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ABSTRACT OF THE DISSERTATION 
 

Enduring functional consequences of early-life insults: 
mechanisms, prediction and intervention 

 
By 

 
Megan Margaret Curran 

Doctor of Philosophy in Biomedical Science 
University of California, Irvine, 2018 

Professor Tallie Z. Baram, Chair 
 

Early life experiences, whether positive or negative, have the potential to enduringly 

shape the brain. This work investigates two types of early experiences and the 

mechanisms by which they influence the developing brain: prenatal adversity and 

developmental prolonged febrile seizures. This work finds that maternal stress and 

placental corticotropin releasing hormone (CRH) are able to influence neuronal 

development by diminishing dendritic branching, a potential mechanism for the decreased 

cortical thickness found in children exposed to high levels of CRH in utero. The region-

selective reduction in cortical thickness is associated with cognitive and emotional 

outcomes in childhood. Prolonged febrile seizures of childhood, also known as Febrile 

Status Epilepticus (FSE), can lead to the development of spontaneous epileptic seizures 

and cognitive problems that last into adulthood. The experiments described here examine 

the mechanisms of those effects on a molecular, cellular, and structural level. There are 

many perturbations that arise after experimental FSE (eFSE) within the brain that 

potentially crucial for the observed detrimental outcomes of these seizures in rodents and 

humans.  This work focuses on two of them: the induction of inflammation in the brain 
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and increased expression of the transcription factor Neuron Restrictive Silencer Factor 

(NRSF). This thesis describes experiments that acutely modulate these signaling 

cascades, resulting in the prevention of eFSE-induced structural and functional changes 

within the hippocampal formation.  Importantly, this work also addresses the need for 

predictive markers for individuals experiencing eFSE who will go on to develop epilepsy 

and cognitive deficits, in order to target any intervention. Magnetic resonance imaging 

(MRI) allows for real time measurements of brain changes in vivo, enabling the 

measurement of structural alterations and prediction of epileptogenesis before the first 

spontaneous seizure occurs.  
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CHAPTER 1: INTRODUCTION – PERSISTENT EFFECTS OF TWO 
EARLY LIFE INSULTS: ADVERSITY AND SEIZURES 

 

From the earliest development of the fetus in utero throughout childhood, the developing 

brain reacts to the environment that it experiences. This plasticity allows for the 

remarkable ability of children to learn and adapt to their surroundings, but it is also one 

cause of the long-lasting effects of negative experiences. By understanding how two 

different early life insults – adversity in utero and aberrant neuronal activity in the form of 

febrile seizures – affect the developing brain, we can begin to understand how to prevent 

the long lasting negative consequences.  

 

The Effects of Early-life Stress on the Developing Brain  

Early life adversity is associated with emotional and cognitive disorders later in life. A 

period of stress while the brain is still rapidly developing during this early period can lead 

to long lasting permanent changes, in ways that are not seen during adulthood. This 

evidence stems from human research which allows us to understand real life effects 

(Bremner et al. 1993; Kaplan et al. 2001) as well as experimental animal studies that 

allow researchers to elucidate the mechanisms and causality of adversity on development 

(Molet et al., 2014; Walker et al., 2017). Studies of prenatal and postnatal stress are 

associated with negative emotional consequences, including anxiety and depressive 



2 

 

symptoms (Lucassen et al., 2013; van Bodegom et al., 2017; Walker et al., 2017). A 

proposed mechanism of this of this relationship is corticotropin releasing hormone (CRH), 

which initiates the peripheral stress signaling axis (Korosi and Baram, 2008). When the 

brain senses stress, either emotional or physical, it signals the release of CRH from the 

hypothalamus, which then causes the pituitary to release adrenocorticotropic hormone 

(ACTH). ACTH travels in the systemic circulation to the adrenal glands, which release 

glucocorticoids (cortisol in humans, corticosterone in rodents) that send the stress signals 

throughout the body (including the brain) (Figure 1.1A). 

In recent years, we have gained an increased understanding of the effects of CRH and 

glucocorticoids on brain structure, both as a whole and on a cellular level. While acute 

exposure to stress increases memory formation, chronic exposure to stress hormones 

decreases dendritic spines and dendritic branching, which has particularly been shown in 

the hippocampus (Chen et al., 2004, 2012, 2016; Lupien et al., 2009; Maras and Baram, 

2012). 

In addition to its release within the brain in response to stressful stimuli, during pregnancy 

CRH is released from the placenta into both maternal and fetal circulation. Placental CRH 

acts both as a mechanism of normal timing of pregnancy as well as a potential way that 

maternal stress signals are transferred to the fetus. Interestingly, contrasting to the 

negative feedback loop by which glucocorticoids downregulate CRH synthesis and 

release, placental CRH is under positive feedback control (Figure 1.1B). Placental 

syncytial cells produce CRH and release it into both the maternal and fetal compartments, 
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and the maternal pituitary and adrenals respond by increasing production of ACTH and 

cortisol respectively. These high levels of cortisol cause the placenta to ramp up CRH 

production (Robinson et al., 1988), leading to exponentially increased placental CRH in 

maternal circulation, to levels that are only seen within the brain during stress. The 

concentrations of placental CRH increase as gestation progresses toward delivery. In 

addition, CRH levels increase upon maternal stress (Hobel et al., 1999). Whereas fetal 

plasma CRH levels throughout gestation do not undergo the exponential rise described 

for maternal levels, the concentration of CRH in fetal blood is significantly elevated over 

post-natal levels and is correlated with concentrations in maternal plasma (Gitau et al., 

2004). Previously, the effects on the fetal brain of exposure to the high levels of CRH that 

have been associated with maternal stress have not been studied. To investigate this 

relation, and its potential effects on the long-term development of the brain, this work 

studies the relationship of prenatal CRH exposure in children to developmental changes. 

Additionally, it reveals CRH as a potential direct mediator of these outcome differences 

by examining the effects of CRH on neuronal development in vitro.   
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FIGURE 1.1: Differing feedback loops of the hypothalamic-pituitary-adrenal axis in pregnancy 
compared to when not pregnant. The production of corticotropin releasing hormone (CRH) and 
adrenocorticotropic hormone (ACTH) are only under negative feedback outside of pregnancy, as shown by 
the red lines. During pregnancy, the increased cortisol causes the placenta to increase CRH production, 
causing exponentially increases CRH concentration in maternal and fetal circulation (positive signaling: 
green lines with arrowheads).  
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Prolonged Febrile Seizures Cause Brain Changes that Last a Lifetime 

The lasting effects of early life experiences on the developing brain do not only come from 

external sources but can also from within the brain. A common example of this is long 

febrile seizures. Febrile seizures (FS) are defined as seizures that are associated with a 

fever without a central nervous system infection or acute electrolyte imbalance in a child 

without a previous afebrile seizure. Febrile seizures occur in children between six months 

and five years, with the peak incidence at 18 months (AAP Subcommittee on Febrile 

Seizures, 2008). They are common (affecting 2-5% of the population) and are normally 

brief and benign – there are no long-term consequences of a single short episode. A 

subset of FSs are long, lasting >30 minutes, and are categorized as febrile status 

epilepticus (FSE). This type of seizure comprises 25% of all pediatric status epilepticus 

and are estimated to affect between 25,000 – 30,000 children annually (Shinnar et al., 

1997). For decades, we have known of a connection between early life FSE and the later 

development of temporal lobe epilepsy (TLE). In recent years, the FEBSTAT study and 

additional reports have begun to uncover that FSE may directly cause epilepsy, likely in 

concert with and in addition to genetic factors. There is an average of an 8-12 year period 

of network remodeling known as the latent period between FSE and the first epileptic 

seizure (Berg and Shinnar, 1996; Dubé et al., 2007; Mathern et al., 1995).  

Prospective human studies enable us to identify a defining relationship between FSE and 

the risk of developing TLE or cognitive deficits. Human studies do not allow us to 

determine if FSE is a causal factor in TLE, though clearly, genetic and other factors are 
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contributors (Martin et al., 2010a; Nur et al., 2012; Eckhaus et al., 2013; Hildebrand et al., 

2016). As outlined in Figure 1.2, there are three plausible scenarios: A) FSE is the direct 

cause of TLE and/or cognitive deficits, and the brain would have developed normally 

without the febrile seizure; B) FSE develops in an already predisposed brain, but also 

contributes independently to the development of TLE and/or cognitive deficits; or C) TLE 

and/or cognitive deficits develop via an independent process from the FSE, and FSE is 

just an “innocent bystander.” We have generated a rodent model of experimental (e)FSE 

which provides a powerful tool to probe these alternatives.  

Specifically, we have employed an age-appropriate model in rats, and found that eFSE 

directly causes limbic, temporal lobe-like epilepsy (Dubé et al., 2006, 2010; Choy et al., 

2014). The model is based on the hyperthermia that is the most obvious symptom of fever 

in children. Additionally, in children, the fever is normally caused by inflammation due to 

an infection, and the same inflammatory mediators are also both involved and required 

for the invocation of seizures in eFSE (Dubé et al., 2005). Hyperthermia is induced in rat 

pups via a regulated stream of warm air for 60 minutes. Heating time is adjusted to keep 

their core temperature within the range that invokes febrile seizures as recorded via 

electroencephalography (EEG), between 38.5-41.0ºC (Baram et al., 1997). Both wild-type 

and genetically susceptible stains of mice have been used in these experiments, 

revealing that while genetics increase predisposition to FSE (van Gassen et al., 2008; 

Martin et al., 2010b), genetic susceptibility is not required for the generation of FSE or the 

permanent brain changes that it can cause (Dubé et al., 2006, 2010; Lemmens et al., 
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2009). The age of immature rats (postnatal day 10-11, P10-11) that are used in eFSE 

reflects the developmental stage when the majority of human FSE occurs (Dubé et al., 

2007). Behavioral seizures in immature rats include the arrest of hyperthermia-induced 

hyperkinesis followed by facial automatisms. Starting within months after FSE, 30-40% 

of the rats begin to develop spontaneous limbic seizures (temporal lobe epilepsy), a 

number similar to the human population (Annegers et al., 1987; Dubé et al., 2006, 2010; 

Hesdorffer et al., 2011; Choy et al., 2014). Therefore, the experimental approach provides 

strong support for a direct contribution of FSE to the development of TLE rather than TLE 

being caused by genetics, a supposition supported also by human twin studies (Jackson 

et al., 1998).  
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FIGURE 1.2: Relationship of febrile status epilepticus and the development of temporal lobe 
epilepsy and cognitive deficits.  
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FSE generates cognitive deficits in a subset of individuals: support from human 

and experimental studies 

The prevailing dogma in the child neurology literature has been that FSE does not lead 

to cognitive problems, but instead, memory problems are a result of the brain pathology 

that provokes FSE (Verity et al., 1998; Chang et al., 2000). Over the past decade, 

compelling information from both human studies (Nørgaard et al., 2009; Martinos et al., 

2012; Shinnar et al., 2012) and rodent models (Dubé et al., 2009; Barry et al., 2016; 

Patterson et al., 2017) have challenged this prevailing dogma. Both translational and 

clinical research have begun to uncover the relationship between TLE and cognitive 

deficits (Figure 1.3) to examine if: A) FSE leads to TLE, which then causes the 

development of cognitive deficits; B) FSE causes changes within neuronal structure and 

connections, most likely aberrant hyperexcitability, which then separately (or via 

overlapping mechanisms) causes TLE and cognitive deficits; or C) TLE and cognitive 

deficits independently develop via two non-overlapping mechanisms following FSE.  

Animal studies have allowed us to separate whether the effect of FSE directly causes 

cognitive difficulties or if the cognitive difficulties would have developed independent of 

the febrile seizure, as shown in Figure 1.2C. When rats experience FSE early in life and 

then are allowed to grow to adulthood, their performance on a variety of cognitive tests 

including Morris water maze (Dubé et al., 2009), active avoidance task (Patterson et al., 

2017), and novel object location (Curran et al., unpublished) is impaired compared to their 

littermate controls. By controlling for any genetic or environmental variance that could 
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contribute to performance on cognitive tasks, we can clearly state that FSE directly 

causes the development of cognitive deficits that continue into adulthood.  

Recent work in children has demonstrated that cognitive deficits in children can arise after 

an epilepsy-inducing insult, but before spontaneous seizures or independently from them 

(Elger et al., 2004; Hoppe et al., 2007; Bender et al., 2013). Human studies have revealed 

that when testing six weeks and one year after FSE, there are deficits in language, motor, 

and cognitive outcomes, even in children who had no known developmental delays prior 

to the FSE (Martinos et al., 2013; Weiss et al., 2016). These findings suggest that FSE-

induced memory problems do not depend on a resultant epilepsy that may follow these 

seizures. Of course, the same limbic/hippocampal networks contribute to memory 

processes and epilepsy, yet the networks might be affected by independent or partially 

overlapping processes. Indeed, data from the FEBSTAT study indicate that hippocampal 

injury following FSE and the memory problems co-exist in the same individual child 

(Weiss et al., 2017), lending strong support for the notion that FSE injures the 

hippocampal circuit and thus induces memory problems. These findings provide major 

impetus for studying how FSE influences the hippocampal-cortical circuit and how cellular 

and molecular mechanisms provoke memory deficits. 
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FIGURE 1.3: Relationship between the origins of temporal lobe epilepsy and cognitive deficits 
following febrile status epilepticus. 
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CHAPTER 2: NOVEL MECHANISMS OF THE EFFECTS OF EARLY LIFE 
ADVERSITY ON COGNITIVE FUNCTION IN CHILDREN: A ROLE FOR 

CORTICOTROPIN RELEASING HORMONE  

 

Introduction 

Exposure to early life adversity disrupts brain development resulting in altered brain 

networks and structure (Bale et al., 2010; Krishnan and Nestler, 2010; McMullen et al., 

2012). These structural changes are associated with functional alterations that are often 

maintained throughout the lifespan, mediated by enduring epigenetic modifications of 

gene expression (Bale et al., 2010; Krishnan and Nestler, 2010; McClelland et al., 2011). 

Indeed, enduring alterations of brain structure and function at molecular, cellular and 

circuit levels (Peña et al., 2017; Singh-Taylor et al., 2017) are considered fundamental 

mechanisms of how early-life experiences influence health and disease (Bale et al., 2010; 

Krishnan and Nestler, 2010; McClelland et al., 2011; McMullen et al., 2012; Singh-Taylor 

et al., 2017). In the aggregate, exposures to intrauterine and neonatal insults (Mwaniki et 

al., 2012) and consequent altered brain anatomy (Geuze et al., 2005; Bellani et al., 2011) 

and connectivity (Ryman et al., 2014) contribute significantly to the global burden of 

mental illness. 

Specifically, early-life exposure to maternal stress and trauma is linked to subsequent 

depression (Kaufman et al., 2000; Heim and Nemeroff, 2001; Coffino, 2009), 

posttraumatic stress disorder (PTSD), panic disorder, substance abuse, abnormal stress 

response (Kaufman et al., 2000; Kajantie and Räikkönen, 2010) and other serious 
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disorders (Coffino, 2009; Bale et al., 2010; Krishnan and Nestler, 2010). Emerging 

evidence suggests that exposure to early-life adversity may be causally related to brain 

changes underlying the risk for psychopathology (Mwaniki et al., 2012; Davis et al., 2017; 

O’Donnell and Meaney, 2017). Because the fetal period is unmatched by any other in 

growth and development, this stage in the human life span is the most vulnerable to both 

organizing and disrupting maternal signals.  

Among the most salient signals shaping the human fetus is the stress hormone, 

corticotropic-releasing hormone (CRH). CRH, a 41-amino acid neuropeptide, is normally 

synthesized primarily in the paraventricular nucleus of the hypothalamus and has a major 

role in regulating pituitary-adrenal function and the physiological response to stress (Vale 

et al., 1981; Chrousos, 1992). CRH synthesized and released in other brain regions such 

as hippocampus (Chen et al., 2001) and cortex (Behan et al., 1995; Yan et al., 1998a) 

contributes to the sculpting of neuronal dendritic development and maturation via its 

actions on specific receptors that are located on dendritic spines Indeed, nanomolar 

concentrations of CRH can excessively prune dendritic trees of developing rodent cortical 

neurons (Curran et al., 2017). CRH of brain origin is not detectable in the circulation (King 

et al., 2001). However, during human pregnancy, the CRH gene, located on the long arm 

of chromosome 8 (Arbiser et al., 1988), is expressed in the human placenta and amniotic 

membrane (Grino et al., 1987; Okamoto et al., 1990). Placental CRH (pCRH) is released 

into the maternal and fetal compartments as early as the eighth week of gestation and 

increases exponentially across gestation to regulate fetal maturation (Class et al., 2008), 
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metabolic functions (Power and Schulkin, 2006; Stout et al., 2015) and the timing of birth 

(Smith and Nicholson, 2007). 

Placental CRH expression is responsive to a range of maternal stress signals, including 

increased cortisol, norepinephrine and epinephrine, reduced uterine blood flow, and 

infection (Petraglia et al., 1989; Wadhwa et al., 2001; Mesiano, 2014). Thus, placental 

CRH represents an integrative pathway through which diverse prenatal stressors inform 

the fetus of the state of its environment and shape fetal developmental trajectories in 

preparation for life after birth (O’Donnell et al., 2009; Sandman et al., 2011). There are 

several reports linking elevated human fetal exposure to pCRH including to decreased 

fetal startle and habituation (Sandman et al., 2003; Class et al., 2008), delayed neonatal 

neuromotor development (Ellman et al., 2008); increased infant fear and distress (Davis 

et al., 2005); and prodromal markers of increased risk for affective disorders in young 

children (Howland et al., 2016). Here, we demonstrate the potential consequences of fetal 

exposure to elevated levels of CRH and identify putative mechanisms. Specifically, we 

find that higher levels of placental CRH are associated with cortical thinning in selective 

brain regions and with decreased cognitive and emotional function in preadolescents.  

 

Methods 

All methods, human procedures and protocols were approved by the Institutional Review 

Boards of the Universities of California-Irvine and Los Angeles, and Cedars-Sanai 
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Hospital, Los Angeles. Parents and children gave informed (or affirmed) consent for all 

aspects of the protocol.  

Participants 

Ninety–seven mother/child dyads consented to participate in a longitudinal study of fetal 

exposures to maternal stress hormones on child MRI (see Consort Diagram, Figure S1; 

Tables S1A-1C). Women provided informed consent to provide a blood sample at five 

intervals during gestation; 13.5–16.6 (M= 15.3), 17.8–20.5 (M= 19.2), 23.7–26.5 (M = 

24.9), 29.9–32.3 (M = 30.9) and 34.6-38.1 (M=35.9). All women were English-speaking, 

healthy adult (>18 years of age) pregnant women with singleton, intrauterine pregnancies. 

Subjects were excluded if they had (i) multiple births, (ii) tobacco, alcohol, or other drug 

use in pregnancy, (iii) uterine or cervical abnormalities, or (iv) presence of any conditions 

associated with dysregulated neuroendocrine function. Their children (48 boys, 49 girls) 

were enrolled at 6-9 years of age (M=7.3 + 0.91). All participants provided written 

informed consent after receiving a complete description of the study.  

Assessments of pCRH in pregnant women 

Gestational age at testing was determined by last menstrual period and was confirmed 

by obstetric ultrasonographic biometry before 20 weeks. Maternal blood samples (20/ml) 

were collected serially at five intervals throughout pregnancy by antecubital venipuncture 

into siliconized ethylenediaminetetraacetic acid (EDTA) (purple top) vacutainers and then 

immediately chilled to 60C. Samples were centrifuged at 2,000 g for 15 minutes, decanted 
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into polypropylene tubes prepared with aprotinin (Sigma Chemical, St. Louis, MO; 500 

KIU/ml blood) and stored at -80°C until assayed.  

pCRH determination  

Following previously reported methods (Glynn and Sandman, 2014), the concentration of 

total maternal pCRH was determined by radio-immunoassay (RIA; Bachem Peninsula 

Laboratories, San Carlos, CA). The CRH assay had less than 0.01% cross-reactivity with 

ovine CRH, 36% cross-reactivity with bovine CRH and non-detectable reactivity with 

human ACTH. The intra- and inter-assay coefficient of variance ranged from 5 to 15%, 

respectively. The minimum detectable dose of the assay is 2.04 pg/ml (95% confidence 

interval; See Supplement for additional assay details).  

