; Tremblay et al., 2011). I found that PPE, 

while having no effect on the density, significantly increased the size and complexity of 

S1BF microglia. Furthermore, and despite seeing no change of microglia dynamics at the 

level of the terminal tip, I was able to reason that because PPE significantly increased the 

number of terminal tips it was likely increasing the activity of S1BF microglia at the cellular 

level. Hyper-ramified morphological microglial states have been reported in models of 

chronic stress (Hellwig et al., 2016; Hinwood et al., 2013; Rowson et al., 2016) and are 

thought to either represent a compensatory response to a developing neuropathy or a second-
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order neuropathy capable of resulting in increased neuronal excitatory signaling (Morrison et 

al., 2017). In other words, more research is needed to understand this phenotype means, i.e. is 

it facilitating a health-promoting response to PPE elicited neurobiological injury or is it a 

mechanism mediating the PPE elicited activity, connectivity, and behavioral defects. 

Following up on this structural analysis of microglia, we examined the expression of IL-6 in 

the serum and cortex of P45 mice as well as the mRNA expression of IL-6 and Nox in the 

cortex. We observed no changes in the serum or cortical IL-6 expression; nor, did we observe 

changes in the mRNA expression of either IL-4 or Nox at P15 or P45. From these data, I 

reasoned that PPE was not provoking a proinflammatory state.  Furthermore, it would appear 

that IL-6 and Nox are not mediating the loss of PV+ interneurons. This being said, it could be 

that while the cerebral neocortex as a whole does not adopt a proinflammatory state, the 

S1BF does. To address this, further work should be done to explore the regional expression of 

IL-6 and Nox in the cortices of PPE mice. Additionally, it should be noted that our assay of 

IL-6 protein expression was a pilot experiment in which all the experimental concentration 

values fell between the first two points on our standard curve. Additional experiments to 

confirm or repudiate these findings should most definitely be performed. Additionally, it 

would be useful to look, not only at expression across the whole cortex, but, within the 

different cortical regions. Furthermore, it would be interesting to examine the protein 

expression and activity of Nox.  To this point, it would be fascinating to see whether the cells 

of the S1BF and the PV+ interneurons in particular have experienced significant oxidative 

stress, potentially via microglial Nox, at any point across development by assaying for 8-

Oxo-2'-deoxyguanosine, an oxidized derivative of deoxyguanosine and marker of oxidative 

stress (Cheng et al., 2003).  
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Following these experiments, we sought to investigate whether perturbations to the 

microbiota were mediating our behavioral, activity and connectivity, as well as 

neurobiological defects. This work largely inspired by Leclercq et al.’s findings that a Gram-

positive probiotic treatment of Lactobacillus rhamnosus was able to counter many of the 

behavioral and neurobiological defects. We treated PPE mice at P9 and P15 with a Gram-

positive probiotic cocktail containing Lactobacillus plantarum, Lactobacillus delbrueckii 

subsp. Bulgaricus, Lactobacillus casei, Lactobacillus acidophilus, Bifidobacterium breve, 

Bifidobacterium longum, Bifidobacterium infantis and Streptococcus salivarius subsp. 

Thermophilus via oral gavage. As compared to a vehicle gavaged PPE control group, we 

found that probiotic treatment counters the PPE-elicited novelty preference defect in the 

whisker-dependent texture discrimination task as well as the decrease in S1BF PV+ cells that 

were surrounded by WFL+ PNNs. Additionally, we found that probiotic treatment 

significantly countered many of the PPE-elicited microglial morphological defects. These 

findings indicate that PPE-elicited perturbations of microbiota may play a role in the 

pathogenesis of the PPE model. Additional work will need to be performed in which Ctrl 

mice are treated with either vehicle (C-Veh) or probiotics (C-Pro) to determine whether the 

changes we observed in the P-Pro constitute a (partial-) rescue. 

Together, these experiments indicate that PPE provoked perturbations to microbiota may be 

resulting hyper-ramified microglia as well as decreased densities of PV+ interneurons that are 

surrounded by WFL+ PNNs in the granular and the infragranular layers of the S1. 

Functionally, these perturbations may also be resulting in activity and connectivity changes 

that include a decreased number of cortical domains, increased length of events, decreased 

amplitude of events, as well as decreased synchronicity. With regards to my goal of 
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establishing a mechanistic chain linking penicillin exposure, perturbations of microbiota, 

microglial priming, cortical PV+ interneuron deficits, disruptions of cortical connectivity and 

processing, and behavioral defects, there is still much work to be done. 

CONTEXTUALIZING OUR SENSORY DISCRIMINATION AND S1BF 

DEFECTS  

Touch is thought to be one of the first senses to develop and central for forming a sense of 

self as well as the neural representations that enable us to perceive, understand, and respond 

to the physical world (Bremner and Spence, 2017). Touch information is created by signal 

transduction in sensory afferent fibers. These PNS fibers project into two CNS systems: the 

affective/social, which processes touch information in the posterior insular cortex and 

facilitates social bonds and communication, and the discriminative, which processes touch 

information in the primary somatosensory cortex (S1) and facilitates the perception of 

physical properties (e.g. shape, texture, size, et cetera), and (McGlone et al., 2014; Cascio et 

al., 2019). Part of this processing by S1, and a necessary component for complex behaviors, 

is the integration of sensory input with multimodal information from other cortical and 

subcortical areas (Borich et al., 2015). Defects in this processing are thus thought to 

compromise our ability to perceive, understand, and respond to the physical world and 

underlie a number of neuropsychiatric disorders. 

In other words, as proper processing by S1 is crucial for typical behavior, perturbations to the 

constituent cells that make up S1 as well as to the connectivity and information processing of 

S1 are thought to be capable of eliciting the behavioral abnormalities characteristic to certain 
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disorders. As previously, noted children diagnosed with ADHD (Mangeot et al., 2001; Marco 

et al., 2011; Parush et al., 2007) and ASD (Roley et al., 2015; Tomchek and Dunn, 2007) 

display abnormal, i.e. hyper- or hypo-, sensitivity to tactile, taste/smell, and visual/auditory 

stimuli, abnormal auditory filtering, as well as tactile discrimination deficits. It reasons then 

that these sensory processing behavioral defects are accompanied and likely mediated by S1 

neurobiological defects. In support of this inference, ADHD and ASD children display γ-

aminobutyric acid (GABA) deficits in the primary somatosensory and sensorimotor regions 

of their cerebral neocortices respectively (Edden et al., 2012; Puts et al., 2016). Furthermore, 

neuroimaging studies have reported that the brains of children diagnosed with ASD as well as 

ADHD significantly differ in their functional connectivity from typically developing children. 

Notably, areas that include the S1 appear particularly affected (Uddin et al., 2013; Emerson et 

al., 2017; Kebets et al., 2019; Shen et al., 2016). Additionally, significant changes in the 

organization of S1 cortical representations have been observed in children diagnosed with 

ASD (Coskun et al., 2009). Together, these works indicate a mechanistic model in which 

certain perturbations to GABAergic signaling within S1 as well as the functional connectivity 

of S1 may mediate the ADHD- and ASD-associated sensory processing defects. Such a 

mechanistic model is supported by mouse work which has shown that perturbations to the 

PV+ class of GABAergic interneurons are capable of eliciting both autism-like (Saunders et 

al., 2013; Wöhr et al., 2015) and ADHD-like (Khan et al., 2017) behaviors. This mechanistic 

model also has interesting implications for my thesis work. First, it suggests that the 

decreased densities of S1BF PV+ interneurons surrounded by WFL+ PNNs are likely 

mediating the deficit in tactile discrimination ability. Second, it indicates that PPE can elicit 

an ADHD- or ASD-like behavior in mice, and in doing so, supports epidemiological work 
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that has been associating early life antibiotic exposure with ADHD and ASD (Atladóttir et 

al., 2012; Slykerman et al., 2017, 2019). 