Data reduction for the RIA was conducted with a computer-assisted four-parameter 

logistics program (Rodbard et al., 1978). Values exhibiting greater than 25% error 

(deviation from the standard curve) were not included in the analyses. A subset of 

samples (n = 60) were sent to a clinical laboratory (Quest Diagnostics) for further 

validation. The correlation between the two sets of data was 0.87 (p < .01). Shared 

variance between 19 and 31 weeks CRH samples was a modest 14% (r=0.38). 

Mother/child dyads were recruited from two separate studies with identical prenatal 

assessments. To ensure comparability between the cohorts for analysis, the pCRH 

values were standardized within the two groups and then combined for statistical analysis. 

(see Supplement for details). As expected, pCRH levels increased geometrically as 

gestation advanced (Figure S4; Table S9).  
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Assessments in children 

All children (ages 87.3 + 10.9 mo) had a stable neonatal course (Median Apgar = 9, 

Range 8 to 10; GA at birth=39.2 + 1.5 wks) and were without known neonatal illness or 

congenital, chromosomal, or genetic anomalies. Participants had no evidence of 

neurological abnormalities in the newborn period. Children's structural MRI (sMRI) 

images were assessed for normal anatomical appearance. Seven children with motion 

artifacts and three children with abnormal scans were not included in the final sample 

(N=97). These ten subjects did not differ from subjects providing useable scans (Table 

S8). At 6-9 years of age, no physical conditions were reported by the parents in a 

structured interview format of the MacArthur Health and Behavior Questionnaire (Boyce 

et al., 2002). The majority (88%) of children were right hand dominant (Edinburgh 

Handedness Inventory) (Oldfield, 1971).  

Structural MRI (sMRI) Acquisition 

The sMRI scan was acquired with a 3-T Philips Achieva system. Children were provided 

earplugs and watched a movie while in the scanner to increase compliance and minimize 

movement. A high resolution T1 anatomical scan was acquired in the sagittal plane with 

1mm3 isotropic voxel dimensions. An Inversion-Recovery Spoiled Gradient Recalled 

Acquisition (IR-SPGR) sequence with optimal parameters was applied: repetition rate 

(TR)= 11ms, echo time (TE)= 3.3ms, inversion time (TI)= 1100ms, turbo field echo factor 

(TFE)= 192, number of slices: 150, no SENSE acceleration, flip angle=180º, shot interval 

(time from inversion pulse to the center of acquisition) = 2200ms. The images were 
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reviewed by the MRI operator (who was unaware of any of the study parameters) 

immediately after the scan was completed. If there were visible signs of motion artifacts, 

the subject was asked to stay for an additional scan. If the subject agreed, a second scan 

was acquired.  

Processing of MRI data 

Cortical surface reconstruction and volumetric segmentation was performed with the 

FreeSurfer image analysis software suite (http://surfer.nmr.mgh.harvard.edu/). 

Streamlined image processing procedures included; application of intensity normalization 

prior to segmentation to minimize errors in identifying the boundaries (Sled et al., 1998); 

removal of non-brain tissues (Fischl et al., 2004); and transforming images into the 

Talairach space. Pial and white matter surfaces were located by finding the highest 

intensity gradient. Surface inflation was applied to each individual brain (Fischl et al., 

1999) and the inflated brains were registered to a spherical atlas. Cortical thickness was 

the closest distance from the gray matter/white matter surface to the pial surface at each 

vertex on the tessellated surface (Fischl and Dale, 2000).  

Assessment of percent of cortical areas affected by fetal exposure to pCRH  

Smoothing of images was done prior to regression. The command line interface was used 

for FDR corrections and to accommodate more than one nuisance variable. Gestational 

age at birth, birth weight, age of the child at testing, sex and handedness were included 
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as covariates. A threshold of p<0.05 was used for all statistical tests and outcomes were 

corrected for multiple comparisons using False Discovery Rate (FDR).  

After FDR corrections and spatial normalization, the number of vertices that were 

significantly associated with pCRH was determined in each region of the cortex. The 

number of significant vertices for each area was added and divided by the total number 

of vertices in that area to provide the percentage of the vertices that were significantly 

associated with pCRH concentrations. The same procedure was computed for the 

number of significant vertices in each lobe. For hemispheric and whole brain percentages, 

the procedure was the same except the total number of subcortical vertices was 

subtracted from the total.  

Child Behavioral Analyses 

We conducted a battery of tests that interrogate several brain regions and circuits, to 

obtain a relatively broad assessment of cognitive and emotional function.  

The Child Behavior Checklist (CBCL) (Achenbach and Rescorla, 2001) is one of the most 

widely used parental interviews for identifying affective and conduct disorder problems in 

children. Structured interviews (rather than a questionnaire) were administered to 

mothers about the behavior of their children. We focused on two inclusive scales; one 

that assessed Internalizing problems (sum of anxious-depressed, withdrawn-depressed, 

and somatic-complaints scores) and the other that evaluated externalizing problems 

(sums rule-breaking and aggressive behavior problem scores). Responses were 
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recorded on a Likert scale ranging from 0 = Not True, to 2 = Very True or Often True. 

Scores are summed and standardized scores are computed that are age and sex-

specific. 

Reaction time to incongruent stimuli 

The “Flanker” is an executive function task that requires the ability to resolve conflicts 

when competing information is present (Eriksen and Eriksen, 1974). Participants view five 

arrows arrayed horizontally on a screen and are instructed to press a left or right response 

button based on the direction of the center arrow (target). They are instructed to ignore 

the surrounding arrows which are either congruent (all aligned in the same direction) or 

incongruent with the center arrow. This task consists of 24 congruent trials and 24 

incongruent trials. Each set of arrows is presented until the child responds (maximum of 

5000 msec) with a 750 msec inter-trial interval. Among the scores median reaction time 

to targets with incongruent distractors correlates most highly with other indexes of 

performance derived from this test (all r’s >0.70). (The association between externalizing 

scores on the CBCL and the median reaction time on the flanker test was not significant 

(r= 0.09, p=.41) 
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Results 

Elevated CRH levels throughout gestation are associated with cortical thinning  

Significant associations between fetal exposure to pCRH averaged across gestation and 

areas of cortical thinning in children were found as illustrated in the pial maps (Figure 

2.1). Children exposed to high levels of pCRH throughout fetal life exhibited significant 

thinning in 12% of the whole cortical mantle (Table S2A). The anatomical distribution of 

the cortical thinning associated with CRH exposure involved equally the left (LH, 12%) 

and right (RH, 11%) hemispheres (Table S2A). Regional analyses indicated that cortical 

thinning associated with pCRH levels was primarily in the temporal (15%) and the frontal 

(16%) regions (Table 2.1). Figures 1B-D are illustrative scatterplots of the associations 

between total fetal exposure to pCRH across gestation and cortical thinning in the frontal 

and temporal areas (all significant p< 0.01-0.001). The representative scatterplots 

coupled with Table 2.1, highlight the widespread association between fetal exposures to 

pCRH and regional cortical thinning, which are most notable in temporal and frontal areas. 

Average concentrations of pCRH across gestation or levels at any gestational interval did 

not associate with increased cortical thickness either globally or in any cortical region 

(Table S2b). Focusing on two gestational ages, 19 weeks (early, when pCRH production 

begins to accelerate) and 31 weeks (late, the time strongly associated with preterm birth), 

we found that maternal levels of pCRH were significantly associated with cortical thinning. 
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TABLE 2.1: Percentage of Structures of the Frontal and Temporal Lobes That Are 
Thinner in Children Exposed to Placental CRH Averaged Across Gestation  
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FIGURE 2.1 Pial Maps of Areas of Cortical Thinning Associated with Mean Levels of pCRH 
Throughout Gestation and Representative Scatterplots of Significant Associations Between pCRH 
and Thinning in Cortical Regions. Panel A presents pial maps illustrating statistically significant areas of 
cortical thinning associated with average levels of placental corticotropin-releasing hormone (pCRH) 
measured throughout gestation. Panels B–D are representative scatterplots revealing significant 
associations (p values, ,0.01–0.001) between pCRH (plotted as z-scores, with a mean of zero and standard 
deviation of 1) and cortical thinning in specific cortical regions.  
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CRH levels early in gestation: regional cortical thinning and behavioral outcomes 

Fetal exposure to pCRH early in gestation (19 weeks) was associated with significant 

thinning of the frontal poles. The significant association between pCRH and cortical 

thinning was bilateral, but strongest in the right (B=0.-14, p<0.001; 78% of the structure) 

compared with the left frontal pole (B=-6.88, p<0.05; 69% of the structure; Table S3). Pial 

maps depict areas of significant thinning linked with fetal pCRH exposure early in 

gestation (Figure 2.2A) and the scatterplots illustrate the regions of the frontal cortex with 

the strongest association (Figures 2.2B-D). (Findings were essentially unchanged with 

log transformed pCRH values, Table S5). Nearly identical associations were observed in 

a smaller subsample (N=57) of children exposed to high pCRH levels measured even 

earlier, at 15 weeks of fetal life (Figures S3A-D).  

Thinning of the frontal pole has been associated with externalizing behaviors (Levan et 

al., 2015) defined as actions that direct energy outward and tend to harm others (Hinshaw, 

2002). We tested if the effects of pCRH exposure on cortical thinning contributed to the 

development of these behaviors (Figure 2.2E). Our model supported the belief that 

reduced cortical volume in the frontal pole, associated with elevated fetal exposure to 

concentrations of pCRH at 19 weeks’ gestation, contribute to externalizing symptoms in 

6-9 year old children (indirect effect: 0.93; 95% BCCI 0.17 to 2.05; p < .05). Neither 

internalizing problems nor reaction time on the flanker task were associated with cortical 

thinning in this region. 
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FIGURE 2.2: Pial Maps of Areas of Cortical Thinning Associated with Levels of pCRH at 19 Weeks’ 
Gestation, Representative Scatterplots of Significant Associations Between pCRH and Thinning in 
Cortical Regions, and a Model of the Indirect Association Among pCRH Concentrations, Cortical 
Thinning in the Frontal Pole, and Externalizing Behavior. Panel A presents pial maps illustrating 
statistically significant areas of cortical thinning associated with levels of placental corticotropin-releasing 
hormone (pCRH) at 19 weeks’ gestation. Panels B–D are representative scatterplots of the significant 
associations (p values, 0.04–0.001) between pCRH (plotted as z-scores, with a mean of zero and standard 
deviation of 1) and thinning in specific cortical regions. Panel E is a model of the indirect significant 
association among prenatal pCRH concentrations, child cortical thinning in the frontal pole, and child 
externalizing behavior. The values corresponding to each path in the model are unstandardized regression 
coefficients. The indirect effect was estimated with bootstrapping (1,000 samples with replacement). 
BCCI=bias-corrected confidence interval.  
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CRH levels in late gestation: regional cortical thinning and cognitive outcomes 

Exposure to elevated levels of pCRH later in gestation (31 weeks) was associated with 

cortical thinning in the lateral temporal and paracentral regions (Figure 2.3A). The effect 

was localized to the left paracentral region and bilateral in the temporal cortex. 

Remarkably, 98% of the lateral surface of the right temporal pole and 66% of the left 

temporal pole were significantly thinner in children exposed to high levels of pCRH at 31 

weeks’ gestation (Table S4). Scatterplots (Figure 2.3B-D) illustrate these regional 

associations (and similar associations were observed at 25 weeks’ gestation in a smaller 

subsample [N=50]). 

Structures comprising the temporal cortex subserve numerous cognitive and emotional 

functions. Temporal cortical thinning has been reported in individuals with attentional 

deficits (Sasayama et al., 2010), especially in the right temporal pole (Fernández-Jaén et 

al., 2014) which is active in tasks requiring attention to relevant stimulation (Mitchell, 

2008). We employed a statistical model (Hayes and Preacher, 2010) to test if the effects 

of exposure to pCRH late in prenatal life on cortical thinning contributed to impairment of 

attention in 6-9 year olds. The model (Figure 2.3E) indicated that the reduced right 

temporal pole volume associated with exposure to pCRH at 31 week gestation may 

partially account for poorer performance on a visual processing and sustained attention 

test (indirect effect: 42.11; 95% BCCI 4.27 to 128.31; p <0.01) (Posner et al., n.d.; Riccio 

et al., 2002). 
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FIGURE 2.3: Pial Maps of Areas of Cortical Thinning Associated with Levels of pCRH at 31 Weeks’ 
Gestation, Representative Scatterplots of Significant Associations Between pCRH and Thinning in 
Cortical Subregions, and a Model of the Indirect Association Among pCRH Concentrations, Cortical 
Thinning in the Right Temporal Pole, and Child Reaction Time to a Behavioral Challenge Task. Panel 
A presents pial maps illustrating statistically significant areas of cortical thinning associated with levels of 
placental corticotropin-releasing hormone (pCRH) at 31 weeks’ gestation. Panels B–D are representative 
scatterplots of the significant associations (p values, 0.01–0.001) between pCRH (plotted as z-scores, with 
a mean of zero and standard deviation of 1) and thinning in cortical subregions. Panel E is a model of the 
indirect association among prenatal pCRH concentrations, child cortical thinning in the right temporal pole, 
and child reaction time in a behavioral challenge task (a visual processing and sustained attention test). 
The values corresponding to each path in the model are unstandardized regression coefficients. The 
indirect effect was estimated with bootstrapping (1,000 samples with replacement). BCCI=bias-corrected 
confidence interval.   



28 

 

Sex differences 

Exploratory analyses suggest significant sex differences in the nature and degree of 

association between pCRH levels and global as well as regional cortical thinning. At both 

19 and 31 weeks’ gestation, the associations were stronger in girls (Figure S2). The 

association between fetal exposure to pCRH at 19 weeks’ gestation and cortical thinning 

involved most cortical areas in girls (Figure S2A) but minimal in boys (Figure S2B). The 

fetal exposure to pCRH at 31 weeks affected cortical thinning globally in boys (Figure 

S2C) but locally in the temporal pole in girls (Figure S2D; similar to the findings for the 

combined sexes).  

 

Discussion 

The principal and novel findings in these series of studies are that human fetal exposure 

to pCRH, even at concentrations which are insufficient to initiate labor or early delivery, 

is associated with regional cortical thinning and commensurate cognitive and emotional 

problems in a sex-specific manner in school-age children. Notably, such problems often 

are prodromal events that are associated with eventual neuropsychiatric outcomes.  

The human placenta expresses pCRH by the eighth week of gestation and concentrations 

of pCRH increase geometrically as pregnancy advances to regulate the timing and onset 

of labor and delivery (McLean et al., 1995; Smith and Nicholson, 2007). Indeed, extremely 

high levels of placental CRH, often a result of adverse events during pregnancy, stimulate 
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a cascade of events that result in pre-term labor and delivery. Premature birth is a 

significant contributing factor to impaired neurological and psychiatric outcomes. 

However, pCRH levels also rise in response to a variety of maternal stresses, and the 

novel finding here is the profound consequence of fetal exposure to pCRH at levels that 

are not associated with early delivery, in full-term school-age children. Specifically, we 

identify pronounced thinning in discrete cortical areas with implications for emotional and 

cognitive functions. Pronounced cortical thinning was associated with fetal exposure to 

pCRH across gestation with some evidence of localization in prefrontal and temporal 

poles. Examination of discrete gestational intervals clarified that prefrontal thinning was 

associated with exposure at early mid-gestation and thinning of the temporal pole was 

associated with exposure later in gestation.  

Our findings raise the novel possibility that CRH is causally linked to cortical thinning, 

rather than merely signifying the presence of a harsh, stressful milieu to the developing 

fetal brain. A causal role for CRH in cortical thinning is supported by recent findings in an 

animal model (Curran et al., 2017). Cortical volume is largely comprised of dendritic trees 

of cortical neurons (Paus, 2009; Curran et al., 2017) and changes in dendritic arborization 

can be measured as volume loss in MR imaging (Molet et al., 2016). Our recent 

experiments demonstrate that exposure of developing cortical neurons to physiological 

levels of CRH results in a dose-dependent reduction and impoverishment of dendritic 

arborization (Curran et al., 2017). In addition, both exposure to early postnatal CRH in 

vivo (Brunson et al., 2001) and to maternal stress signals (Brunson et al., 2005; Ivy et al., 
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2010) provokes similarly impoverished dendritic trees in the hippocampus. Indeed, 

exposure to nanomolar levels of CRH has been shown to reduce dendritic length and 

complexity via CRH receptor type 1 (Chen et al., 2004), which is expressed on the 

dendrites (Chen et al., 2008, 2012). Eliminating the actions of endogenous CRH led to 

exuberant dendritic trees both in transgenic mice lacking the CRH receptor and chronic 

exposure of organotypic slice cultures to CRH receptor blockers (Chen et al., 2004, 2008). 

Thus, it appears that the role of physiological levels of CRH is to modulate – perhaps in 

concert with glucocorticoids (Liston and Gan, 2011; Chen et al., 2016)– neuronal dendritic 

development in the perinatal hippocampus and neocortex.  

The sex differences observed here are intriguing, and consistent with increased 

prevalence of stress-related disorders in women compared to men, tendencies observed 

also in prepubertal children (Sandman et al., 2013). Our novel findings here suggest that 

sex-specific structural consequences of early-life adversity and potentially of CRH may 

be most apparent in females and are consistent with conclusions that females exposed 

to prenatal stress are more likely than males to exhibit increased levels of anxiety, 

impaired executive function and neurological markers associated with these behaviors 

(Sandman et al., 2013). 

In summary, our findings uncover a novel and unexpected result of prenatal elevation of 

pCRH: reduction in cortical volume in typically developing children, perhaps related to 

stunting of normal neuronal growth, and consequent commensurate subtle but significant 

emotional and cognitive impairments. The behavioral assessments were not optimal for 
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assessing the unexpected cortical thinning observed in the temporal lobes. This limitation 

should be addressed in future studies. Even when CRH levels are not sufficient to trigger 

premature birth and children are born at term, fetuses exposed to increased levels of 

pCRH carry less-well developed cortical neurons, apparent from extensive yet selective 

areas of cortical thinning. The cortical thinning is biologically significant because it is 

associated with both cognitive and emotional deficits.  
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Supporting Materials: 

Consort diagram and description of MRI cohort 

Figure 2.S1 illustrates the selection steps for recruiting 6-9-year-old subjects for the MRI 

scans from the prospective cohort of 834 initially approached to participate in studies of 

pregnancy and infant outcomes. Table 2.S1 presents means and tests of significant 

differences for subjects in the MRI protocol and subjects eligible but not in the MRI 

protocol. Table 2.S1A presents parametric analysis of continuous variables for the child, 

birth outcomes and maternal characteristics. There are no significant differences between 

these two cohorts of subjects for any variables compared. Table 2.S1B presents means 

and nonparametric (Mann-Whitney U tests) tests for categorical variables. A significant 

difference between the groups was detected for one variable—Mother’s cohabitation 

status. The difference between the groups was primarily related to a higher frequency of 

“Neither legally married nor cohabitating with partner” in the cohort not participating in the 

MRI protocol. In summary, these two cohorts are virtually identical. 

Cortical volumes associated with total pCRH exposure across gestation 

Children exposed to high levels of pCRH throughout fetal life exhibited significant thinning 

of the whole cortical mantle (12%; Table 2.S2A). Regional analysis indicated that cortical 

thinning associated with pCRH levels was primarily observed in the temporal (15%) and 

the frontal (16%) regions (Table 2.S2A). Neither average concentrations of pCRH across 
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gestation nor levels at any gestational interval were associated with increased cortical 

thickness either globally or in any cortical region (Table 2.S2B). 

Tables of FreeSurfer subregional parcellations at 19 and 31 weeks’ gestation  

Tables 2.S3 and 2.S4 present the percentages of FreeSurfer sub-regional parcellations 

associated with exposure to pCRH at 19 weeks’ GA (Table 2.S3) and 31 weeks’ GA 

(Table 2.S4). In Table 2.S3 it is apparent that the bilateral surface of the frontal regions, 

specifically the frontal pole is primarily thinner in children exposed to CRH at 19 weeks 

GA. Table 2.S4 illustrates a somewhat broader association between cortical thinning and 

later exposure to CRH. However, the most striking regional association with pCRH at 31 

weeks is evident bilaterally in the temporal poles. 