CONTEXTUALING OUR AUGMENTED SENSORIMOTOR GATING 

DEFECTS 

Across species, sensorimotor gating is thought to be mediated by a neural pathway involving 

the inferior and superior colliculus, cuneiform nucleus, periaqueductal gray, and the 

pedunculopontine tegmental nucleus as well as modulated by a network involving neural 

circuits within the medial prefrontal cortex, ventral tegmental area, nucleus accumbens, 

basolateral amygdala, hippocampus, and ventral pallidum (Rohleder et al., 2014; Swerdlow et 

al., 1999). The modulation of sensorimotor gating has been found to be mediated by a 

number of neural systems including the dopaminergic (Swerdlow et al., 1990a), serotonergic 

(Sipes and Geyer, 1994), and GABAergic (Swerdlow et al., 1990b). I reported here that PPE 

mice exhibited normal startle responses; however, significantly greater percent inhibition of 

startle responses when the startling stimulus was proceeded by a nonstartling prepulse. As 

sensorimotor gating defects described in neuropsychiatric disorders are generally decreases in 

percent inhibition, i.e. attenuated inhibition of the acoustic startle in the PPI paradigm (Kohl 

et al., 2013; Ludewig et al., 2002; Perry et al., 2007; Swerdlow et al., 1993), the augmented 

inhibition we report here does not fit in particularly well with the ADHD/ASD narrative and 

is, overall, a bit perplexing. 

Curiously, the only literature that I have been able to locate which has reported augmented 

PPI in humans were studies examining the chronic use of cocaine (Preller et al., 2013) and 
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3,4-methylene-dioxy-methamphetamine (MDMA) (Quednow et al., 2008; Vollenweider et 

al., 1999). As no work following up on these studies has identified which brain structure(s) 

and/or neural system(s) mediate the augmented PPI observed in chronic users of cocaine 

and/or MDMA, it seems appropriate to use our knowledge of how cocaine and MDMA affect 

the brain to conject a narrative linking cocaine- and MDMA-associated neurobiological 

defects with the augmented inhibition observed in chronic users of cocaine and MDMA that 

can be applied to our PPE model. This, of course, operates on the premise that there is a 

common mechanism mediating the augmented sensorimotor gating phenotypes observed in 

chronic users of cocaine and MDMA as well as in my PPE model. 

Notably, both cocaine and MDMA share a common mechanism of action, namely, an 

increases in synaptic levels of dopamine (DA) and serotonin (5-HT) via the blockade of 

presynaptic transporters (DAT and SERT) (Bennett et al., 1995; Rothman et al., 2001), as 

well as a common side effect following chronic use, namely, the loss of 5-HT signaling as a 

result of either the depletion of 5-HT and/or loss of 5-HT synthesis in a number brain regions 

involved in the modulation of PPI (Baumann et al., 1993; Ricaurte et al., 1988). Additionally, 

both cocaine and MDMA appear to be capable of attenuating GABA signaling. In the case of 

cocaine, prenatal exposure impairs GABAergic development in the cerebral cortex, 

particularly within the prefrontal and somatosensory cortices (Crandall et al., 2004; McCarthy 

and Bhide, 2012). In the case of MDMA, repeated administration has been shown to result in 

a loss of GABAergic PV+ interneurons within the hippocampus via a 5HT2A receptor-

mediated increase in glutamate and subsequent NMDA receptor activation (Anneken et al., 

2013; Collins et al., 2015). These findings are interesting, particularly with respect to my PPE 

model in which decreases to S1BF PV+ interneurons surrounded by WFL+ PNNs may be 
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mediating the impaired whisker discrimination ability of PPE mice. Nevertheless, using these 

findings, and knowledge of which brain structures are involved in the modulation of PPI, it 

would seem reasonable that attenuated 5-HT and/or GABAergic signaling in neural circuits 

located in the medial prefrontal cortex, ventral tegmental area, nucleus accumbens, 

basolateral amygdala, hippocampus, and/or ventral pallidum may be directly mediating the 

augmented inhibition behavioral defect observed in chronic users of cocaine and MDMA as 

well as the mice in our PPE model. If this is the case, a logical first step would be to assay the 

density of inhibitory interneurons in the aforementioned regions. It would be particularly 

interesting if the PV+ interneuron density was decreased, as we saw in the S1BF. 

MECHANISM: MICROBIOTA AND THE IMMUNE SYSTEM 

The first year of human life, with regards to the periphery, is marked by the initial 

colonization of the infant’s body space by microbiota and subsequent maturation of 

microbiota into diverse and stable symbiotic communities that are well adapted to their 

respective environments within and on their host child (Rodríguez et al., 2015b; Stewart et 

al., 2018; Tanaka and Nakayama, 2017; Turnbaugh et al., 2010; Yatsunenko et al., 2012). 

Significant perturbations to the composition, richness, and/or diversity of these communities 

can amount to states of dysbiosis that have been associated with ADD/ADHD, depression 

and anxiety disorders, as well as ASD (Cenit et al., 2017; Dinan and Cryan, 2013; Foster and 

McVey Neufeld, 2013; Li et al., 2017). Furthermore, in rodent microbiota/dysbiosis studies, 

many of the anxiety, social, and/or sensory processing behavioral defects often used to 

diagnose these neuropsychiatric disorders appear to be elicited or significantly affected by 

exposure to antibiotics (Desbonnet et al., 2015; Leclercq et al., 2017; O’Mahony et al., 2014), 
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inoculation with novel bacterial species (Bravo et al., 2011), as well as rearing in a germ-free 

environment (Arentsen et al., 2015; Desbonnet et al., 2014; Heijtz et al., 2011; Luczynski et 

al., 2017). As the primary target of antibiotics are effectively microbiota, it reasons that 

microbiota perturbations may be mediating antibiotic-induced brain and behavior deficits. 

Furthermore, as microbiota residing on the peripheral side of the BBB do not have direct 

access to the CNS, it reasons that their ability to affect the CNS is mediated by an 

intermediary. 

The immune system intimately interacts with both microbiota and the CNS (El Aidy et al., 

2014; Hooper et al., 2012). The immune system is crucial for guiding the composition, 

stratification, and compartmentalization of microbiota. In turn, microbiota and their 

metabolites appear to be important regulators of epithelial proliferation, the development of 

lymphoid structures, the function and balance of T lymphocyte subsets, as well as the 

secretion of inflammatory mediators (Hooper et al., 2012). Meanwhile, signaling between the 

CNS and the immune system contributes to the development and maintenance of a healthy 

brain by regulating neurogenesis, migration, differentiation, axon guidance, circuit 

refinement, synaptic plasticity, and the activity of microglia and astrocytes (Boulanger, 2009; 

Carpentier and Palmer, 2009; Garay and McAllister, 2010). Furthermore, manipulation in 

inflammatory mediator signaling, such as the production and circulation of cytokines, 

chemokines, and damage-associated molecular patterns, as occurs during sepsis and severe 

systemic inflammation, can result in neuropathologies and cognitive dysfunction (Baune et 

al., 2008; Chavan et al., 2012; Dugan et al., 2009; Kitazawa et al., 2011; Murray et al., 2013; 

Sparkman et al., 2006). Many of these mediators are able to go through the BBB to access the 

CNS via active transport systems (Banks et al., 1995; Pan et al., 2011). 
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One such mediator is IL-6 (Banks et al., 1995). As mentioned previously, IL-6 has been 

shown to prevent PV expression via over-activation of superoxide production by Nox 

(Behrens et al., 2007, 2008). Additionally, it has been shown to be expressed by microglia 