Conversion to standard scores 

In order to combine the pCRH values, each raw value distribution was converted to a 

standard z-score distribution. Separately at 19 and 30 weeks, CRH values were 

converted with the formula: z = (X - μ)/σ, where X is a CRH value, μ is the population 

mean for CRH, and σ is the standard deviation. The standard score converts CRH 

concentrations to a z-score distribution with a mean of 0 and a standard deviation of 1. 

Values for individuals are expressed in terms of standard deviations from their means. 

Thus, a z-score of 1 indicates the subject has a CRH value that is 1 standard deviation 

above the mean. 
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Analysis of logarithmic transformation of pCRH at 19 weeks’ gestation 

A logarithmic transformation of pCRH values at 19 weeks GA was computed to account 

for potential outliers. The two “outliers” were within normal physiological limits. Moreover, 

these women had consistently elevated levels across gestation. To perform the transform, 

a constant was added to the standard scores to eliminate zeros and negative numbers. 

(The log of a negative number is not a number and that the log of zero is negative infinity). 

The skewness dropped from 2.7 to 1.35. The relation between transformed CRH levels 

and cortical thickness for the areas in Figures 2B-D in the main text remained significant 

(r’s 0.26 [p<.025]-0.39 p<.01]). Table 2.S5 presents the FreeSurfer subregional 

parcellations for log transformed pCRH. The results are nearly identical with the 

percentages for non-transformed date in Table 2.S3. The critical comparisons are 

highlighted. 

Sex Differences—Exploratory analysis 

We have reported that the age-related changes (6-9 years of age) in cortical and white 

mater volume (Muftuler et al, 2011; 2012) were stronger for girls than for boys. Because 

of the age-related differences in cortical volume, we adjusted for age at the time of testing 

in all the analyses reported here. The differences in the age-related changes between 

girls and boys prompted us to test for sex differences in predictors and potential 

covariates in our cohort. As presented in Table 2.S6, there were no sex differences in the 

predictors or potential covariates examined in this study. Figure 2.S2 demonstrates that 
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patterns of association between prenatal exposure to elevated pCRH at either 19 or 31 

weeks and cortical volumes differ for boys from the combined images. The patterns of 

association for girls exposed to elevated CRH at 19 weeks’ gestation differ to the 

combined images. In contrast, the patterns of association between prenatal exposure at 

31 weeks and decreased temporal pole volume for girls are similar to the combined 

images. 

Optional visits--exploratory analysis 

Prenatal visits 15 (N=57) and 35 (N=55) weeks' gestational age (GA) were optional with 

smaller samples than the “early’ and “late” cohorts. Exploratory analysis indicated that 

CRH exposure at 15 weeks GA was associated with significant thinning of the frontal 

cortex—very similar to the findings at 19 weeks GA. The significant association between 

pCRH and cortical thinning was bilateral but strongest in the right (19% of the structure) 

compared with 11% in the left frontal region. Regional analyses identified that the lateral 

frontal pole (40% LH and 65% RH) and the medial orbital frontal [22% LH, 33% RH] 

regions were the areas in which cortical thinning was most strongly associated with levels 

of pCRH. Pial maps depict areas of significant thinning linked with fetal pCRH exposure 

at 15 weeks GA and scatterplots illustrate three subregions of the frontal cortex with the 

strongest association (Figure 2.S3). These results were highly consistent with the findings 

at 19 weeks GA. 



36 

 

pCRH increases across gestation 

The human placenta synthesizes and releases CRH into the maternal and fetal 

circulation. Placental CRH is identical to hypothalamic CRH in structure, immunoreactivity 

and bioactivity (Petraglia, Sutton, & Vale, 1989; Sasaki et al., 1987,1988). We observed 

the expected elevation of pCRH levels as pregnancy advanced in our cohort (Figure 

2.S4). 

Correlations of pCRH with potential maternal, birth and child variables 

The findings from Tables 2.S7A-B indicate that there are no significant associations 

between pCRH at 19 and 31 weeks and maternal sociodemographic and mood/anxiety 

indices. Table S.7C presents data for the entire sample. 

Supplemental Methods: 

CRH assay details: Total CRH concentrations were determined by a radioimmunoassay 

with reported sensitivity of 2.04 pg/ml (RIA; Bachem Peninsula Laboratories, San Carlos, 

CA). Plasma samples (1-2 ml) were extracted with three volumes of ice-cold methanol, 

mixed, allowed to stand for 10 minutes at 4°C, and centrifuged at 1700 g and 4°C for 20 

minutes (Sandman et al., 2006). Pellets were washed with 0.6 ml methanol, and the 

combined supernatants were dried down in a Savant SpeedVac concentrator. 

Reconstituted samples with assay buffer were incubated (100 μl/assay tube) with anti- 

CRH serum (100 μl) for 48 hours at 4°C, followed by a 24-hour incubation with 125I- CRH 

at 4°C. Labeled and unlabeled CRH were collected by immunoprecipitation with goat anti-
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rabbit IgG serum and normal rabbit serum after 90 minutes of incubation at room 

temperature. Samples were then centrifuged at 1700 g and 4°C for 20 minutes, after 

which the aspirated pellets were quantified with a gamma scintillation counter. This assay 

has less than 0.01% cross-reactivity with ovine CRH, 36% cross-reactivity with bovine 

CRH, and non-detectable reactivity with human ACTH. Intra-assay and inter- assay 

coefficients ranged from 5% to 15%, respectively. 

Subjects with motion artifacts: There were no differences between the subjects excluded 

because of motion artifacts and those without motion artifacts as described in Table 2.S8 

below. We also provide characteristics for the three subjects with “marginal” scans. The 

summary table presents mean data for the participants who completed the scan, the 7 

subjects with motion artifacts and 3 subjects with “marginal” images (who were excluded 

from the analysis). 
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FIGURE 2.S1: Consort diagram illustrating the selection of subjects from the initial studies to 
evaluate the influence of stress on pregnancy and infant/child outcomes. 

  

Participants from one of two prospective, 
longitudinal pregnancy and infant 
outcome studies were considered for 
participation in a follow up study at 6-10 
years postpartum (n=834) 

 
Ineligible for recruitment (n=192) 

◦Insufficient data/dropped from initial study (n=133) 

◦Child age at less than 6 years old (n=59) 
 
Attempted to recruit for 
behavioral lab visit 
(n=642) 

 
 
 
 
 
 
 
 
 
Successfully recruited for 
behavioral lab visit 
(n=275) 

Unable to recruit (n=367) 
◦ Unable to locate (n=178) 

◦ Unable to schedule (n=189) 

◦ Declined participation (n=31) 

◦ Other (moved, did not return scheduling calls; n=158) 

 
 
 
 
 
 
 
 
 
 
 
 

 
Successfully recruited for 
MRI visit 
(n=117) 

Did not attend MRI visit (n=158) 
◦ Not recruited (n=6) 

◦ Noncompliant/unable to complete office protocol 

◦ Ineligible due to medical contraindication (n=1) 

◦Unable to schedule (n=151) 

◦ Declined (n=37) 

◦ Did not return calls/unable to schedule (n=53) 

◦ Other/unspecified (n=61) 
 
 
 
 
 

 
MRI scan not completed (n=10) 

◦Mother or child requested scan termination prior to 

completion of scan sequence 

 
Excluded from analysis (n=10) 

◦Severe motion artifacts (n=7) 

◦Abnormal brain morphology/anomaly (n=3) 
 
 

Data available for analysis 
(n=97) 
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FIGURE 2.S2: The association between exposure to pCRH and cortical volumes for boys and girls. 
Pial maps (A) from FreeSurfer illustrating statistically significant areas of cortical thinning associated with 
total concentration of prenatal levels of pCRH across gestation (N=97). Representative scatterplots (B-D) 
of the significant associations between pCRH and cortical thinning in cortical subregions (B r=0.26, p<0.01: 
C r=0.36, p<0.001: D r=0.37, p<0.001)  

  

 

Figure S2: The association between exposure to pCRH and cortical volumes 
for girls and boys 

 
19 WEEKS GESTATION 
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FIGURE 2.S3: Relationship between pCRH exposure early fetal development and cortical thickness 
in childhood. Pial maps (A) from FreeSurfer statistically significant areas of cortical thinning associated 
with prenatal levels of pCRH at 15 weeks’ gestation (N=57). Representative scatterplots (B-D) of the 
significant associations between pCRH and cortical thinning in cortical subregions (B r=0.31, p<0.01: C 
r=0.42, p<0.001: D r=0.55, p<0.001) 
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TABLE 2.S1.A: Comparing subjects in the MRI protocol with subjects not in 
protocol 

 

 
 

 
 

N 
 

Mean 
  

  

N 
 

MEAN 
 

Std. Deviation   

d
f 

 

F 
 

SI
G  

Child's age (IN YEARS) at lab noMRI 
 

167 
 

7.1442 
 

.84140 
 

Between Groups 
 

1 
 

1.895 
 

.17
0  

visit 
 

mri 
 

108 
 

7.0029 
 

.81599 
 

Within Groups 
 

273   
 

Total 
 

275 
 

7.0887 
 

.83289 
 

Total 
 

274   
 

Mother's age (IN YEARS) at noMRI 
 

167 
 

37.6072 
 

5.31953 
 

Between Groups 
 

1 
 

.008 
 

.93
1  

lab Visit 
 

mri 
 

108 
 

37.6683 
 

6.21935 
 

Within Groups 
 

273   
 

Total 
 

275 
 

37.6312 
 

5.67888 
 

Total 
 

274   
 

Maternal age (IN YEARS) at noMRI 
 

167 
 

30.4630 
 

5.28280 
 

Between Groups 
 

1 
 

.085 
 

.77
1  

delivery 
 

mri 
 

108 
 

30.6654 
 

6.10207 
 

Within Groups 
 

273   
 

Total 
 

275 
 

30.5425 
 

5.60877 
 

Total 
 

274   
 

Final GAB (in WEEKS) noMRI 
 

167 
 

39.1711 
 

1.58407 
 

Between Groups 
 

1 
 

.031 
 

.86
1   

mri 
 

108 
 

39.2051 
 

1.55102 
 

Within Groups 
 

273   
 

Total 
 

275 
 

39.1844 
 

1.56842 
 

Total 
 

274   
 

birth weight (in grams) noMRI 
 

163 
 

3414.28 
 

527.684 
 

Between Groups 
 

1 
 

.345 
 

.55
8   

mri 
 

105 
 

3454.73 
 

584.401 
 

Within Groups 
 

266   
 

Total 
 

268 
 

3430.13 
 

549.880 
 

Total 
 

267   
 

Apgar score at five minutes noMRI 
 

163 
 

8.9
6 

 

.28
0 

 

Between Groups 
 

1 
 

1.691 
 

.19
5   

mri 
 

106 
 

9.0
0 

 

.23
9 

 

Within Groups 
 

267   
 

Total 
 

269 
 

8.9
7 

 

.26
5 

 

Total 
 

268   
 

Total number of OB Risks noMRI 
 

156 
 

.3
3 

 

.60
5 

 

Between Groups 
 

1 
 

.478 
 

.49
0   

mri 
 

98 
 

.3
9 

 

.62
0 

 

Within Groups 
 

252   
 

Total 
 

254 
 

.3
5 

 

.61
0 

 

Total 
 

253   
 

Years of school completed noMRI 
 

167 
 

15.20 
 

2.10
1 

 

Between Groups 
 

1 
 

.120 
 

.72
9   

mri 
 

108 
 

15.11 
 

1.88
6 

 

Within Groups 
 

273   
 

Total 
 

275 
 

15.16 
 

2.01
6 

 

Total 
 

274   
 

WAIS: POI index score noMRI 
 

165 
 

100.87 
 

16.631 
 

Between Groups 
 

1 
 

2.251 
 

.13
5   

mri 
 

107 
 

103.94 
 

16.277 
 

Within Groups 
 

270   
 

Total 
 

272 
 

102.08 
 

16.531 
 

Total 
 

271   
 

STAI- MEAN Score noMRI 
 

163 
 

1.7387 
 

.47346 
 

Between Groups 
 

1 
 

.061 
 

.80
5   

mri 
 

108 
 

1.7244 
 

.46147 
 

Within Groups 
 

269   
 

Total 
 

271 
 

1.7330 
 

.46791 
 

Total 
 

270   
 

BDI - Total MEAN score noMRI 
 

161 
 

.3304 
 

.38080 
 

Between Groups 
 

1 
 

.624 
 

.43
0   

mri 
 

108 
 

.2948 
 

.33531 
 

Within Groups 
 

267   
 

Total 
 

269 
 

.3161 
 

.36300 
 

Total 
 

268   
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TABLE 2.S1B: Nonparametric tests of differences between subjects in MRI protocol 
with subjects eligible but not in MRI protocol  
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TABLE 2.S1C Comparing pCRH levels in subjects in the MRI protocol with subjects 
eligible but not in the protocol  
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TABLE 2.S2A: Percentage of whole cortex and the different cortical regions that 
are significantly thinner in children exposed as fetuses to Placental CRH across 
gestation (Average) and at five separate gestational intervals 

 

THINNER 
 

Average 
N=97 

15 
Weeks 
N=57 

~19 
Weeks 
N=70 

~25 
Weeks 
N=50 

~30 
Weeks 
N=79 

~35 
Weeks 
N=55 

Whole Brain 12 10 6 9 12 6 

Frontal Cortex 16 15 8 11 15 7 

Parietal Cortex 10 9 5 13 10 3 

Temporal Cortex 15 6 9 4 19 10 

Occipital Cortex 3 3 4 6 2 1 

Cingulate/Limbic 0 1 0 4 0 2 
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TABLE 2.S2B: Percentage of whole cortex and the different cortical regions that are 
significantly thicker in children exposed as fetuses to Placental CRH across 
gestation (Average) and at five separate gestational intervals 

 

THICKER Average 15 
Weeks 

~19 
Weeks 

~25 
Weeks 

~30 
Weeks 

~35 
Weeks 

Whole Brain 1 2 4 3 1 1 
Frontal Cortex 0 1 4 2 0 0 
Parietal Cortex 1 3 4 2 0 1 

Temporal Cortex 0 1 2 4 1 0 
Occipital Cortex 4 3 5 6 4 9 
Cingulate/Limbic 4 4 5 3 9 5 
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TABLE 2.S3A: Percentage of structures of the frontal and temporal lobes that are 
thinner in children exposed to placental CRH at 19 weeks’ gestation. The results are 
presented for the left (LH) and right (RH)hemisphere. 

 

LH Medial Surface 
Frontal 

Percent of 
Structure 

RH Medial Surface 
Frontal 

Percent of 
Structure 

    
Orbital Frontal 10 Orbital Frontal 0 

Paracentral 23 Paracentral 7 
 

LH Lateral Surface 
Frontal 

Percent of 
Structure 

RH Lateral Surface 
Frontal 

Percent of 
Structure 

    
Superior Frontal 5 Superior Frontal 0 

Rostral Middle Frontal 11 Rostral Middle Frontal 8 
Frontal Pole 69 Frontal Pole 78 

Pars Triangularis 0 Pars Triangularis 10 
Parsorbitalis 6 Parsorbitalis 9 

Lateral Orbital Frontal 9 Lateral Orbital Frontal 15 
Parsopercularis 0 Parsopercularis 21 

Caudal Middle Frontal 32 Caudal Middle Frontal 2 
Precentral 5 Precentral 6 

Insula 3 Insula 4 
 

LH Lateral Surface 
Temporal 

Percent of 
Structure 

RH Lateral Surface 
Temporal 

Percent of 
Structure 

    
Superior Temporal 26 Superior Temporal 10 

Transverse Temporal 0 Transverse Temporal 0 
Middle Temporal 7 Middle Temporal 8 

Post Sup Temp sulcus 19 Post Sup Temp sulcus 0 
Inferior Temporal 12 Inferior Temporal 6 

Fusiform 0 Fusiform 0 
Parahippocampal 0 Parahippocampal 0 

Entorhinal 0 Entorhinal 0 
Temporal Pole 0 Temporal Pole 14 
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TABLE 2.S3B: Percentages of structures of the frontal and temporal lobes that are 
thinner in children exposed to pCRH at 19 weeks’ gestation using log transformed 
CRH values. Values can be compared with findings in Table 2.S3A. Highlights show the 
nearly identical results for the transformed and the z-scored data. 

 

LH Medial Surface 
Frontal 

Percent of 
Structure 

RH Medial Surface 
Frontal 

Percent of 
Structure 

    
Orbital Frontal 0.0842 Orbital Frontal 0.0000 

 Paracentral   0.2370  Paracentral 0.0484 
    

LH Lateral Surface  
Frontal 

Percent of 
Structure 

RH Lateral Surface  
Frontal 

Percent of 
Structure 

Superior Frontal 0.0470 Superior Frontal 0.0000 
Rostral Middle Frontal 0.0810 Rostral Middle Frontal 0.0638 

 Frontal Pole   0.5302   Frontal Pole   0.7600  
Pars Triangularis 0.0000 Pars Triangularis 0.0844 

Parsorbitalis 0.0929 Parsorbitalis 0.0400 
Lateral Orbital Frontal 0.0777 Lateral Orbital Frontal 0.1479 

Parsopercularis 0.0000  Parsopercularis   0.1819  
 Caudal Middle Frontal   0.3100  Caudal Middle Frontal 0.0233 

Precentral 0.0438 Precentral 0.0493 
Insula 0.0197 Insula 0.0383 

LH Lateral Surface 
Temporal 

Percent of 
Structure 

RH Lateral Surface 
Temporal 

Percent of 
Structure 

    
 Superior Temporal   0.1718  Superior Temporal 0.0923 

Transverse Temporal 0.0000 Transverse Temporal 0.0000 
Middle Temporal 0.0626 Middle Temporal 0.0726 

 Post Sup Temp sulcus   0.1743  Post Sup Temp sulcus 0.0000 
Inferior Temporal 0.0956 Inferior Temporal 0.0397 

Fusiform 0.0000 Fusiform 0.0000 
Parahippocampal 0.0000 Parahippocampal 0.0000 

Entorhinal 0.0000 Entorhinal 0.0000 
Temporal pole 0.0000 Temporal pole 0.1100 
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TABLE 2.S4: Percentage of structures of the frontal and temporal lobes that are 
thinner in children exposed to placental CRH at 31 weeks’ gestation. The results are 
presented for the left (LH) and right (RH)hemisphere. 

 
LH Medial Surface 

Frontal 
Percent of 
Structure 

RH Medial Surface 
Frontal 

Percent of 
Structure 

    
Orbital Frontal 10 Orbital Frontal 16 

Paracentral 43 Paracentral 8 
 

LH Lateral Surface 
Frontal 

Percent of 
Structure 

RH Lateral Surface 
Frontal 

Percent of 
Structure 

    
Superior Frontal 12 Superior Frontal 6 

Rostral Middle Frontal 4 Rostral Middle Frontal 24 
Frontal Pole 0 Frontal Pole 9 

Pars Triangularis 19 Pars Triangularis 19 
Parsorbitalis 6 Parsorbitalis 9 

Lateral Orbital Frontal 19 Lateral Orbital Frontal 31 
Parsopercularis 13 Parsopercularis 14 

Caudal Middle Frontal 26 Caudal Middle Frontal 25 
Precentral 12 Precentral 17 

Insula 18 Insula 0 
 

LH Lateral Surface 
Temporal 

Percent of 
Structure 

RH Lateral Surface 
Temporal 

Percent of 
Structure 

    
Superior Temporal 35 Superior Temporal 24 

Transverse Temporal 0 Transverse Temporal 12 
Middle Temporal 27 Middle Temporal 27 

Post Sup Temp sulcus 7 Post Sup Temp sulcus 0 
Inferior Temporal 13 Inferior Temporal 14 

Fusiform 4 Fusiform 5 
Parahippocampal 2 Parahippocampal 3 

Entorhinal 9 Entorhinal 5 
Temporal Pole 66 Temporal Pole 98 
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TABLE 2.S7A: Correlations among CRH levels and maternal characteristics 

 
 
 

CRH Level 
Week 19 

CRH Level 
Week 31 

Mother's 
age 

Years 
of 

school  

Household 
income 

WAIS: 
POI index 

score 

Trait 
Anxiety CESD  Beck 

Index 

CRH Level Week 
19 1         

CRH Level Week 
31 .386**

 1        

Mother's age -.041 -.053 1       
Years of school 

completed .024 -.025 .214*
 1      

Household income-
previous year -.037 -.108 .299**

 .595**
 1     

WAIS: POI index 
score .025 .085 .125 .489**

 .501**
 1    

Trait Anxiety .218 .037 .035 -.318**
 -.442**

 -.162 1   

CESD (Depression) .040 -.031 -.003 -.326**
 -.331**

 -.197*
 .573**

 1  
Beck Depression 

Index .086 .097 .083 -.190*
 -.398**

 -.188 .703**
 .524**

 1 

 

**. Correlation is significant at the 0.01 level (2-tailed). 

*. Correlation is significant at the 0.05 level (2-tailed). 
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TABLE 2.S7B: Correlations among CRH levels, birth outcomes and child sex 

 

 
 
 

CRH Level 
Week 19 

CRH Level 
Week 31 Child's sex GAB Apgar score OB Risks 

CRH Level Week 19 1      

CRH Level Week 31 .386** 1     

Child's sex .212 .010 1    

GAB .020 -.170 .003 1   

Apgar score at five minutes .046 -.117 -.079 .036 1  

Total number of OB Risks -.047 .201 .046 -.255*
 -.183 1 

**. Correlation is significant at the 0.01 level (2-tailed). 

*. Correlation is significant at the 0.05 level (2-tailed). 
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TABLE 2.S7C: Correlations among CRH, gestational age at birth and birth weight 
in total sample  

 

 
 GAB Birth weight wk19 CRH wk31 CRH 

GAB 1    

Birth weight .654**
 1   

wk19 CRH -.023 -.071 1  

wk31 CRH -.256**
 -.283**

 .209**
 1 

 

**. Correlation is significant at the 0.01 level (2-tailed). 
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TABLE 2.S8: Data for subjects with motion artifacts in their MRI images (excluded 
from analysis) 

 

 MOTION 
ARTIFACTS (N=7) 

NO MOTION 
ARTIFACTS (N=97) 

MARGINAL(N=3) 

AGE (YEARS) 7.2 7.5 7.3 

SEX 71%M 50%M 33%M 

WISC %TILE 63 67 51 

ANXIETY (CBCL) 61 53 52 

CRH 15 WKS -0.57 .16 1.01 

CRH 19 WKS -0.75 -0.01 0.52 

CRH 25 WKS 0.14 -0.07 0.54 

CRH 31 WKS -0.54 0.07 0.21 

CRH 37 WKS -0.17 -0.06 -0.01 
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TABLE 2.S9: pCRH levels (standard scores) at each gestational interval with the 
percentage of the sample providing complete data at each interval 

 

SAMPLING INTERVAL pCRH VALUES IN 
STANDARD SCORES 

% OF TOTAL 
SAMPLE 

15 weeks GA (optional) -0.63 ±0.06 pg/ml 59% 

19 Weeks GA -0.58±0.09 pg/ml 73% 

25 Weeks GA -0.41±0.21 pg/ml 52% 

31 Weeks GA 0.27±0.67 pg/ml 82% 

~35 Weeks GA (optional) 1.60±0.81 pg/ml 57% 

 

 

 

 

 

 

 

 

Reprinted with permission from the American Journal of Psychiatry, (Copyright 

2018). American Psychiatric Association.	
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CHAPTER 3: ADDRESSING MECHANISTICALLY THE ROLE OF HIGH 
CORTICOTROPIN RELEASING HORMONE IN CORTICAL 

DEVELOPMENT 
 

Introduction 

Corticotropin-releasing hormone (CRH), a hypothalamic, 41-amino acid neuropeptide, 

has a major role in regulating pituitary–adrenal function and biological responses to stress 

(Vale et al., 1981; Bale and Vale, 2004; Joëls and Baram, 2009; Regev and Baram, 2014; 

Herman et al., 2016; Deussing et al., 2017). The expression of CRH in stress-sensitive 

hypothalamic neurons commences during fetal life (Grino et al., 1989; Baram and Lerner, 

1991; Keegan et al., 1994), and the peptide contributes to the regulation of the response 

to stress throughout life. In addition to expression and function within the hypothalamus, 

CRH is expressed in select brain regions (Swanson et al., 1983; Korosi and Baram, 2008), 

and CRH receptors are distributed throughout the brain (Chen et al., 2000; Van Pett et 

al., 2000). During stress, the peptide is released locally within the amygdala (Roozendaal 

et al., 2002), hippocampus (Chen et al., 2012), and cortex (Behan et al., 1995), and 

contributes to the diverse effects of stress on brain functions, including memory and 

anxiety. Thus, during acute stress, CRH enhances memory through actions in the 

amygdala (Roozendaal et al., 2002) and hippocampus (Gunn et al., n.d.). However, 

exposure to high levels of CRH, or a chronic exposure to lower levels may have adverse 

effects throughout life, because the peptide reduces the number of neuronal synapses by 

disrupting the structure of dendritic spines (Chen et al., 2008; Maras and Baram, 2012). 
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During aging, CRH may also contribute to the pathology associated with dementia, 

including Alzheimer’s Disease (Rissman et al., 2012; Zhang et al., 2016). Developing 

neurons are particularly sensitive to CRH. Indeed, exposure to nanomolar levels of the 

peptide results in neuronal hyper-excitability (Baram and Hatalski, 1998), increased risk 

for seizures, and even neuronal death (Baram and Ribak, 1995; Brunson et al., 2001).  

There is experimental information about the role of brain-derived CRH during 

development; however, there is little known about the potential role of placental-derived, 

maternal CRH on brain maturation in the developing fetus. Rodent placenta does not 

seem to synthesize CRH. In contrast, during the course of human pregnancy the placenta 

expresses CRH as early as the seventh week of gestation (Karteris et al., 2001). This 

results in an exponential (20- to 40-fold) increase in CRH levels in maternal and fetal 

circulation over the course of human gestation. Placental CRH (pCRH) is identical to 

hypothalamic CRH, and it is believed that CRH contributes to organization of the fetal 

nervous system, regulates fetal maturation (Class et al., 2008), and influences the timing 

of birth (McLean et al., 1995; Smith and Nicholson, 2007). In the human, maternal signals 

of stress (e.g. increased cortisol) is associated with augmented synthesis of pCRH that is 

released into both maternal and fetal compartments.  

An association has been found between fetal exposure to elevated level of CRH and 

childhood outcomes. For example, increased pCRH exposure has been correlated with 

internalizing symptoms in children (Davis et al., 2005; Howland et al., 2016), but how CRH 

promotes these outcomes is unclear. The peptide might mainly function via influencing 
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glucocorticoids and other mediators; alternatively, CRH may directly influence the 

development and maturation of brain cells, including neurons. This question is important: 

in addition to mechanistic understanding of human brain development, it may open 

therapeutic opportunities. Here, we query if, in addition to being a marker of prenatal 

stress, CRH exposure during periods of cortical neuronal development and growth might 

directly stunt the dendritic trees of rodent cortical neurons (Figure 3.1A). Using an in vitro 

model, we find a deleterious, dose-dependent effect of CRH on the development of 

cortical neurons at a time point consistent with high levels of pCHR exposure during 

human fetal development (Figure 3.1B). CRH led to poor development of dendritic trees, 

which constitute ~45% of cortical volume (Braitenberg and Schüz, 1998) (Figure 3.1C) 

and are essential for anchoring excitatory synapses, the basis of normal neuronal 

function. Thus, CRH-mediated mal-development of vital cortical structures may contribute 

to the mechanisms by which prenatal adversity may influence human neuropsychiatric 

outcome. 
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FIGURE 3.1: The relative timing and cortical volume impacts of CRH on dendritic growth in the fetus. 
A) The relative timing of placental CRH expression, blood brain barrier development, cortical CRH 
expression, and cortical neurogenesis, migration and dendritic outgrowth in human gestation (Sandman et 
al., 1999; Karteris et al., 2001; Kastin and Akerstrom, 2002; Koutmani et al., 2013). B) Relative human and 
rat cortical neuronal development. The relative timing of the cell culture experiment and treatment with CRH 
is indicated by the grey and orange boxes, respectively. C) Contribution of different cell types and structures 
to cortical volume. Based on data from Braitenberg & Schüz (1998).  
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Methods 

All animal experiments conformed to National Institutes of Health guidelines and were 

approved by the Institutional Animal Care and Use Committee of the University of 

California-Irvine.  

The detailed protocol has been listed for independent citation at protocols.io (Curran and 

Baram, 2017). 

Primary cortical neuron cultures  

Timed-pregnant Sprague-Dawley rat dams gave birth in the University of California-Irvine 

vivarium. Three independent experiments were conducted: Cortical neuron cultures were 

prepared within 36 hours after birth (P0-P1) from pups of either sex as previously 

described (Noam et al., 2010; Andres et al., 2013). Briefly, motor cortices were dissected 

and incubated in dissection solution (137 mM NaCl, 5.4 mM KCl, 0.17 mM Na2PO4, 0.22 

mM KH2PO4, 33.3 mM D-glucose, and 43.8 mM sucrose in 9.9 mM HEPES pH=7.4) with 

10 U/mL papain (Worthington, Lakewood, NJ). After removal of papain, cells were 

triturated and plated at a density of 400-600 cell/mm2 on 12 mm coverslips (Thermo 

Fisher, Houston, TX) pre-coated with poly-D-lysine (Sigma, St. Louis, MO). Cultures were 

initially maintained in Basal Medium Eagle (BME) with fetal bovine serum, sodium 

pyruvate, and L-alanyl-L-glutamine (GlutaMAX; Invitrogen, Grand Island, NY) at 36°C and 

5% CO2. After 2 hours, half the culture medium was replaced with Neurobasal Medium 

(Invitrogen) pre-conditioned for 24 hours over 1-3-week-old glial cell culture (conditioned 
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medium), and then half of the conditioned medium was refreshed after 2 more hours. 

Cultures were treated with 1μM arabinoside-cytosine (Sigma) on day in vitro 3 (DIV3) to 

inhibit glial proliferation and refreshed twice a week with conditioned medium.  

Corticotropin Releasing Hormone (CRH) (Bachem, King of Prussia, PA) was added to the 

medium on the 7th day in vitro (DIV7) and refreshed on DIV10. Neurons were exposed for 

a total of one week to levels of CRH at 0.01, 0.1, 1, 10, or 100 nM. Cultured neurons were 

fixed using fresh 4% paraformaldehyde (PFA) on DIV14. 

Immunocytochemistry (ICC) for MAP2 

Neurons were washed in 0.1 M phosphate buffer (PB) for 1 minute and then fixed with 

ice-cold 4% paraformaldehyde in 0.1M PB pH=7.4 for 1 hour. They were then washed 

quickly in phosphate-buffered saline + TritonX (PBS-T) and treated with a blocking buffer 

(3% NGS, 1% BSA, 0.3% Triton-X in 0.01 M PBS, pH=7.4) for 30 minutes. Coverslips 

were treated with mouse anti-MAP2 antibody (Sigma) diluted 1:10,000 in 0.3% Triton-X 

in 0.01 M PBS at 4°C for 48 hours. Finally, they were washed 3 times in PBS-T (5 

minutes/wash) and then incubated in AlexaFluor488 goat anti-mouse IgG conjugate at a 

concentration of 1:400 (Invitrogen, Grand Island, NY) in 0.3% PBS-T with 1% BSA at 

room temperature for 2 hours. After washing for 5 minutes in PBS-T 3 more times, 

neurons were processed for confocal imaging with aqueous mounting medium (Gel-

Mount; Biomeda, Foster City, CA) to protect against photo-bleaching. 
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Systematic Imaging and Analysis of Dendritic Length and Arborization (Sholl 

Analysis) 

All coverslips were assessed and quantified without knowledge of treatment group. Each 

experiment included 12 coverslips per treatment group, and neurons were sampled 

equally from each coverslip for imaging. To objectively select neurons, each coverslip 

was imaged at lower resolution in four locations: a 1mm x 1mm square was 90º apart 

from each other and exactly 1 mm from the cover slip edge. These locations were 

selected in advance due to the average cell density allowing for identification of individual 

neurons and dendrites. All neurons with cell bodies within each 1mm x 1mm region and 

touching at least two neighboring neurons were imaged using confocal microscopy, Zeiss 

LSM 510 (Oberkochen, Germany). Images were taken using a 20x objective with 2x 

digital zoom. Overlapping images were stitched together using Fiji ImageJ (U.S. NIH, 

Bethesda, MD, USA) (Preibisch et al., 2009). To limit the analyses to pyramidal-like 

neurons, somata were traced and fit to an ellipse, and the major and minor axes of the 

ellipse were measured. Neurons with a minor axis/major axis ratio of <0.5 were 

considered presumed interneurons and excluded from analysis. Dendrites of all 

remaining neurons that could be differentiated from the dendrites of neighboring neurons 

were manually traced and analyzed using the Simple Neurite Tracer plug-in (Longair et 

al., 2011). Final n per group were 0 nM = 35; 0.1 nM =24; 1.0 nM = 26, 10 nM = 30; 100 

nM = 21. For total dendritic branching, two outliers in the 10 nM group (n=30) were 
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excluded using ROUT outlier method, with a false discovery rate of 5% (Motulsky et al., 

2006). No other group had outliers.  

 

Results 

These experiments were designed to probe the plausibility of a direct causal role of CRH 

in mediating the effects of prenatal exposure to high levels of placental CRH on neuronal 

arborization and maturation that contributes to behavioral outcomes (Howland et al., 

2016). To this end, we used rat primary cortical cell culture, an in vitro model of neuronal 

development. Primary cell culture allows for the detailed analysis of neuronal dendrites 

from a neonatal rat, analogous, in terms of cortical development, to the 3rd trimester in 

humans (Avishai-Eliner et al., 2002). Neurons were exposed to chronic levels of CRH at 

0.01, 0.1, 1, 10, and 100 nM for 7 days of treatment. Figure 3.2A-D depicts representative 

neurons and 3.2A’-D’ are Sholl drawings of the same neurons (concentric circles at 20 

µm distances). Sholl drawings are used measure dendritic branching, comparing the 

number of dendrites at varying distances from the soma.  

Chronic exposure to CRH led to a reduction in the dendritic branching of pyramidal-like 

neurons (Figure 3.3A). The effect was maximal at 40-80 µm from the soma (two-way 

ANOVA, Bonferroni correction for multiple comparisons, P<0.05). A dose effect was 

apparent at low concentrations but was not seen above 10 nM concentrations. Total 

dendritic branch length was also analyzed, but there were no significant differences found 
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between treatment groups (Figure 3.3B) (one-way ANOVA, Bonferroni correction for 

multiple comparisons, p=0.68. Our data suggest that high levels of CRH likely inhibit the 

branching points of dendrites, probably by eliminating synaptic connections from other 

neurons, analogous to the known effects of the peptide (Chen et al., 2008). Linear growth 

of dendrites and branches is not affected, and likely mitigates the overall effects on 

dendritic length. 
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FIGURE 3.2: Images of cortical neurons treated with varying levels of CRH. A-D: 40x images of 
representative neurons exposed to 0, 1, 10, 100 nM CRH respectively. Scale bar is 20 µm. A’-D’: Traces 
of the same cells in A-D and concentric Sholl circles spaced 20 µm apart.  
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FIGURE 3.3: CRH exposure of developing cortical neurons influences dendritic branching, but not 
total dendritic length. A) Sholl analysis reveals the dose-dependent effects comparing varying levels of 
CRH. Significant decreases were found at 40 µm from the soma (10 nM, p=0. 0006), 60 µm (10 nM, 
p=0.009; 100 nM p=0.014), and 80 µm (10 nM, p=0.0017, 100 nM, p=0025). Error bars represent SEM. B) 
Total combined dendritic length was not different between groups Error bars represent 2.5-97.5 percentiles 
on box and whisker plots. For both figures, 0.01 nM and 0.1 nM had no significant effects and are not 
shown.  
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Discussion  

The principal findings of this paper are (1) cortical neurons at the developmental stage 

roughly concordant with late human gestation are sensitive to CRH; (2) CRH influences 

dendritic branching in a dose-dependent manner. Importantly, these effects are observed 

at CRH levels estimated to be present in the adult stressed brain (Khan et al., 2004). 

Cortical pyramidal neurons are exposed to both local CRH, expressed in cortical 

interneurons (Yan et al., 1998b) and potentially to CRH from other brain regions and 

circulating blood. Levels of CRH are low to undetectable in human blood, except during 

pregnancy when the human placenta produces large amounts of pCRH and releases it 

into both maternal and fetal circulation (Goland et al., 1986; Frim et al., 1988; Robinson 

et al., 1989). CRH produced by the placenta travels into the umbilical vein and enters fetal 

blood, and may thus reach the developing fetus (Smith, 2007). Fetal plasma CRH levels 

throughout gestation are correlated with maternal plasma levels (Gitau et al., 2004), 

stimulating the fetal pituitary to synthesize adrenocorticotropic hormone (ACTH) and drive 

fetal adrenal cortisol synthesis (Smith, 2007). Once CRH enters the fetal circulation, it 

can also cross the blood brain barrier (Kastin and Akerstrom, 2002). Thus, CRH has the 

potential to directly influence developing cortical neurons in the fetus.  

Both the primate (Kostich et al., 2004) and murine (Chen et al., 2000; Van Pett et al., 

2000) cortex widely express CRH receptors, and those receptors can be found in fetal 

human neural stem/progenitor cells and in differentiated cortical neurons as early as 13 

gestational week (Koutmani et al., 2013). CRH at levels studied here has been found to 
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directly influence the development of hippocampal neurons, including dendritic 

differentiation (Chen et al., 2004, 2008). Although placental CRH is poised to influence 

cortical neurons as well, the direct effect of CRH on the structural development of cortical 

neurons had not been studied previously either in vivo or in vitro. The current study found 

that exposure to CRH directly reduces dendritic branching of pyramidal-like cortical 

neurons, indicating that the levels of this maternal stress hormone during fetal 

development likely mechanistically regulate the structure of the cortex.  

In the current study, cortical neurons were exposed to chronic CRH at varying levels. 

There is little direct information about levels of CRH that bathe the developing human 

cortex. In the human cohort that our team has studied, we found maternal blood levels of 

placental CRH can reach as high as 3000 pg/mL (0.6 nM) (Sandman et al., 2006), which 

approaches the levels that decreased dendritic branching. In our experiment, cortical 

neurons were only exposed to CRH for 7 days in vitro, while human fetal cortical neurons 

are exposed for months, allowing for more significant impacts. Additionally, CRH can 

cross even the developed blood brain barrier and may accumulate in fetal brain (Kastin 

and Akerstrom, 2002). Finally, fetal cortical neurons are also exposed to endogenous 

CRH that is produced within fetal brain and has combined effects with placental CRH 

(Gayle, 2004).  

Here, the adverse actions of CRH on cortical neurons were only observed at higher levels 

tested. This is important, because all fetuses are exposed to pCRH as a normal part of 
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gestation. The dose-dependent actions of CRH indicate that adverse cortical neuronal 

maturation will be limited to fetuses exposed to relatively high levels of pCRH.  

Several negative effects of high levels of CRH on the developing brain have been 

demonstrated in rodents. The peptide increases neuronal excitability (Baram and 

Hatalski, 1998), promoting seizures and even neuronal death at high levels (Baram and 

Ribak, 1995). Whereas existing work has shown adverse actions of the peptide in 

hippocampus (Baram and Hatalski, 1998; Chen et al., 2004) and amygdala (Baram et al., 

1992; Baram and Hatalski, 1998), this is the first report of untoward actions of CRH on 

the developing cortex. It is interesting to note that direct effects of CRH on the developing 

organism are found throughout evolution (1). For example, CRH is expressed in the 

Western spadefoot toad, which lays its eggs in pools of desert rainwater. If tadpoles detect 

that the conditions for normal development are unfavorable (e.g. rapid evaporation of the 

pool), CRH accumulates in the hypothalamus, promoting metamorphosis and escape 

from imminent peril. Notably, here, too there are adverse effects of high levels of CRH: 

tadpoles that survive by accelerating their development are smaller than average at 

emergence as toads and have reduced capacity to forage for food and to mate (2,3). 