(Sawada et al., 1993) in response to LPS (Minogue et al., 2012). Gram-negative bacteria of 

different taxa synthesize distinct LPS molecules, differing notably in the acylation and 

phosphorylation of the lipid A domain, for integration into the outer leaflet of their outer 

membrane. The lipid A domain of LPS molecules is recognizable to toll-like receptors 

expressed by host cells and can elicit host responses that range from pro- to anti-

inflammatory. Generally, the more acylated and phosphorylated a lipid A domain is, the more 

pro-inflammatory it is (Li et al., 2013; Steimle et al., 2016). As Gram-negative bacteria are 

significantly less vulnerable to penicillins than Gram-positive, it is likely that PPE is 

increasing the microbiota ratio of Gram-negative to Gram-positive. It is reasonable to assume 

that such dysbiosis would increase the LPS load and it is possible that such an increase might 

be accompanied by an increase in the amount or proportion of proinflammatory LPS 

molecules. The proinflammatory cascade that could be initiated by these LPS could be 

enough to stimulate microglia and IL-6 production. In turn, increased IL-6 could perturb PV+ 

interneurons, cortical activity and connectivity, as well as behavior. Supporting this thought, 

treatment of PPE mice with a cocktail of Gram-positive bacteria was able to counter a 

number of the defects. That is to say, by inoculating PPE mice with Gram-positive bacteria, 

we might have been able to decrease the ratio of Gram-negative to Gram-positive bacteria 

and consequently prevent or rescue the neurobiological and behavioral abnormalities. 

Interestingly, when we treated mice with cocktails of antibiotics that broadly targeted both 

Gram-negative and Gram-positive bacteria, i.e. regimens that included neomycin, we 

observed a number of differences. Mice perinatally exposed to our Amp Neo regimen 
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displayed an attenuated sensorimotor gating defect, the opposite of our PPE mice, while 

appearing unlikely to display a defect in the whisker-dependent discrimination task. 

Additionally, while the whisker discrimination data for mice perinatally exposed to our Vanc 

Neo regimen was a little all-over-the-place, the preliminary PPI and PV+ interneuron data 

was a bit more consistent and seemed to suggest that Vanc Neo mice appeared more wildtype 

both behaviorally and neurobiologically. 

MECHANISM: 5-HT PATHWAYS 

Serotonin (5-hyroxytryptamine, 5-HT) is a phylogenetically ancient biogenic monoamine that 

functions as a neurotransmitter in the CNS and a hormone in the periphery. Its central and 

peripheral signaling pathways are mediated by fifteen 5-HT receptor subtypes that together 

regulate a broad range of neuropsychological and biological processes that include, yet are 

not limited to, mood, perception, attention, appetite and digestion, metabolism, 

immunological development and function, as well as vascular tone and cardiac function  . 

The participation of 5-HT in these signaling pathways is dependent on its synthesis from L-

tryptophan (Trp). A consequence of this dependency is that these pathways and the processes 

they regulate are in turn profoundly affected by the bioavailability and distribution of Trp, the 

metabolism of Trp along competing metabolic pathways, as well as the expression of the 

enzymes which metabolize Trp into 5-HT. 

Trp is a nutritionally essential aromatic amino acid for animal species with single-chambered 

stomachs such as humans and mice. In other words, the bioavailability of Trp in such species 

is largely contingent on the consumption and digestion of Trp-containing peptides and 
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proteins. Notably, much of this digestion is mediated by the gut microbiota which contribute 

significantly to establishing the proteolytic environment responsible for the initial stages of 

protein breakdown by secreting bacterial peptidases (Macfarlane et al., 1988). It seems 

possible that PPE-mediated dysbiosis could impair the ability of microbiota to carry out this 

crucial function or a number of downstream pathways. 

Available Trp, like all other amino acids, is absorbed and passed into the bloodstream for 

distribution throughout the body. Cellular uptake of Trp occurs as a function of need with the 

cells in the gut, liver, and muscle tissues primarily involved in its modulation (Palego et al., 

2016). While principally used for the translation of RNA into protein, absorbed as well as 

luminal Trp are also metabolized into a number of indispensable and important biologically-

active metabolites (Richard et al., 2009). Such metabolites are predominantly the products of 

three competing pathways that are either directly- or indirectly-mediated by microbiota. 

These Trp metabolism pathways are (1) the indole derivative pathway, (2) the kynurenine 

pathway, and (3) the serotonin pathway (Agus et al., 2018; Gao et al., 2018).  