Placental CRH production increases in response to maternal signals of stress which is 

associated with maternal glucocorticoid (cortisol) production. In the hypothalamus, 

glucocorticoids inhibit CRH transcription providing a negative feedback during stress. 

Surprisingly, in the placenta, cortisol promotes production and release of pCRH 

(Robinson et al., 1988), constituting a ‘positive feedback’ system. Thus, relatively high 
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levels of cortisol and of CRH may both be present in the stressed pregnant mother (Dörr 

et al., 1989; Karteris et al., 2001), and steroids and pCRH can act synergistically to 

change neuronal structure (Chen et al., 2016). The current work reveals for the first time 

that CRH alone suffices to alter neuronal development by stunting dendritic branching. 

Namely, the peptide is not merely a marker of stress or other conditions influencing fetal 

neuronal maturation via CRH-independent mechanisms. These effects of the peptide are 

important, because neuronal dendritic arbors form the bulk of cortical volume (Braitenberg 

and Schüz, 1998; Paus, 2009); thus, changes in dendrites are likely to be reflected as 

measurable changes in cortical structure and function. Taken together, these data 

indicate that direct actions of CRH on cortical neuron maturation may provide a novel 

mechanism by which prenatal maternal signals have a lifelong effect on the 

neuropsychiatric outcome of her child. 
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CHAPTER 4: ACUTE AND INDIVIDUALIZED EFFECTS OF EARLY-LIFE 
PROLONGED LONG FEBRILE SEIZURES – THE ROLE OF 

INFLAMMATION 

 

Introduction 

Epilepsy is a common neurological disorder with many causes. For temporal lobe 

epilepsy, an adult epilepsy associated with cognitive and emotional deficits, antecedent 

insults are typically found. These risk factors include trauma or history of long fever-

associated seizures in childhood (Cendes et al.,1993; French et al., 1993; Dubé et al., 

2007). 

Febrile status epilepticus (FSE) denotes long seizures (>30 minutes) associated with 

fever in early childhood (Berg & Shinnar, 1996; Berg et al., 1997). Mounting evidence 

suggests that FSE leads to temporal lobe epilepsy (TLE) in a subset of individuals 

(Annegers et al., 1987; Cendes et al.,1993; Dubé et al., 2007; Seinfeld et al., 2014; Lewis 

et al., 2014). Discerning the epileptogeneic features of FSE have remained elusive, 

because both in humans (VanLandingham et al., 1998; Seinfeld et al., 2014; Scott et al., 

2002) and in rodent models (Toth et al., 1998, Dubé et al., 2004; Jansen et al., 2008) 

there is evidence for neuronal stress and injury, but not for cell death, so that the 

epileptogenesis cannot be attributed simply to brain damage. To uncover the potential 

mechanisms by which FSE promotes epilepsy, several immature rodent models of FSE 

have been established and characterized (Baram et al., 1997; Heida et al., 2004, 2006; 

Dubé et al., 2010). In the model used here, ~40% of rats exposed to early life experimental 
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FSE (eFSE) go on to become epileptic. This fact enables a comparison of rats that 

become epileptic to those who do not, allowing for the dissection of processes essential 

for epileptogenesis (that leads to TLE) and those that simply change during or after insult 

but do not contribute to the resulting epilepsy (Patterson, Baram & Shinnar, 2014).  

Inflammation has been implicated in many animal models of acquired epilepsy although 

its role in epileptogenesis remains unclear (Holtman et al., 2009, 2010, Vezzani et al., 

2011). Fever, the initiator of FSE, intrinsically involves inflammation and the cytokine 

interleukin- 1β (IL-1β) is a crucial component in eFSE generation (Dubé et al., 2005). 

Further, higher levels of IL-1β are found in the hippocampus of animals that become 

epileptic (Riazi et al., 2010; Heida et al., 2005, 2009; Luheshi, Stefferl & Turnbull, 1997; 

Eskilsson et al., 2014; Dubé et al., 2005, 2010). 

For these reasons, inflammation has become an attractive target for anti-epileptogenic 

therapies. (De Simoni et al., 2000; Dedeurwaerdere et al., 2012; Pollut, Dudek & 

Dingledine, 2013; Ollikainen et al., 2004). The goal of such interventions would be to abort 

the epileptogenic process before spontaneous seizures begin (Vezzani et al., 2010; 

Patterson et al., 2014). However, several important pieces of information are lacking, 

impeding our ability to implicate inflammation in the processes that follow both eFSE and 

human FSE that may promote epilepsy. First, it is not known which of the many potential 

inflammatory mediators are activated by eFSE, and the time-courses of their augmented 

expression have not been delineated. Second, it is unknown if variations in the 
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inflammatory response take place in individual animals which might contribute to the 

eventual development of epilepsy in a subset of animals.  

Answering these important questions has recently been facilitated by the discovery of an 

early, predictive non-invasive marker of epileptogenesis. On a high-field MRI, reduction 

of T2 relaxation times throughout the limbic circuit and especially in the basolateral 

amygdala within hours after eFSE predicted later life epilepsy (Choy et al., 2014). Further, 

T2 signal changes correlated to an early inflammatory process in the amygdala, the 

translocation of high mobility group box 1 (HMGB1). HMGB1, classically thought of as a 

nuclear scaffolding protein, translocates out of the nucleus during cellular stress, and is 

then released from the cell. It acts as a pro-inflammatory cytokine by binding to toll-like 

receptor 4 (TLR4), amongst others, to promote an inflammatory response (Bianchi & 

Manfredi, 2007; Maroso et al., 2010). 

Here, we probed important questions about the relationship of inflammatory cascades 

provoked by eFSE and their implications for epileptogenesis. Specifically, we sought to 

(1) delineate the temporal course of specific components of the inflammatory response in 

the hours and days after eFSE. (2) Investigate if and how these inflammatory mediators 

vary among individual animals after eFSE and (3) correlate the variation found in 

inflammatory mediators in hippocampus and amygdala to the variation found in MRI 

signal changes. Together, these studies further our understanding of post eFSE 

inflammation and how this intricate set of molecules and processes may contribute to 

epileptogenesis.  
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Methods 

Experimental Overview 

To characterize the spectrum of inflammatory changes provoked by eFSE, we induced 

experimental seizures, then conducted quantitative mRNA analyses at several time 

points, buttressed by Western blot analyses and immunocytochemistry. We focused on 

the hippocampal formation, which is involved in both eFSE and the subsequent 

epileptogenesis, as well as on the amygdala, the location of the epilepsy-predicting MRI 

signal change. mRNA analyses were performed at multiple time points, including 1, 3, 24 

and 96 hours after the end of the eFSE in hippocampus and at 24h in amygdala. Most 

immunocytochemistry as well as the hematoxylin and eosin stain was performed on tissue 

collected 24 hours after the end of the eFSE (with additional time points for HMGB1).  

Induction of experimental Febrile Status Epilepticus (eFSE)  

All animal procedures were performed in accordance with the Author University animal 

care committee’s regulations. Postnatal day 10-11 Sprague-Dawley rat pups of both 

sexes were used for all studies. eFSE was achieved by inducing hyperthermia in pups. 

Pups were placed, two at a time, inside a 3-liter flask the bottom of which was lined with 

absorbent paper. Prior to hyperthermia a glycerin-based hydrating ointment was applied 

to pups’ paws, ears and tail, to mitigate potential hyperthermic skin injury. Pups were 

subjected to a continuous stream of warm air until behaviors indicating seizures began. 
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These behaviors were identified as arrest of hyperthermia-induced hyperkinesis 

(freezing) followed by chewing automatisms. Core temperatures at the onset of these 

seizures were then rapidly measured, and seizure-onset time noted. Once seizures 

commenced, elevated core temperature and seizures were maintained via the warm air 

stream for 60 minutes. Seizure behaviors typically progressed over the hyperthermia 

period, including chewing of an extremity, clonic movements and eventual tonic 

extension. Pups’ core temperature was measured every 2 minutes during the eFSE. If 

the pups’ core temperature exceeded 41.5°C they were removed from the chamber and 

placed on a cool metal surface for the next two minutes. After 60 minutes of hyperthermia 

(typically 55-58 minutes of seizures) eFSE pups were gently and briefly immersed in cool 

water (~23.0°C) to aid in return of core temperature to normothermia and promote seizure 

cessation. Pups were then placed on a euthermic pad maintained at 37°C for 30 minutes 

then returned to their home cage and dam. In this study, all pups subjected to 

hyperthermia experienced eFSE and there was no mortality.  

qRT-PCR 

Whole hippocampi or amygdala were rapidly dissected on ice at desired time points after 

the end of eFSE using RNase free instruments. Tissue was immediately transferred to 

pre- chilled centrifuge tubes kept on dry ice. Samples were stored at -80°C until use. Total 

RNA was extracted from hippocampi using the mirVana miRNA Isolation Kit according to 

the manufacturer’s instructions (Ambion, New York, USA). Double- stranded cDNA was 

synthesized from total RNA using Roche 1st strand cDNA synthesis kit (Cat # 
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04379012001; Roche) with random hexamer primers. Analysis of the PCR products was 

executed using cDNA samples in triplicate on a Roche LIghtcycler 96 system (Roche). 

Samples were normalized to β-Actin and quantified using the cycle threshold method 

(2^ΔΔCt). Primers are provided in table 1. 

Western blot 

Whole hippocampus from each hemisphere was dissected from rat brain 24 h post FSE 

and immediately flash frozen on dry ice and stored at -80°C until use. Tissue was 

homogenized in a lysis buffer containing 0.01 M Tris-HCl and 1 mM EDTA. Proteins (30 

µg) were separated on either gradient gels (8-12%) or 15% polyacrylamide SDS gels 

(Lonza), transferred to PVDF membranes (GE Healthcare) and blocked with 5% whole 

milk. Membranes were then incubated with primary antibodies (GFAP 1:1,000 (Millipore), 

Cox-2 1:1,000 (Abcam), IL-6 1:2,000 (Abcam) and β-Actin 1:20,000 (Abcam) overnight at 

4°C. The next day membranes were washed in PBS-T and then incubated with HRP-

conjugated secondary antibodies for 1h at room temperature. Excess secondary antibody 

was removed with repeated washes in PBS-T and then membranes were visualized by 

repeated ECL (Pierce) exposures of various lengths and non-saturated blots were 

selected and normalized to β-Actin. Western blots were analyzed using ImageJ and 

without knowledge of treatment group 
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Immunocytochemistry 

Rats were deeply anesthetized with pentobarbital and transcardiacly perfused with 4% 

paraformaldehyde (PFA) at desired time points post eFSE. Brains were removed and 

post-fixed in 4% PFA for 90 minutes. Brains were then cryoprotected in 30% sucrose, 

rapidly frozen and stored at -80°C. 30-micron sections of dorsal hippocampus were 

obtained on a cryostat and stored in anti- freeze at 4°C until use. Serial sections were 

blocked in 10% normal goat serum and 0.03% Triton-x in 1x PBS for one hour at 4°C. 

Primary antibodies were incubated in 4% Normal Goat Serum with 0.03% Triton-x 

overnight at 4°C. The following antibodies were used: rabbit anti-HMGB11:1,000 

(Abcam), mouse anti-GFAP 1:3,000 (Millipore), mouse anti-IBA1 1:4,000 (Wako). 

Sections were washed with 1x PBS and the reaction product was visualized using a 3,3’-

diaminobezidine. Colocalization of cell markers with HMGB1 was achieved by co-

incubating rabbit anti-HMGB1 1:1,000 (Abcam) with the following antibodies: mouse anti- 

NeuN (Chemicon), mouse anti-GFAP 1:3,000 (Millipore) and mouse anti-CD11b (ABD 

Serotec). After 24-hour incubation, sections were washed in 1x PBS and then incubated 

in the appropriate secondary antibodies conjugated to Alexa Flour 568 or Alexa Flour 

488. Colocalization was visualized using confocal microscopy.  

Hematoxylin and Eosin Staining 

30 μM coronal sections containing dorsal hippocampus and amygdala were obtained via 

cryostat and dried onto glass microscope slides. Sections were rinsed 2-3 times in 
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distilled H2O and then placed in Hematoxylin solution for 5 minutes (Poly Scientific). 

Slides were placed under running tap water until water was no longer colored with stain 

and then dunked 2-3 times in acid alcohol (1% HCl in 70% EtOH) until sections turned 

pink in color. After rinsing 3-5 times in tap water, sections were submerged 5-6 times in 

ammonia water (1 mL NH4OH in 1L H2O) to darken sections. After rinsing sections for 3-

5 minutes in tap water, slides were submerged in Eosin Y solutions (Poly Scientific) for 1 

minute and then rinsed again in tap water. Slides were dehydrated in ethanol and xylenes, 

coverslipped in paramount and allowed to dry until analyzation.  

Quantification of immunocytochemistry 

Quantification of activated microglia after eFSE in hippocampal CA1, CA3 and hilus was 

achieved by boxing off 1,000 by 500 μM areas of each studied region. First, all IBA1+ 

positive cells in the defined region were counted and compared among groups. Activated 

microglia were identified as IBA1+ cells that had large, dark soma and few short 

processes that were thicker in appearance than non-activated microglia (Lenz et al., 

2014). Microglia activation is presented as the percent change in activated microglia over 

the total number of IBA+ cells. Quantification of GFAP+ cells was achieved by using the 

same hippocampal regions and area delineations. GFAP+ cells were counted and 

compared among groups. HMGB1 quantification was accomplished by counting all 

HMGB1+ cells in a 100 by 500 μM region of CA1. Translocation of HMGB1 protein was 

identified by the presence of immunoreactivity outside the nucleus, i.e., in the somatic 
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cytoplasm and in the processes of cells. Change in HMGB1 translocation is presented as 

the percent change in translocated cells over the total number of HMGB1+ cells. 

MRI procedure and analysis 

MRIs employed a Bruker Avance 11.7T MR scanner. Rats were anesthetized with 1.5% 

isoflurane in 100% O2 and remained anesthetized for the duration of the scan. Their body 

temperature was maintained at ~36.5°C via a warm-water cushion underneath them. A 

field-of-view of 2.3 cm and a slice thickness of 0.75 mm were used for scans. T2 weighted 

images were acquired using a 2D multi-echo-spin-echo sequence with parameters as 

follows: TR= 4697 ms, TE= 10.21- 100.1 ms, inter-TE= 10.21 ms, matrix size = 192x192, 

and number of averages (NA)= 2. Animals were imaged 6 hours after the end of eFSE. 

Control and eFSE animals were intermixed to maximize homogeneity of imaging 

parameters. Images were coded and analyzed without knowledge of treatment group. 

Basal amygdalae were delineated manually and separately in the left and right 

hemispheres. T2 values were measured using ImageJ software in which the images were 

defined on gray scale maps and a dynamic range of 1-100 ms was used. MRI signal 

changes are frequently unilateral in both children with FSE and in rodent models of FSE 

(Choy et al., 2014 & Dubé et al., 2009). Therefore, each amygdala was analyzed 

separately and the side with the lower T2 relaxation time was used. The same approach 

was taken for the control rats, so that the amygdala with the lower T2 value was compared 

in all groups.  
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TABLE 4.1: Description of Statistics Used 

Figure Data Structure Type of Test Power 
4.2D CA1 Total Cells Normal Distribution Paired t test 0.4974 
4.2D CA3 Total Cells Normal Distribution Paired t test 0.2679 
4.2D hilus Total Cells Normal Distribution Paired t test 0.3565 

4.2D CA1 Percent amoeboid Normal Distribution Paired t test 0.0030 
4.2D CA3 Percent amoeboid Normal Distribution Paired t test 0.0040 

4.2D hilus Total Cells Normal Distribution Paired t test 0.0023 
4.2E Normal Distribution 1way ANOVA 0.0016 

4.3D CA1 Normal Distribution Paired t test <0.0001 
4.3D CA3 Normal Distribution Paired t test <0.0001 
4.3D hilus Normal Distribution Paired t test 0.0023 

4.3E Normal Distribution 1way ANOVA <0.0001 
4.4E Normal Distribution 1way ANOVA 0.0027 
4.4O Normal Distribution 1way ANOVA 0.6696 
4.4P Normal Distribution 1way ANOVA <0.0001 

4.5A-B Normal Distribution 1way ANOVA 0.0010 
4.5C Normal Distribution 1way ANOVA <0.0001 
4.5D Normal Distribution 1way ANOVA 0.9015 
4.5E Normal Distribution 1way ANOVA <0.0001 
4.5F Normal Distribution 1way ANOVA 0.0064 

4.5H GFAP Normal Distribution Paired t test 0.0009 
4.5H COX2 Normal Distribution Paired t test 0.0044 
4.5H IL-6 Normal Distribution Paired t test 0.4225 

4.7D Normal Distribution Linear regression 0.0016 
4.7E Normal Distribution Linear regression 0.0032 
4.7E Normal Distribution Linear regression 0.0016 
4.7H Normal Distribution Linear regression 0.0034 
4.7I Normal Distribution Linear regression 0.1612 
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Results 

Description and parameters of the inciting experimental febrile status epilepticus 

(eFSE) 

All animals exposed to hyperthermia developed eFSE. Mean core temperatures did not 

significantly differ between litters or the experimental groups during 60 minutes of 

sustained eFSE (Figure 4.1A-B). Further, mean core temperatures did not rise above 

41.5°C in any animal, nor did they drop below the mean seizure threshold. In general, 

once seizures commenced (average 3.9 min, Dubé et al., 2007), core temperatures did 

not significantly change during the course of hyperthermia (Figure 4.1C). Twenty-four 

hours after the end of eFSE, hematoxylin and eosin staining did not suggest overt 

neuronal staining or drop-out in dorsal hippocampus or amygdala from eFSE 

experiencing rats (Figure 4.1D-1F’). These non-quantitative observations are in line with 

previous exhaustive quantitative analyses in several rat cohorts subjected to the same 

model and following the same duration of hyperthermia (Toth et al., 1998; Dubé et al., 

2010)  
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FIGURE 4.1: eFSE parameters. A, No statistical differences of mean core temperature exists between 
litters (or day of eFSE induction; n 61 over 14 litters). B, eFSE data arranged by experimental group show 
no difference in mean core temperatures during eFSE (n 61 experimental groups are distinguished with 
numbers 1– 6 on the x-axis). No animal used in this study had a mean core temperature during eFSE that 
exceeded 41.5°C. C, Elevated core temperatures after the first 2 min of eFSE were similar for the duration 
of eFSE (n 61 time of core temperature reading are delineated in 2 min epochs across the x-axis). No overt 
differences in structure or cell fallout were apparent 24 h after the end of eFSE in hippocampus or amygdala 
using H&E staining (D–F’). CTL, Control. LA, lateral amygdala. BLA, basolateral amygdala.  
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Activation of astrocytes and microglia in hippocampus after FSE 

The number of cells expressing the microglia marker, IBA1 (Figure 4.2A-C’), was not 

different between control and eFSE groups 24 hours after the insult. However, there were 

changes in the shape of IBA1-ir cells between groups (Figure 4.2D). In the control group, 

IBA1-ir cells had long processes, while many cells in the eFSE group had no processes 

or were more globular in shape (Figure 4.2A-C’). IBA1-ir cells with long processes are 

regarded as ramified microglia (non-activated), indicative of a quiescent state. Globular 

IBA1-ir cells with short or non-visible processes are indicative of activated or amoeboid 

microglia (Lenz et al., 2013). Because activated microglia produce CD11b, we measured 

CD11b mRNA levels. There were no significant changes in the expression of this 

molecule in the post eFSE hippocampus at any time point (Figure 4.2E). 

In hippocampi from rats sacrificed 24 hours following eFSE, the number of GFAP-

immunoreactive (ir) cells increased compared to controls in hippocampal CA1, CA3 and 

the hilus of dentate gyrus (Figure 4.3A-D). GFAP mRNA levels were increased at 3 and 

24 hours after eFSE and returned to baseline levels at 96 hours as measured with rtPCR 

(Figure 4.3E). Together, these data indicate that GFAP production was increased in 

astrocytes after eFSE, consistent with activation of this cell population. 
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FIGURE 4.2: Activated microglia after eFSE. IBA1-IR cells are visible 24 h after eFSE in dorsal 
hippocampus in both eFSE rats (A, B, C) and control rats (A’, B’, C’). D, While the number of IBA1-IR cells 
is similar between the eFSE group (n 4) and control group (n 4), eFSE rats have a larger percentage of 
amoeboid microglia. Ramified (or nonactivated) microglia have slender, long processes with small soma, 
while amoeboid (or activated) microglia have short, thick processes with a distinct large soma. Solid arrows 
point to amoeboid microglia, while empty arrows point to ramified microglia. E, There are no differences in 
mRNA levels for CD11b (1 h, n 5; 3 h, n 6; 24 h, n 6; 96 h, n 4), which can increase as microglia become 
active. Data are presented as the mean SEM. Scale bars: A–C’, 200 m; insets, 5 m. Statistically significant 
at p 0.05. CTL, Control. SO, stratum oriens. SP, stratum pyramidale. SR, stratum radiatum. SLM, 
lacunosum- moleculare. ML, molecular layer. GCL, granule cell layer. SVZ, subventricular zone.  
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FIGURE 4.3: Activated astrocytes after eFSE. GFAP-IR cells are visible in dorsal hippocampus 
regions CA1, CA3, and the hilus of the dentate gyrus 24 h after eFSE (A, B, C; n 4) but not in control 
rats (A’, B’, C’; n 4). Solid arrows depict GFAP cells. D, Quantification reveals a significant increase in the 
number of GFAP-IR cells compared with controls. E, mRNA levels of GFAP are significantly increased 3 
and 24 h after eFSE, but not at 1 or 96 h (1 h, n 5; 3 h, n 6; 24 h, n 6; 96 h, n 4). Data are presented as the 
mean SEM. Scale bars: A–C’, 200 m; insets, 5 m. Statistically significant at p 0.05. CTL, Control. SO, 
stratum oriens. SP, stratum pyramidale. SR, stratum radiatum. SLM, lacunosum- moleculare. ML, molecular 
layer. GCL, granule cell layer. SVZ, subventricular zone.   
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HMGB1 translocation in hippocampal neurons after eFSE 

Our previous studies demonstrated HMGB1 translocation from nuclei to cytoplasms of 

amygdala neurons in parallel with the appearance of T2 signal changes in the amygdala 

of the same rats. Here we focused on hippocampus, the origin of spontaneous seizures 

in rats that become epileptic after eFSE. HMGB1 was localized to the nuclei of cells in 

control CA1 neurons (Figure 4.4A). At 1 and 3 hours after eFSE, HMGB1-ir appeared in 

the cytoplasm, indicative of translocation of this protein (Figure 4.4B-C). Cytoplasmic 

HMGB1 was no longer present 24 hours after eFSE (Figure 4.4E). HMGB1 colocalized 

with NeuN-ir hippocampal cells, but not with GFAP- or CD11b-ir cells (Figure 4.4F-N). No 

changes in hippocampal HMGB1 mRNA levels were found at any of the examined 

timepoints (Figure 4.4O). mRNA expression of one of the target molecules of HMGB1, 

toll-like receptor 4 (TLR4), significantly increased at 24 hours after eFSE (Figure 4.4P) 

and was back at baseline levels four days after the eFSE. Together, these data suggest 

a rapid yet transient translocation of hippocampal HMGB1 from the nucleus to the 

cytoplasm, likely followed by secretion from the cell and activation of target receptors. 

This process took place in hippocampal neurons, but not in microglia or astrocytes.  
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FIGURE 4.4: HMGB1 translocation in hippocampal neurons after eFSE. A, In control animals (n 3), 
HMGB1 is confined to the nucleus of cells (open arrows) in area CA1 of dorsal hippocampus. B, One hour 
after the end of eFSE, HMGB1-IR is seen in the processes of neurons (closed arrows; n 4), indicating 
translocation of HMGB1 from the nucleus. C, Translocation is still evident 3 h after the end of eFSE (n 4). 
D, By 24 h after eFSE, mostly nuclear HMGB1 is observed (n 4). E, Quantification of HMGB1 
immunocytochemistry as the percentage of HMGB1-IR cells with translocation over total HMGB1-IR cells 
shows a significant increase in the percentage of HMGB1 translocation 1 and 3 h after eFSE with a return 
to control conditions by 24 h. F–M, Double labeling of HMGB1 and NeuN (both in soma and processes) 
demonstrates that HMGB1 translocation occurs from neurons (F–H) and not from astrocytes, as shown 
with GFAP (I–K), or microglia, as shown with CD11b (L, M; CTL n 3; 1 h, n 4; 3 h, n 4). O, There is no 
increase in the levels of HMGB1 mRNA, indicating that translocation is achieved using already available 
protein (1 h, n 5; 3 h, n 6; 24 h, n 6; 96 h, n 4). P, TLR4, one receptor through which proinflammatory 
HMGB1 acts, mRNA is upregulated 24 h after eFSE with a return to baseline values by 96h (1h, n 5;3h,n 
6;24h,n 6;96h,n 4).Data are represented as the mean SEM. Scale bars, 100 m. Statistically significant at p 
0.05. CTL, Control. SO, stratum oriens. SP, stratum pyramidale. SR, stratum radiatum.  
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Cytokine expression after eFSE 

IL-1β mRNA levels increased significantly in hippocampus 1 and 3 hours after eFSE. 

Levels then declined, so that by 96 hours after eFSE, IL-1β mRNA levels were 

indistinguishable from those of control rats (Figure 4.5A). Notably there was a significant 

inter-animal variability in the levels and temporal kinetics of IL-1β mRNA expression 

(Figure 4.5B).  

Inter-animal variability was prominent upon examination of the time-courses of expression 

of all other investigated cytokines. Levels of IL-1r1 mRNA (the IL-1β receptor) increased 

significantly 3 and 24 hours after eFSE and returned to baseline by 96 hours (Figure 

4.5C). No augmentation of IL-6 mRNA was found at 1 and 3 hours after eFSE, but levels 

were increased by 24 hours in a subset of rats and returned to baseline in all rats by 96 

hours (Figure 4.5D). Hippocampal TNFa mRNA was significantly augmented 3 hours 

after eFSE and returned to baseline by 24 hours (Figure 5E). COX2 expression was 

significantly enhanced at all tested time points after eFSE, and remained upregulated at 

96 hours, the last time point assessed (Figure 5F).  

To examine if augmented mRNA expression of cytokines translated into increased levels 

of functional inflammatory mediators, protein levels of GFAP, COX2 and IL-6 were 

measured in hippocampi 24 hours after eFSE (Figure 4.5G-H). These specific proteins 

were chosen because of upregulation of their mRNA 24 hours after eFSE in some but not 

all rats. We found a significant increase in protein levels of COX2 and GFAP in 

hippocampus, with inter-animal variability, similar to the findings at the mRNA level. 
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Similar to mRNA levels, protein levels of IL-6, measured in hippocampus 24 hours after 

eFSE, were not consistently or significantly increased. 
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FIGURE 4.5: Transient cytokine upregulation after eFSE. A, IL-1 mRNA levels are significantly 
upregulated 1 and 3 h after eFSE (CTL 23; 1 h, n 10; 3 h, n 10; 24 h, n 12; 96 h, n 4). B, Variability of IL-1 
mRNA expression between rats is apparent when data are presented as individual animals where some 
rats have high levels of IL-1 expression and others are indistinguishable from controls. C, IL-1r1 mRNA 
levels are significantly upregulated 3 and 24 h after eFSE, with obvious interanimal variability (CTL, n 20l; 
1 h, n 10; 3 h, n 10; 24 h, n 13; 96 h, n 4). D, While never statistically significant, IL-6 levels trend upward 
for some animals at 24 h with a return to baseline values by 96 h (CTL, n 9;1h,n 4;3h,n 4;24h,n 10;96h,n 
4).E,TNF- mRNAlevelsaresignificantlyaugmentedby3handreturntobaselineby24h(CTL, n 25; 1 h, n 10; 3 h, 
n 10; 24 h, n 12; 96 h, n 4). F, COX2 mRNA levels are significantly upregulated at every tested time point 
(CTL, n 11;1h,n 6;3h,n 6;24h,n 6;96h,n 4). G) GFAP, COX2, and IL-6 protein levels are augmented with 
interanimal variation 24h after eFSE (n 4) compared with littermate controls (n 4). Densitometric analyses 
of protein levels normalized and compared with controls are provided in H. Data are presented as the mean 
SEM. Statistically significant at p 0.05.  
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Distinct inflammatory cytokine profiles in individual rats after eFSE. 

Following eFSE, ~40% of rats develop epilepsy (Dubé et al., 2010; Choy et al., 2014). If 

inflammatory molecule activation contributes to epileptogenesis after eFSE, the 

prediction is that there will be strong individual variation in cytokine expression, with 

robust changes in ~40% of eFSE-experiencing rodents. We tested this possibility by 

delineating the inflammatory cytokine profile of individual rats.  

The expression of different cytokines peaks at different time points; therefore, the time- 

point for maximal expression of each cytokine was included in the composite molecular 

profile of each eFSE-experiencing rat (Figure 4.6). By 3 hours after the end of eFSE, 

mRNA levels of COX2, GFAP, TNFα, IL-1β and IL-1r1 were significantly augmented 

(Figure 4.6A). In individual animals, expression levels of these cytokines tended to co-

vary: animals with high expression of one cytokine tended to have higher expression of 

the others, whereas animals with low expression of one cytokine had depressed levels of 

the others. This trend was also found at the 24-hour time point, when IL-1r1, COX2, and 

TLR4 were significantly upregulated in a subset of rats (Figure 4.6B). 
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FIGURE 4.6: Interanimal variation of inflammatory mediator expression after eFSE. A, Three hours 
after eFSE, COX2, GFAP, TNF, and IL-1r1 levels were significantly increased. When the expression profile 
of an individual rat is examined across these mediators, trends in expression appear (n 4). For example, 
rat 1 has the highest expression across all explored mediators, while rat 4 has virtually no inflammatory 
response after eFSE. Rats 2 and 3 both fall in between rats 1 and 4, with moderate expression profiles. B, 
A similar pattern is found 24 h after eFSE as well (n 6). COX2, IL-1r1, TLR4, and GFAP were all significantly 
upregulated at this time point. As seen with the 3 h time point, rats with high expression in one mediator 
have high expression in all others, and vice versa. Rat 6 has the highest expression of all examined 
mediators, while Rat 5 is a nonresponder.  
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Expression levels in hippocampus and amygdala of a subset of inflammatory 

mediators correlate with a predictive marker of post eFSE epilepsy  

We previously investigated potential non-invasive predictive markers for the 

epileptogenesis that, in a subset of rats, follows eFSE. We found that decreased MRI T2 

relaxation times in the amygdala 2-4 hours after eFSE predicted whether or not an 

individual animal developed spontaneous seizures that involved, and seem to originate 

from, the hippocampus (Choy et al., 2014). Here we capitalized on the epilepsy-predicting 

MRI signal change, and studied if augmented expression of hippocampal cytokines in 

individual rats correlated in the same animal with reduced T2 values. In this cohort, MRI 

T2 relaxation time was reduced in a subset of eFSE rats 6 hours after insult compared to 

controls (Figure 4.7A). Three of 6 eFSE rats in this cohort had T2 relaxation times that 

were lower than 2 standard deviations from the control mean, the cut-off for considering 

the signal abnormal and predictive of later life epilepsy (Figure 4.7B). We assessed 

hippocampal cytokine expression in the same rats 24-hours after eFSE. The expression 

of a number of inflammatory mediators tended to be higher in the rats in which MRI signal 

changes were found (Figure 4.7C). In addition, expression of a number of individual 

inflammatory mediators correlated significantly and inversely with T2 relaxation times. 

This correlation was largely limited to inflammatory molecules that were upregulated in 

hippocampus 24 hours after the insult including: IL-1r1 and COX2 (Figure 4.7D-E).  
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Because the epilepsy-predicting change in T2 relaxation time took place in the amygdala 

complex, we examined in an additional cohort of animals if cytokine expression in the 

amygdala correlated with T2 signal changes in the same animal. In this cohort, 7 of 11 

eFSE animals had T2 relaxation times lower than 2 standard deviations of control 

(‘affected’; Figure 4.7F). Amygdala cytokine mRNA levels at 24 hours after eFSE are 

shown in Figure 4.7G, dividing the cohort into ‘affected’ and non-affected. As apparent, a 

subgroup of inflammatory mediators including IL-1r1, TLR4 and IL-6 seemed to 

distinguish between the groups. When amygdalar cytokine mRNA levels were plotted 

against T2 relaxation times, only IL-1r1 was significantly correlated (Figure 4.7H). 

Comparing the correlations of hippocampal and amygdala cytokine levels and the 

predictive T2 signal change, IL-1r1 was common to both regions. In addition, COX2 

correlated with the MRI changes in hippocampus only. A weak correlation between mRNA 

levels of TLR4, a target of HMGB1with MRI changes was observed (p =0.15, Spearman’s 

R = 0.33) (Figure 4.7I). Together, these data suggest that individual differences among 

rats in the type and degree of inflammatory response to eFSE in at least two limbic regions 

implicated in epileptogenesis, may underlie MRI signal changes that predict the eventual 

development of epilepsy in the same rats. The data support the notion that specific 

subsets of inflammatory molecules contribute to epileptogenesis following eFSE in 

individual animals.  
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FIGURE 4.7: Inflammation profiles of individual animals correlate with predictive measures of post-
eFSE epilepsy. A, Representative color-coded quantitative T2 maps 4–6 h after the end of eFSE from a 
control animal (n 9), an eFSE animal not expected to become epileptic (eFSE-Not Affected; n 5), and an 
eFSE animal expected to become epileptic (eFSE-Affected; n 7). Basolateral amygdala (whose T2 
relaxation time is used to predict epilepsy) is highlighted in enlarged pictures below. Cooler colors (blues) 
represent faster T2 relaxation times, while warmer colors (greens and oranges) indicate slower T2 
relaxation times. B, Prediction of epilepsy after eFSE is determined when T2 relaxation times of eFSE fall 
2 SDs below the control mean, represented here by a black line across the y-axis. C, In hippocampus, the 
expression of inflammatory molecules is higher in animals expected to become epileptic (Affected) 
compared with those not expected to become epileptic (Not Affected). D, E, Inverse correlations are found 
between T2 relaxation times and IL-1r1 (D) and COX2 (E; CTL, n 4, eFSE n 6). F, For cytokine correlations 
in amygdala, 7 of 11 eFSE animals had T2 values low enough to consider them affected. G, Cytokine 
mRNA data from amygdalar punches 24 h after the end of eFSE demonstrate lower discrimination between 
affected and nonaffected animals. H, I, Correlations between predictive MRI signal changes were present 
with IL-1r1 mRNA (H), and a weak correlation existed between T2 levels and TLR4 (I; CTL, n 9; eFSE, n 
12). Data are presented as the mean SEM. Statistically significant at p 0.05. CTL, Control.   
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Discussion 

The principal findings of this series of experiments are: (1) Rapid and coordinate 

upregulated expression of a subset of inflammatory molecules takes place in 

hippocampus and amygdala within hours after eFSE. (2) Inflammatory mediator 

expression profiles vary significantly among individual eFSE-experiencing rats, and only 

partial overlap exists between hippocampal and amygdala expression patterns. (3) 

Inflammatory profiles of individual rats correlate with MRI T2 signal changes that predict 

epileptogenesis. 

The earliest change detected in a subgroup of eFSE experiencing immature rats was the 

translocation of the cellular-stress sensitive protein HMGB1 from nucleus to cytoplasm 

(Rovere-Querini et al., 2004). This event, taking place within minutes to hours suggests 

that while eFSE does not seem to kill cells it does provokes major cellular stress in 

hippocampal neurons (Toth et al., 1998; Dubé et al., 2010; Choy et al., 2014). HMGB1 

translocation to the cytoplasm is typically followed by release from the cell and activation 

of receptors on microglia and astrocytes (including TLR4) to promote the synthesis of 

multiple inflammatory cytokines (Rovere-Querini et al., 2004). It should be noted that a 

number of other activators of TLR4 receptors (such as degradation products of the cellular 

matrix and heat shock proteins) have been reported by several groups. However, cellular 

debris and heat shock proteins have not been found in the eFSE model (Toth et al., 1998; 

Bender et al., 2004; Baram et al., 2011). In addition, whereas HMGB1 translocation in 

adult models of epilepsy has typically been reported in astrocytes and microglia (Maroso 
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et al., 2010), in the eFSE model we find the translocation exclusively in neurons during 

the first few hours (Choy et al., 2014). This cell-specificity might be a result of the seizure-

inciting insult, the age of the animals, or both (Baram, 2012).  

Here we found that, in hippocampus, expression of IL-1β, its receptor (IL-1r1), TNFα, 

COX2 and GFAP were upregulated during the hours and days following eFSE. Most 

cytokines were transiently upregulated with levels resembling those in controls by 96 

hours after eFSE. Only COX2 remained upregulated at this time point. Looking within the 

amygdala (at the 24 hour time point) demonstrated similar findings, with IL-6, COX2 and 

TNFα expression augmented. These quantitative analyses of cytokine expression were 

complemented by immunohistochemical evidence for significant astrocytosis and 

microglia activation 24-hours after eFSE, indicative of an active inflammatory response in 

the hippocampus. Thus, whereas the expression of the cytokines measured here was 

transient, it might well set in motion additional downstream processes, potentially via 

activation of NF-κb and other transcriptional regulators (Crespel et al., 2002; Aronica et 

al., 2010). These downstream consequences of the original wave of select inflammatory 

processes might contribute to the development of epilepsy. 

An important question for both clinical FSE and eFSE is why some individuals go on to 

become epileptic while others do not. Whereas difficult to test in humans, we have tried 

to identify factors that might contribute to epilepsy during or after eFSE. There were no 

discernable differences in the initial eFSE, where the seizure duration, time to onset and 

intensity were similar among rats that eventually became epileptic and those that did not 
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(Dubé et al., 2010; Choy et al., 2014). As demonstrated here, it is unlikely that the 

hyperthermia alone caused toxic physiological consequences because core 

temperatures never elevated above 41.5°C during eFSE. In addition, whereas there was 

no inter-litter variability in reaction to the inciting event, inter-animal variability was found 

in each litter both in the expression of inflammatory mediators and seizure outcome. The 

studies described here suggest that an insult across genetically similar animals might 

result in markedly varied inflammatory profiles. These might derive from prior 

inflammatory or immune challenge (Riazi et al., 2010; Galic et al., 2012) or other, as yet 

undiscovered reasons. The current data tempt us to speculate that the divergent 

inflammatory responses in eFSE-experiencing rats might, in turn, lead to divergent 

epileptogenic outcomes.  

Interestingly, while in hippocampus both COX2 and IL-1r1 levels correlated with the 

epilepsy-predictive MRI signal change after eFSE, in amygdala the correlation was with 

IL-1r1 mRNA levels alone. The divergence between regions may suggest regional 

inflammatory differences in the limbic system that are important for epileptogenesis. The 

involvement of IL-1r1 in both regions is intriguing, suggesting that this specific cytokine 

may be instrumental in epilepsy generated by eFSE. Previous work has demonstrated 

that this cytokine pathway was required for the generation of eFSE (Dubé et al., 2005). 

Further work suggested that IL1levels distinguished adult epileptic rats from those that 

did not develop epilepsy following eFSE (Dube et al., 2010). The current work provides 

additional support for the notion that augmentation of this cascade in a subset of rats 
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contributes to epileptogenesis in the same rats. Notably, blocking the interleukin-1 

cascade in epileptic animals has anti-convulsive effects, but the role if this cascade in 

epileptogenesis is presently unclear (Maroso et al., 2011; Noe et al., 2013)). This role 

might vary among models because of differences in animal ages and other parameters..  

In summary, these correlative studies demonstrate a potential relationship between 

selective augmentation of subsets of inflammatory mediators after eFSE and epilepsy. 