The metabolism of Trp via the indole derivative pathway is performed by microbiota and 

generates indole as well as downstream indole derivative molecules. These molecules 

regulate the immune system of the host as well as intestinal homeostasis and permeability. 

More explicit examples of this are the production of indole-3-aldehyde (IAld) by bacteria in 

the Gram-positive Lactobacillus genus as well as production of indoleacetic acid (IAA) and 

indolepropionic acid (IPA) by bacteria in the Gram-positive Clostridium genus (Agus et al., 

2018; Zelante et al., 2013). Many of these microbiota-generated indole derivative molecules 

are capable of mediating anti-inflammatory signaling pathways by binding aryl hydrocarbon 
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receptors (Alexeev et al., 2018). The loss of these Gram-positive genera via PPE might 

mediate a more pro-inflammatory state in the mouse resulting in the increased expression of 

proinflammatory cytokines capable of impairing PV+ interneurons in the S1BF. 

The metabolism of Trp via the kynurenine pathway generates kynurenine (Kyn) as well as 

downstream Kyn derivative molecules. The kynurenine pathway is the preponderant Trp 

metabolism pathway as it processes approximately 90% of Trp. Furthermore, increases in its 

activation are thought to result in attenuated activation of the indole derivative pathway as 

well as the serotonin pathway (Kennedy et al., 2017; Maes et al., 2011; Schwarcz et al., 

2012). Kyn derivative molecules produced via the kynurenine pathway that affect the health 

and wellness of an individual include kynurenic acid, a neuroprotective broad spectrum 

antagonist of glutamate receptors, quinolinic acid, a neurotoxic agonist of NMDA receptors, 

and nicotinamide adenine dinucleotide (NAD+), a vital cofactor for redox reactions in cellular 

respiration. Interestingly, it appears that microbiota are capable of both indirectly and directly 

regulating the production of Kyn and these derivative molecules. The kynurenine pathway is 

mediated by the rate-limiting enzymes indoleamine 2,3-dioxygenase (IDO) 1 and tryptophan-

2,3-dioxygenase which each metabolize Trp into Kyn . Notably, the expression and activity 

of IDO1 in the cells of the host have been shown to be modified by both microbiota as well as 

bacteria-derived metabolites. Explicit example of this are the down-regulation of Kyn via the 

Gram-positive Lactobacillus genus as well as via butyrate, the short chain fatty acid produced 

by a number of Gram-positive genera  . In addition to this indirect regulation of the 

kynurenine pathway in mammalian cells, a number of bacterial genes have been identified in 

microbiota from the Gram-negative Pseudomonas, Xanthomonas, Burkholderia, 

Stenotrophomonas, Shewanella genera as well as the Gram-positive Bacillus genus that 
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appear to be homologous to mammalian genes encoding for kynurenine pathway enzymes. 

These findings indicate that these genera, and potentially other bacterial taxa, are likely 

directly producing kynurenine pathways metabolites within their hosts (Vujkovic-Cvijin et 

al., 2013).  

The metabolism of Trp via the serotonin pathway generates 5-HT and as well as 5-HT 

derivative molecules. In the serotonin pathway, Trp is absorbed out of the intestinal lumen 

and, for the most part, metabolized peripherally by enterochromaffin cells, a class of 

enteroendocrine cells in the intestinal mucosa, into 5-HT within the gut. This peripheral 5-HT 

is thought to be responsible for the stimulation of peristalsis and segmentation contractions to 

mix and move luminal contents through the GI tract, epithelial secretion to dissolve and 

neutralize luminal contents within the GI tract, and vasodilation to facilitate the absorption of 

the digested luminal content from the GI tract (Mawe and Hoffman, 2013). Notably, a 

biologically significant amount of Trp, estimated to be approximately 10% of serotonin 

pathway Trp, is also released into the circulatory system where it is transported via the blood 

in albumin-bound and -unbound states. As the BBB is impermeable to large amino acids, to 

enter the CNS, circulating Trp must compete with the other large amino acids to bind large 

amino acid transporters in the BBB. This active transport mechanism for Trp is highly 

susceptible to competitive inhibition because the large amino acid transporters in the BBB are 

near saturation at normal physiological states and the concentration of Trp is the lowest of all 