Blocking inflammation as a whole (Holtman et al., 2014) has proven unhelpful for aborting 

epilepsy, as have a number of studies targeting specific pathways in the inflammatory 

molecular-network (Noe et al., 2013; Vezzani et al, 2011; Holtman et al., 2009). Indeed, 

rather than being pathogenic, it is possible that some observed inflammatory responses 

may be neuroprotective against the epileptogenic process, as described for other 

disorders (Schwartz & Kipnis, 2005). Future studies will focus on dissecting out which of 

the inflammatory cytokines and mediators described here are epileptogenic and which 

might be important for restoring normal neuronal function.  
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CHAPTER 5: IS INFLAMMATION THE KEY TO FEBRILE STATUS 
EPILEPTICUS INDUCED DISTRUPTION OF LIMBIC CIRCUITS? 

TRANSLATIONAL APPROACHES 

 

Introduction  

Temporal lobe epilepsy (TLE), the most common focal epilepsy, is defined by its focal 

limbic seizures and is also associated with chronic cognitive and emotional deficits. Long 

fever-associated childhood seizures (>30 minutes), also known as febrile status 

epilepticus (FSE) are known to contribute to the development of TLE years later in a 

subset of individuals (Annegers et al., 1987; Cendes et al., 1993; Dubé et al., 2007; Lewis 

et al., 2014). To elucidate potential mechanisms by which FSE promotes epilepsy, an 

immature rat model of experimental (e)FSE has been created and extensively studied 

(Baram et al., 1997; Dubé et al., 2010). Just as in humans, this model replicates the ~40% 

of rats that develop TLE following eFSE (Annegers et al., 1987; Dubé et al., 2006, 2010; 

Choy et al., 2014). 

Inflammation has long been implicated in epilepsy for both its role in epileptogenesis as 

well as a mediator of the persistence and morbidity of existing epilepsy (Vezzani et al., 

2011). Increases of inflammatory markers have been measured in animal models of 

epileptogenesis and in tissue removed from the brains of individuals with temporal lobe 

epilepsy in general (Aronica and Gorter, 2007; Dubé et al., 2007; Balosso et al., 2013). 

Specifically, inflammation is intrinsically involved in FSE as a result of its role in the 

production of fever (Luheshi et al., 1997; Cartmell et al., 1999; Eskilsson et al., 2014).  
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Our prior work has demonstrated that the cytokine interleukin-1β (IL-1β) is a crucial 

component of eFSE generation (Dubé et al., 2005) and higher levels of IL-1β are found 

in the hippocampus of animals that become epileptic after eFSE (Dubé et al., 2010). Rats 

destined to become epileptic after eFSE have increased levels of several pro-

inflammatory cytokines and signaling molecules in both hippocampus and amygdala 

within hours after the eFSE (Patterson et al., 2015). For these reasons, inflammation is 

an attractive target for anti-epileptogenic therapies, aiming to abort the epileptogenic 

process that is initiated by FSE before spontaneous seizures begin. (Vezzani et al., 2011; 

Dedeurwaerdere et al., 2012; Jiang et al., 2013; Patterson et al., 2014).  

The inflammation is apparent as an increase in activated astrocytes and microglia as well 

as augmented production of cyclooxygenase 2 (COX2), GFAP (an astrocyte activation 

marker), TNF-α, Interleukin-1ß (IL-1ß), and Interleukin-1 Receptor 1 (IL-1R1) (Dubé et 

al., 2005, 2007, 2010; Patterson et al., 2015). Inflammation within the brain has been 

associated with increased permeability of the blood brain barrier (BBB), which has long 

been known to contribute to epileptogenesis (Abbott, 2000). 

Increased BBB permeability allows entry of molecules and cells from peripheral tissues, 

and these further enhance inflammation and the risk of future seizures (Seiffert et al., 

2004; Friedman, 2011; Janigro, 2012). Importantly, several insults that promote 

epileptogenesis lead to early BBB breakage (Tomkins et al., 2008; Bar-Klein et al., 2017), 

likely because peripheral cells and molecules gaining entry into brain parenchyma may 

promote neuronal injury, and inflammation itself may augment BBB permeability, creating 
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a vicious injurious cycle (Rochfort and Cummins, 2015). Yet, whether eFSE causes 

breakdown of the BBB has not been studied previous to this work. 

Additionally, Tto examine the contribution of eFSE-induced pro-inflammatory mediators 

to hippocampal hyperexcitability we aimed to block the inflammatory processes with the 

anti-inflammatory synthetic glucocorticoid dexamethasone (DEX). DEX is a clinically 

available anti-inflammatory glucocorticoid, which inhibits the gene expression of many 

cytokines, including IL-1b (Jeon et al., 2000; Jang et al., 2007). These transcriptional 

changes are mediated through the glucocorticoid receptor (Reul et al., 1987). While there 

are varied downstream effects of this interaction (Datson et al., 2008; Groeneweg et al., 

2012), the inhibition of NF-kB by DEX specifically prevents inflammation by blocking the 

transcription of many pro-inflammatory cytokines and mediators (Auphan et al., 1995; 

Gilmore, 2006). 

Here, we administered the DEX immediately after eFSE for a limited time. We queried if 

DEX suppressed diverse markers of inflammation including cytokines and if this treatment 

prevented the eFSE-induced formation of hyperexcitable networks (Dube et al., 2000). 

We found that acute, transient DEX administration after experimental FSE suppresses 

hippocampal hyperexcitability apparent as spike series for at least a month after eFSE, a 

finding with potential clinical relevance.  
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Methods 

Experimental overview 

Four cohorts of rats were employed for studies reported here: 

The first cohort was studied during adulthood, to examine the relationship between eFSE-

induced spike series and eFSE-induced spontaneous seizures. eFSE and control 

littermates were implanted with bilateral hippocampal electrodes two months after insult. 

Starting at ~P100 rats were chronically recorded using video/EEG to detect spike series 

and seizures. Rats were recorded in this manner until they were ~1 year of age. 

The second cohort served to investigate the permeability of BBB following eFSE. Both 

eFSE and control rats underwent infusion with fluorescein isothiocyanate conjugate 

albumin (FITC-Albumin) and then sacrificed to examine for evidence of BBB leakage. 

A third cohort of rats assesses the effects DEX on hippocampal hyperexcitability after 

eFSE. This cohort was implanted with EEG electrodes within 3 days after eFSE and 

video/EEG were carried out for 4 weeks after surgery.  

The fourth cohort of rats was employed to examine the acute pro-inflammatory 

consequences of eFSE and the effects of DEX. Controls and eFSE rats were included, 

and subgroups of both received DEX immediately after the eFSE. Rats were sacrificed 3 
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hours after the end of eFSE to measure mRNA levels of several pro-inflammatory 

mediators in the hippocampus. 

Induction of experimental Febrile Status Epilepticus (eFSE) 

All animal procedures were approved by the University of California-Irvine animal care 

committee, and performed according to NIH guidelines.  

The induction of eFSE has been detailed previously and is briefly described here (Baram 

et al., 1997; Dubé et al., 2010; Patterson et al., 2015). Postnatal day 10-11 Sprague-

Dawley rat pups were used for all studies based on weight (Harlan Inc., 

RRID:RGD_5508397). Pups were placed, two at a time, inside a 3-liter flask the bottom 

of which was lined with absorbent paper. Pups were subjected to a continuous stream of 

warm air until behaviors indicating seizures began. These behaviors were identified as 

arrest of hyperthermia-induced hyperkinesis (freezing) followed by chewing automatisms. 

Core temperatures at the onset of these seizures were then rapidly measured, and 

seizure-onset time noted. Once seizures commenced, elevated core temperature and 

seizures were maintained via the warm air stream for 40-60 minutes. Seizure behaviors 

typically progressed over the hyperthermia period, including chewing of an extremity, 

clonic movements and eventual tonic extension. Core temperature was measured every 

2 minutes during the eFSE. If the pups’ core temperature exceeded 41.5ºC, they were 

removed from the chamber and placed on a cool metal surface for the next two minutes. 

Cessation of the hyperthermia promptly led to termination of the eFSE, and was facilitated 

by briefly immersing pups in cool water (~23.0°C). Pups were then placed on a euthermic 
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pad maintained at 37ºC for 20 minutes then returned to their home cage and dam. In this 

study, all pups subjected to hyperthermia experienced eFSE and there was no eFSE-

induced mortality. 

FITC-Albumin administration 

FITC-Albumin was used as a direct method to investigate blood brain barrier permeability 

(Krueger et al., 2015; Breuer et al., 2017). In preliminary experiments, we had found that 

on occasion, the blood brain barrier was not fully mature in P11 rats. Therefore, in this 

experiment, eFSE was always imposed on P11 and analyzed at P12, when BBB was 

largely mature. Twenty-four hours after male and female rats underwent eFSE, rats were 

placed terminal anesthesia induced with pentobarbitol (Euthasol; Patterson Scientific). 

FITC-albumin was diluted to 10 mg/mL in PBS and infused into the left ventricle at a rate 

of 1 mL/min (10 mL/kg) and allowed to circulate for 5 minutes. Rats were then rapidly 

decapitated, and the brains were removed and then post-fixed overnight in 4% 

paraformaldehyde. Brains were then cryoprotected in 30% sucrose, frozen and sectioned 

30 µm coronal slices. Sections were evaluated by a blinded observer for evidence of 

fluorescence extravasation. Extravasation was defined as fluorescence that was visible 

outside of clear vascular boundaries, ensuring that there was no cross fluorescence in 

other channels to exclude artifacts.  
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Dexamethasone administration 

Immediately after the end of eFSE (following immersion in cool water to terminate the 

seizures) rats were given an intraperitoneal injection of dexamethasone (3 mg/kg; Sigma-

Aldrich). Aldosterone was also administered via subcutaneous injection immediately 

following every DEX dose (0.2 µg/100mg, Acros Organics), to provide mineralocorticoid 

functional support (Brunson et al., 2001). 

Cohort 3 rats, those employed in the video-EEG analyses, were given subsequent 

tapering doses of DEX together with a full dose aldosterone over the next 48 hours (a 1.5 

mg/kg DEX 24 hours after eFSE; 0.75 mg/kg DEX 48 hours after eFSE). Aldosterone was 

continued for the next 4 days (7 treatments total), to provide mineralocorticoid support 

during the potential suppression of the rats’ adrenals. In cohort 4, the rats used in the 

qPCR (quantitative polymerase chain reaction) assessments were sacrificed 3 hours after 

the end of eFSE and received a single dose of DEX. Vehicle treated animals received an 

I.P. injection of saline at the volume calculated as if the animal were receiving treatment. 

Only male rats were used in this cohort, though no sex differences have been found in 

studies of children following FSE (citation) 

This treatment paradigm yielded four experimental groups: 1) control (non-eFSE) rats 

injected with vehicle (CTL-VEH), 2) control (non-eFSE) rats injected with DEX (CTL-

DEX), 3) eFSE rats injected with vehicle (eFSE-VEH) and 4) eFSE rats injected with DEX 

(eFSE-DEX).  
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EEG electrode implantation  

At 2 months (cohort 1) or 3 days (cohort 3) after eFSE, rats were implanted with bipolar 

electrodes. Rats were anesthetized under 1-3% isoflurane (Piramal Healthcare) and then 

bipolar electrodes (Plastics One) were permanently inserted into both dorsal hippocampi 

(P14: AP: 2.7; L: 1.8; V: 2.2 mm; Adult: AP: -3.6; L: 2.6; V: -2.8 mm with reference to 

Bregma) and a cortical electrode was placed over the parietal cortex (P14: AP: 2.0; L: -

1.5 mm; Adult AP: 2.5, L: 2.0 mm). An additional ground electrode was inserted over the 

cerebellar cortex and the whole cap was secured with acrylic (Plastics One). Following 

surgery, rats were kept on a warm pad for one hour to recover from anesthesia and then 

returned to their home cage.  

Video/EEG Recordings and Analyses 

Rats were recorded with video/EEG to study alterations in hippocampal brain-wave 

activity and associate them with the potential presence of seizures of other motor 

movements. The first cohort of rats was chronically recorded from approximately ~100 

days after eFSE until the rats were one year of age. The cohort has been described in 

Dubé, et al, 2010; however, the analyses reported have not been previously been 

published. 

Video-EEG recordings from the third cohort of rats commenced 1-2 days after electrode 

implantation (P14) for 4 weeks. Rats were recorded for 2 hours a day in amply bedded 

cages until the completion of the experiment. Short recording times were necessary to 
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ensure that the pups received sufficient nutrition and maintained normal growth curves. 

Order of recording for all of the rats was rotated on a daily basis to correct for any diurnal 

variation in hyperexcitability. Four rats were recorded at a time, allowing for concurrent 

recording of littermate controls with experimental animals. Hippocampal EEGs were 

acquired from freely moving pups and were synchronized with video via both the internal 

computer timer and a second, synchronized timer that was placed within the video field 

of view. EEGs were acquired, registered, and analyzed using LabChart 7 software (AD 

Instruments, RRID:SCR_001620, Colorado Springs, CO), and the records were re-

evaluated using an in-house algorithm (MATLAB RRID:nlx_153890; Mathworks). All 

Video/EEGs were analyzed without knowledge of treatment group by two trained 

investigators.  

qRT-PCR 

Whole hippocampi of both male and female rats were rapidly dissected on ice using 

RNAse-free instrument 3 hours after cessation of hyperthermia and eFSE. Tissue was 

immediately transferred to pre-chilled centrifuge tubes kept on dry ice. Samples were 

stored at -80ºC until use. Total RNA was extracted from hippocampi using the mirVana 

miRNA Isolation Kit according to the manufacturer’s instructions (Ambion, New York, 

USA). Double-stranded cDNA was synthesized from total RNA using Roche 1st strand 

cDNA synthesis kit (Cat # 04379012001; Roche) with random hexamer primers. Analysis 

of the PCR products was executed using cDNA samples in triplicate on a Roche 

Lightcycler 96 system (Roche). Samples were normalized to β-Actin and quantified using 
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the cycle threshold method (2ΔΔCt) (Schmittgen and Livak, 2008). Primers used in this 

study are shown in Table 5.1. 
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TABLE 5.1: Primer Designs 

   

Table	1:	Primer	Designs

ß-Actin CAGCCTTCCTTCCTGGGTATGGAATC
CAGCACTGTGTTGGCATAGAGGTCTTTAC

COX2 TGGTGCCGGGTCTGATGATG
GCAATGCGGTTCTGATACTG

IL-1ß GTGAAATAGCAGCTTTCGACAGTGAGGAG
GTGAGATTTGAAGCTGGATGCTCTCATCTG

IL-1R1 GCTTGTGACATCTTCGGCTA
AATGAACCCAAGTAGCACTTTCA
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Statistical Approaches and Considerations 

All analyses were performed without knowledge of treatment group. Statistical analysis 

and outlier analysis were performed using Prism 7 Software (GraphPad, San Diego, CA, 

RRID:SCR_002798). All data was determined significant if p<0.05.  

All data sets were analyzed for outliers using Grubb’s Outlier Test (alpha = 0.05), and 

outliers were excluded before any statistical analysis. The only exclusions were in qRT-

PCR data. To compare extravasation outside the blood brain barrier and the number of 

rats with and without spike series following eFSE, we employed a Barnard’s Unconditional 

Exact Test, due to its increased power for small sample sizes (Lydersen et al., 2009). 

D’Agostino & Pearson Normality Test was utilized before ANOVA to ensure normality. 

Total number of spike series per animal and spike series/animal/hour of recording were 

compared using Kruskal-Wallis ANOVA, for data sets without normal distribution. 

Observed vs. Expected Goodness of Fit analysis was used to compare percent of rats 

with spike series as compared to previous short-term measures of brain changes 

following eFSE. A two-way ANOVA with Tukey’s Multiple Comparisons was used to 

compare qPCR analyses.  
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Results 

Development of spike series denotes hyperexcitability and precedes spontaneous 

seizures after eFSE 

Here we addressed the role of DEX in preventing the onset of spike series, a marker of 

network hyperexcitability, within the first month following eFSE. eFSE results in 

spontaneous seizures in ~40% of rats. The spontaneous seizures are sparse (<1 

seizure/week), and their onset is typically in late adolescent or adult rats, with a latency 

of >2 months (Dubé et al., 2006, 2010; Choy et al., 2014), though rarely seizures are 

found earlier. Whereas this time course of epileptogenesis resembles the long latency 

between FSE and TLE in children (Baram and Shinnar, 2002), and the development of 

epilepsy in ~40% of individuals with FSE (Annegers et al., 1987), these characteristics 

present challenges in addressing potential anti-epileptogenic effects of experimental 

agents or drugs. 

To identify early predictors of epileptogenesis, we examined the relationship of spike 

series and spontaneous seizures after eFSE in a separate cohort of adult rats recorded 

chronically (Figure 5.1A). Spike series are not seen in healthy rats and can be used as a 

measure of abnormally increased excitability (Staley and Dudek, 2006; Staley et al., 

2011). Figure 1C-E illustrates EEG recordings from dorsal hippocampus of adult eFSE 

rats (n = 18). Spike series have never been found in the rat strain and colony used in 

these experiments (Dube et al., 2000; Raol et al., 2003; Dubé et al., 2006, 2010; Choy et 

al., 2014) and were not found in adult control rats employed for the current analysis (n=5; 
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Figure 5.1C). In eFSE-experiencing rats, roughly a third of the rats had no spike series or 

seizures recorded (30.8%). 69.2% of rats developed spike series and 38.5% of rats that 

experienced eFSE progressed to spontaneous seizures (65% of the rats with spike 

series). Importantly, there were no rats that had a seizure without prior spike series 

(Figure 5.1B). These data suggest that spike series indicate a hyperexcitable 

hippocampal network after eFSE, that precedes and portends future spontaneous 

seizures. Accordingly, spike series provide an early and useful target for assessing 

efficacy of anti-epileptogenic interventions. 
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FIGURE 5.1: Spike series precede seizures in rat rendered epileptic by experimental Febrile Status 
Epilepticus (eFSE). A) Experimental design. P10-P11 underwent eFSE (n=18), and electrode implantation 
at ~P60. Rats were then recording until one year of age, B) eFSE induced hyperexcitability in a proportion 
of rats, apparent as spike series alone (30.7% of rats that underwent eFSE), or spike series followed by 
seizures (38.5% of eFSE rats). No rat developed seizures prior to the onset of spike series. C-E) 
Representative examples of baseline electroencephalogram (EEG) of an adult rat that underwent eFSE, 
example of a spike series, and example of a seizure.  
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Inflammation and BBB Leakage following eFSE 

Here we examined if augmented permeability of the BBB, commonly associated with 

inflammation, takes place after eFSE. To visualize BBB permeability, we employed an 

infusion of FITC-Albumin which is typically excluded from brain tissue by the tight 

junctions of the BBB (experimental design, Figure 5.2A) (Wolburg and Lippoldt, 2002). 

Sections from brains of control rats did not reveal any extravasation of the FITC-Albumin 

at post-natal day 12. (Figure 5.2B-B’, D-D’, F-F’; number of rats = 12). In contrast, 

abnormal extravasation of FITC-albumin was apparent in sections from 3 of the 8 rats 

(37.5%) that underwent eFSE visualized by increased fluorescence outside of vessels. 

The extravasation was visible in the piriform cortex (Fig 5.2C-C’), parietal cortex (Fig 5.2E-

E’) and mediodorsal nucleus of the thalamus (Fig 5.2G-G’), but no other brain areas 

(including the hippocampus, which was specifically examined due to its known role in 

TLE) Statistical evaluation revealed a significant effect of eFSE (Figure 5.2H; Barnard’s 

Exact Test, unconditional p=0.0175). Of interest, the proportion of rats developing BBB 

leakage was similar to the proportion of rats that develop epilepsy following eFSE. 
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FIGURE 5.2: Experimental Febrile Status Epilepticus (eFSE) induces increased permeability of the 
blood brain barrier (BBB) to albumin 24 hours later. A) Experimental Design: rats underwent eFSE at 
P11. Twenty-four hours later, rats were infused with fluorescein isothiocyanate conjugate albumin (FITC-
Albumin) and sacrificed 4-5 minutes later. B-G) Representative examples of extravasation of FITC-Albumin 
outside of the blood brain barrier in eFSE rats compared to controls in piriform cortex, parietal cortex, and 
mediodorsal nucleus of the thalamus. H) eFSE increases risk of BBB disruption. Extravasation was visible 
in 3 of 8 eFSE rats (37.5%), but none of the 12 control rats. (Barnard’s Exact Test, unconditional p=0.0175) 
*p<0.05 
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DEX reduces spike series after eFSE 

DEX was given at a high dose immediately after eFSE and then two additional tapered 

doses were administered over for the subsequent two days. Literature searches revealed 

a wide range of doses for dexamethasone from 0.1 – 10 mg/kg, thus we chose 3 mg/kg 

as a strong enough for acute tapered treatment, but avoiding many of the side effects 

(Quan et al., 2000; Duffy et al., 2014; Tsai et al., 2016). Rats were then implanted with 

electrodes in dorsal hippocampus and recorded (experimental design, Figure 5.3A). We 

quantified the number and duration of spike series in eFSE rats compared with control 

rats, and the effect of DEX on these parameters in both groups. Synchronized video was 

analyzed all possible spike series, and the spike series was excluded if the rat was 

chewing, grooming, or had any other movement that was likely to cause an EEG artifact. 