20 amino acids. Thus, the bioavailability of Trp in the CNS is largely dependent on the serum 

concentration of Trp relative to the other large amino acids (Agus et al., 2018; Richard et al., 

2009). Once past the BBB and within the CNS, neurons are able to metabolize Trp into 5-HT 

to regulate a broad spectrum of neuropsychological processes including mood, attention, 
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perception, and circadian rhythms (Berger et al., 2009b; O’Mahony et al., 2015) . Both in the 

CNS and peripherally within the gut, the serotonin pathway proceeds via two reactions. The 

first and rate-limiting reaction is the oxidation of Trp into 5-hydroxy-L-tryptophan (5-HTP). 

This initial reaction is catalyzed by either tryptophan hydroxylase (Tph) 1 in the gut or Tph2 

in the CNS. The second reaction is the decarboxylation of 5-HTP into 5-HT. This final 

reaction is catalyzed by aromatic L-amino acid decarboxylase (AADC) both centrally and 

peripherally (Agus et al., 2018). Interestingly, the former of these two reactions appears to be 

significantly influenced by microbiota. Spore forming microbiota in the gut, dominated by 

bacteria in the Gram-positive Clostridum genus, and a number of metabolites associated with 

their metabolomes (e.g. deoxycholate, α-tocopherol, p=aminobenzoate, tyramine) are able to 

regulate peripheral 5-HT biosynthesis by promoting expression of TPH1 which consequently 

results in increased systemic distribution of 5-HT via the circulatory system (Yano et al., 

2015). Additionally, bacteria from the Gram-positive genera Bifidobacterium and 

Lactobacillus are able to regulate CNS 5-HT biosynthesis by promoting expression of TPH2 

resulting in increased 5-HT in the cortex and hippocampus (Li et al., 2019). 

The attenuation of serotonergic signaling both genetically and pharmacologically has been 

implicated in a number of behavioral and neurobiological abnormalities identified in our PPE 

experiments. First, with regards to the defect observed in the whisker discrimination task, not 

only does 5-HT released by whisker hair follicle Merkel cells in response to tactile 

stimulation evoke fast and slow currents in Aβ-afferent endings via activation of ionotropic 

(5-HT3A) and metabotropic (5-HT2A and 5-HT2B) 5-HT receptors but the administration of 

selective metabotropic and ionotropic 5-HT receptor antagonists is capable of significantly 

suppressing tactile behavioral responses (Chang et al., 2016). Second, with regards to the 
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defect observed in the PPI test, the chronic use of 3,4,Methylenedioxymethamphetamine 

(MDMA), an indirect serotonergic agonist that elicits substantial and sustained long-term 

depletion of 5-HT as well as loss of 5-HT axons (Battaglia et al., 1988; Green et al., 2003), 

results in a significant increase in percent PPI, particularly at the higher prepulse volumes 

(Quednow et al., 2004). Third, with regards to defects we observed in cortical PV circuits, the 

administration of MDMA has been shown to result in a significant reduction in the density of 

PV cells in the hippocampus (Anneken et al., 2013). Lastly, with regards to the defects we 

observed in microglia, the impairment of 5-HT signaling in Htr2B
-/- primary culture neonatal 

microglia resulted in significant overexpression of inflammatory markers (chemokine 

receptors Ccr3, Ccr2, Ccr5, and Cxcr5 and Tnfsf13, a member of the TNF ligand family).  As 

no gross morphological were observed in the microglia of P6 Htr2B
-/- pups, Kolodziejczak et 

al. concluded that the lack of 5-HT2B receptors pushed microglia in early life toward a mild 

pro-inflammatory state (Kolodziejczak et al., 2015). Together these findings indicate that 

PPE may be capable of impairing 5-HT synthesis and serotonergic signaling which may, in 

turn, be capable of eliciting our behavioral and neurobiological defects. 
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