Neither CTL-VEH nor CTL-DEX rats had spike series throughout the recording period, 

and thus were combined for analysis (representative EEG is shown in Figure 5.3B). Spike 

series were detected in EEGs from eFSE-VEH, and a single eFSE-VEH rat had a single 

electrographic seizure, during which the animal was completely still (Figure 5.3C). 

Quantification of the video-EEG revealed significant differences in the percent of rats that 

had spike series between the control and eFSE-VEH (Barnard’s Exact Test, unconditional 

p= 0.0062, Figure 5.4A). Among eFSE-VEH rats, 41.6% (5/12) had at least one spike 

series in the month after eFSE. In contrast, only 8% (1/13) eFSE-DEX rats had at least 

one spike series during the same recording time, a significantly lower risk than the eFSE-
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VEH group (Barnard’s Exact Test, unconditional p=0.031). Notably, the probability of 

having spike series was not significantly different between the control and eFSE-DEX 

groups (Barnard’s Exact Test; unconditional p=0.37). 

The eFSE-VEH group had significantly higher number of spike series per animal (4.33 ± 

9.96) than controls (0 ± 0.0). Kruskal-Wallis ANOVA was employed because of the non-

parametric distribution of the data (D’Agostino & Pearson Normality Test, eFSE-VEH 

K2=19.62, p<0.0001; eFSE-DEX K2=36.07, p<0.0001]). ANOVA demonstrated a Mean 

Rank Difference of -8.083, p=0.01; Dunn’s Multiple Comparisons; Figure 5.4B). 

Importantly, the mean number of spike series per animal in the eFSE-DEX group did not 

differ significantly from the value in controls (K-W ANOVA: eFSE-DEX mean = 0.23 ± 

0.83; Mean Rank Difference = -1.53, p = 0.999). In addition, there was a strong trend for 

a reduction in the mean number of spike series when the eFSE-VEH and eFSE-DEX 

groups were compared (eFSE-VEH vs eFSE-DEX, Mean Rank Diff 6.55, p = 0.067).  

To correct for variances in recording times, we compared across groups the frequency of 

spike series (spike series per hour recorded). Spike series frequency analysis 

demonstrated significant group differences as well (Figure 5.4C). Spike-series frequency 

was higher in the eFSE-VEH group as compared to controls (CTL mean = 0 ± 0, eFSE-

VEH mean = 0.029 ± 0.06; K-W ANOVA: K-W Statistic = 9.71; Mean Rank Diff -8.29, 

p=0.01; Dunn’s Multiple Comparison). DEX significantly reduced the number of 

spikes/hour in eFSE-DEX vs eFSE-VEH groups (K-W ANOVA, Mean Rank Difference = 

6.95, p=0.046). Indeed, spike series frequency in the eFSE-DEX group did not differ 
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significantly from that in controls (eFSE-DEX mean = 0.0007 ± 0.002; K-W ANOVA: Mean 

Rank Difference = -1.35, p = 0.99).  

The duration of each spike series was variable both in individual rats and among rats, 

lasting from 3 to 258 Seconds. Since only one rat in the eFSE-DEX group had spike 

series, differences in mean duration of spike series between groups could not be 

statistically compared. As apparent from Figure 5.4D, the average duration of spike series 

in the single eFSE-DEX rat that had these was not notably different from the duration of 

spike series in the eFSE-VEH group.  

In both humans and rodents, only a subgroup of individuals seems to be influenced by 

FSE (or eFSE) (Annegers et al., 1987; Dubé et al., 2006, 2010; Choy et al., 2014). 

Focusing on acute and short-term consequences of eFSE in immature rats, we have 

previously identified inflammation (as measured by increased inflammatory mRNA 

production) or T2 MRI signal changes only in a large minority of animals (Choy et al., 

2014; Patterson et al., 2015). Specifically, increased production of several inflammatory 

markers in the days following eFSE occurred in 43% (7/16) of eFSE rats (Patterson et al., 

2015). Similarly, significant quantitative changes in T2 signal in the basolateral amygdala 

were observed in 42% (8/19) of all eFSE rats 2 hours following eFSE (Choy et al., 2014). 

Considering this prior knowledge, we examined if the prevalence of hyperexcitability in 

eFSE-VEH and eFSE-DEX treated groups was similar to the prior findings. To this end, 

we used Observed vs. Expected Goodness of Fit analysis, predicting 45% expected 

hyperexcitability. In the eFSE-VEH group, observed prevalence of hyperexcitability was 



119 

 

not significantly different from the expected 45% (p>0.99); in contrast, observed 

prevalence in the eFSE-DEX group was significantly different (lower) from expected 

(p=0.009). Together these data demonstrate that transient administration of DEX 

following eFSE reduces the probability of the development of a hyperexcitable 

hippocampal network.  

Together these data demonstrate that transient administration of DEX following eFSE 

reduces the probability of the development of a hyperexcitable hippocampal network.  
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FIGURE 5.3: The effects of dexamethasone (DEX) on electroencephalography (EEG) recordings 
following experimental Febrile Status Epilepticus (eFSE). A) Experimental Design: Rats underwent 
eFSE at P10 or P11, and were then given tapering doses of DEX (1 hr: 3 mg/kg, 24 hrs: 1.5 mg/kg, 48 hrs: 
0.75 mg/kg). Mineralocorticoid support was provided by concurrent doses of aldosterone. Electrodes were 
implanted at P13 and, and rats were then recorded for about one month. B) A representative EEG from a 
control rat. For all EEG, the scale on left is in millivolts, vertical bars delineate 0.2 seconds. C) 
Representative EEGs of baseline, spike series, and a single example of a seizure from a rat that had 
undergone eFSE and received vehicle treatment.   
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FIGURE 5.4: Dexamethasone (DEX) administration following experimental Febrile Status 
Epilepticus (eFSE) decreases hippocampal hyperexcitability. A) DEX decreased the percent of rats 
with recorded spike series (Unconditional Barnard’s Exact Test, control vs. eFSE-Veh: p=0.0062; eFSE-
Veh vs. eFSE-DEX: p=0.031; control vs. eFSE-DEX: p=0.37). DEX also reduced the mean number of spike 
series per rat (Figure 4B; Kruskal-Wallis ANOVA Mean Rank Difference of -8.083, p=0.01; Dunn’s Multiple 
Comparisons; eFSE-DEX vs. Controls; Mean Rank Difference = -1.53, p = 0.999; eFSE-Veh vs eFSE-DEX 
Mean Rank Diff 6.55, p = 0.067). DEX attenuated mean spike series frequency (spike-series/hour recorded) 
to control levels (Figure 4C; CTL mean = 0 ± 0, eFSE-VEH mean = 0.029 ± 0.06; K-W ANOVA: K-W Statistic 
= 9.71; Mean Rank Diff -8.29, p=0.01; Dunn’s Multiple Comparison; eFSE-DEX vs. eFSE-Veh: Mean Rank 
Difference = 6.95, p=0.046; eFSE-DEX vs. controls: Mean Rank Difference = -1.35, p = 0.99). D) There 
was no notable difference between the mean spike series duration per rat between groups. *p<0.05   
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DEX administration immediately after eFSE prevents upregulation of pro-

inflammatory mRNA transcripts 

We employed qRT-PCR to analyze the levels of several inflammatory mediators that are 

augmented by eFSE (Dubé et al., 2005; Patterson et al., 2015), as well as other types of 

status epilepticus (Jiang et al., 2010; Vezzani 2011) (Figure 5.5A). We focused on 

molecules that are upregulated rapidly after eFSE, and that, in addition, have been 

implicated in epileptogenesis that follows eFSE (Patterson et al., 2015).  

Group effects on the levels of IL-1b mRNA were detected in the hippocampi of 

experimental rats 3 hours after the end of eFSE compared with controls. eFSE and DEX 

treatment both had a significant effect on mRNA production of IL-1b (two-way ANOVA, 

eFSE: 18.5% variation, F = 9.61, DFn=1 DFd=22, p=0.005; DEX treatment 13.3% total 

variation; F = 6.92, DFn=1 DFd=22, p=0.02) and the effects of eFSE and DEX treatment 

interacted (27.6% of variation, F = 14.36. DFn=1 DFd=22, p=0.001). eFSE significantly 

increased the production of IL-1b in eFSE-VEH compared with the CTL-VEH group 

(p=0.0018, Tukey’s multiple comparisons). There was a significant reduction in IL-1b 

levels in eFSE-DEX vs. eFSE-VEH rats (p=0.0003). DEX administration after eFSE 

rendered the levels of hippocampal IL-1b mRNA statistically similar to those of CTL-VEH 

rats, (p=0.98) (Figure 5.5B). 

Similarly, group effects in the levels of IL-1R1 mRNA were detected. eFSE influenced 

significantly mRNA production of IL-1R1 (two-way ANOVA Tukey’s multiple comparison, 
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eFSE, 44% of total variance, F = 18.81. DFn=1 DFd=21, p=0.0003), but drug treatment 

had no significant effect (1.6% total variance, DFn=1 DFd=21, F = 0.70, p=0.41). There 

was a significant reduction in IL-1R1 levels in the CTL-DEX compared with the CTL-VEH 

groups (p=0.046). Importantly, DEX reduced IL-1R1 mRNA levels in eFSE-DEX rats 

compared with the eFSE-VEH group (p=0.012). DEX administration after eFSE rendered 

the levels of hippocampal IL-1R1 mRNA in eFSE-DEX hippocampi statistically 

indistinguishable from those of CTL-VEH rats (p=0.12) (Figure 5.5C). 

COX2 mRNA levels did not reveal statistically significant group differences (two-way 

ANOVA; effect of eFSE 7.74% total variance, F = 2.09. DFn=1 DFd=19, p=0.17; effect of 

DEX treatment 14.39% of total variance, F = 3.88. DFn=1 DFd=19, p= 0.06). However, 

there was much heterogeneity in the eFSE-VEH group with regards to the expression of 

this pro-inflammatory enzyme, potentially because COX2 levels may peak later after 

eFSE (Patterson et la., 2015). DEX administration decreased levels following eFSE so 

that the eFSE-DEX group was indistinguishable from CTL-VEH (p=0.98); values in the 

eFSE-DEX group were not significantly different when compared to those in eFSE-VEH 

rats (p=0.20) (Figure 5.5D).  

In aggregate, the molecular analyses suggest that DEX administration after eFSE 

prevents the upregulation of multiple inflammatory pathways after the insult. Previous 

studies have shown excellent congruence between inflammatory mRNA changes and 

corresponding variations in protein expression as measured by western blot (Patterson 

et al., 2015)  
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FIGURE 5.5: Dexamethasone (DEX) administration reduces expression of inflammatory markers 
following experimental Febrile Status Epilepticus (eFSE). A) Experimental design: Rats underwent 
eFSE at P10-P11; they were sacrificed and hippocampi were rapidly dissected 4 hours after the beginning 
of the seizure. DEX administration significantly decreased relative mRNA expression of IL-1b (B) and IL-
1R1 (C), and revealed a trend for reduced COX2 expression (D). IL-1b: two-way ANOVA, Tukey’s multiple 
comparisons, eFSE: 18.5% variation, F = 9.61, DFn=1 DFd=22, p=0.005; DEX treatment 13.3% total 
variation; F = 6.92, DFn=1 DFd=22, p=0.02), IL-1R1: two-way ANOVA Tukey’s multiple comparison, eFSE, 
44% of total variance, F = 18.81. DFn=1 DFd=21, p=0.0003; DEX treatment: 1.6% total variance, DFn=1 
DFd=21, F = 0.70, p=0.41. eFSE-DEX vs. CTL-VEH: p=0.046; eFSE-VEH vs. eFSE-DEX (p=0.012). COX2: 
two-way ANOVA; effect of eFSE 7.74% total variance, F = 2.09. DFn=1 DFd=19, p=0.17; effect of DEX 
treatment 14.39% of total variance, F = 3.88. DFn=1 DFd=19, p= 0.06. CTL-VEH vs. eFSE-DEX p=0.98; 
eFSE-VEH vs. eFSE-DEX p=0.20. *p<0.05 
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Discussion  

The principal findings of the present series of studies are as follows: 1) eFSE provokes 

several measures of brain inflammation, including pro-inflammatory cytokines, enzymes, 

and, as shown here for the first time, the permeability of the BBB; 2) Spike series always 

precede seizures that are provoked by eFSE and are not present in controls, thus 

providing a good measure of a hyperexcitable hippocampal network after eFSE; 4) Acute, 

transient DEX administration greatly reduces the probability of developing spike series in 

eFSE-experiencing rats. 3) DEX administration after eFSE rapidly blocks the transcription 

of several pro-inflammatory mediators, a likely mechanism of the effects of the agent on 

hyperexcitability. These findings suggest that inflammation contributes to the early 

processes of epileptogenesis that follow eFSE, with translational potential. 

Acute rapid inflammatory processes initiated by eFSE  

Here we demonstrate the rapid elevations of IL-1b, IL-1R1 and COX2 in some animals 

already at 4 hours from the onset of eFSE. While this elevation was not significant on a 

group level for IL1-R1 and COX2, there is rapid elevation is ~40% of the animals, 

consistent with previous wor and the pattern that we find throughout effects following 

eFSE (Patterson et al., 2015). These findings highlight the remarkable rapidity of the 

inflammatory response that follows eFSE and makes the case for initiating anti-

inflammatory intervention as soon as is feasible, to halt or abort the epileptogenic 

process. We also show for the first time that the BBB is disrupted by eFSE. Whereas the 
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BBB is not fully matured in neonatal rats, it appears to be functional in postnatal day 12 

Sprague-Dawley rats. We rear pups in defined conditions that standardize body weight 

and brain development by maintaining litter size of 8-10 pups. Thus, in control pups, the 

BBB excluded FITC-albumin from brain parenchyma in 12/12 pups. In contrast, BBB 

permeability was increased in a subset of rats 24 hours following with FITC-albumin 

extravasation in the piriform cortex, parietal cortex and mediodorsal nucleus of the 

thalamus. These areas of disruption are particularly intriguing in view of prior literature on 

SE-induced brain injury in the developing brain. For example, the medial thalamus has 

been shown to be sensitive to injury after SE in immature rats (Kubová et al., 2002), and 

MRI based changed in medial thalamus were predictive of epileptogenesis after eFSE 

(Choy et al., 2014). Additionally, the piriform cortex has been shown to be particularly 

sensitive to SE-provoked BBB breakdown and this permeability was predicative of 

epileptogenesis (van Vliet et al., 2014; Bar-Klein et al., 2017). Support for the important 

role of BBB disruption in epileptogenesis was provided by Bar-Klein et al., 2014, who 

demonstrated anti-epileptogenic effects of targeting the processes underlying BBB 

disruption. 

The rationale for DEX, and its promise. 

DEX was employed in these studies for several reasons. It is a broad and powerful anti-

inflammatory agent, roughly 5 times more potent than prednisone, and, at the doses used 

here, it rapidly crosses the blood brain barrier, a concern whenever dealing with 

therapeutics in the brain (van de Waterbeemd et al., 1998). Additionally, DEX is clinically 
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available and has been widely used in children, its costs and mode of administration are 

manageable, enabling potential application to children. 

The finding that DEX significantly attenuated both pro-inflammatory mediators and spike-

series, a measure of network hyperexcitability is exciting, because a number of other anti-

inflammatory approaches have been less successful; Gorter’s group has employed 

several blockers of inflammation, notably COX2 inhibitors with little success in 

epileptogenesis that follows adult SE (Holtman et al., 2009, 2010). Dingledine’s group 

found neuroprotective but not antiepileptogenic effects of blocking the EP2 pathway 

(Jiang et al., 2010, 2013). These studies and others suggested that selective approaches 

to specific inflammatory cascades might have limited potential, at least in part because of 

the complex interplay and balance among the numerous inflammatory processes 

triggered by insults, a view supported by Brennan et al., who targeted miR124 (Brennan 

et al., 2016). Whereas, more recently, Vezzani’s group reported on success in attenuating 

epileptogenesis by targeting the IL-1b pathway (Terrone et al., 2017) and Henshall’s 

group capitalized on the ability to manipulate microRNAs in adults (Henshall, 2017), we 

chose here to employ a broad anti-inflammatory approach, hoping to obviate counter-

measure or compensatory changes within the complex inflammatory network (Vezzani et 

al., 2011; Brennan et al., 2016).   

Potential limitations and future studies 

The aberrant hyperexcitability addressed in the current studies was elicited by eFSE in 

immature rats. The TLE that that is associated with eFSE involves minimal cell death and 
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might thus be more reversible or preventable that chemo-convulsant-induced 

epileptogenesis in adults. In this model, the duration of the insult, the age of affected 

individuals, the MRI changes and the proportion of individuals who develop spontaneous 

seizures approximate those in human infants and children experiencing FSE. Therefore, 

the results of these studies, while not generalizable to the adult, might carry enormous 

significance to FSE-related TLE. 

Several questions remain for future studies, including whether eFSE-DEX rats develop 

spontaneous seizures without evidence of earlier spike series. Secondly, we recently 

found that, similar to children experiencing eFSE (Weiss et al., 2017), rats experiencing 

eFSE may develop cognitive problems (Dubé et al., 2009; Patterson et al., 2017). It is 

unknown if DEX has protective effects on cognition, but this is outside the scope of the 

current study. Finally, a high dose of DEX was used in this study. While no obvious 

deleterious effect was noted in acutely DEX treated rats, dosing and potential adverse 

effects should be addressed.  

In summary, the contribution of FSE to common and often serious epilepsy has been 

established. Here we provide novel evidence for the role of brain inflammation in the 

epileptogenic process. Importantly, we attenuated eFSE-induced hippocampal 

hyperexcitability by dampening pro-inflammatory mediators using a clinically available 

broad inti-inflammatory agent.  
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CHAPTER 6: NON-INVASIVE PREDICTION OF AN INDIVIDUAL’S 
VULNERABILITY TO LONGTERM EFFECTS OF FEBRILE STATUS 

EPILEPTICUS – A STEP TOWARDS PRECISION MEDICINE 

 

Introduction 

Fever-associated seizures are common, occurring in 2-5% of children (Baram and 

Shinnar, 2002). Normally they are short without long-term consequences, but seizures 

lasting >30 minutes are categorized as febrile status epilepticus (FSE) and are an 

important risk factor for developing temporal lobe epilepsy (TLE) (Annegers et al., 1987; 

Cendes et al., 1993; Dubé et al., 2007). Between the FSE and the first spontaneous 

epileptic seizure, there are years of epileptogenesis called the latent period (French et 

al., 1993; Mathern et al., 1995; Berg and Shinnar, 1996; Dubé et al., 2007). The latent 

period can last a decade or more, but currently clinicians are not able to predict which 

children will develop epilepsy following eFSE and which will remain healthy. A non-

invasive technique to predict epileptogenesis would allow clinicians to appropriately 

counsel and monitor patients and ideally eventually provide a preventative intervention to 

those at risk before the first spontaneous seizure occurs.  

To reach this goal, we previously reported that early magnetic resonance imaging (MRI) 

changes can predict epileptogenesis in an immature rat model of experimental FSE 

(eFSE) (Choy et al., 2014). When rat pups underwent high-field 11.7T MRI scans 2h after 

eFSE, a decrease in T2 relaxation time within the basolateral amygdala (BLA) was 

predicative of which rats would develop epilepsy. This built on a number of studies in 
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rodents and humans that have found MRI changes in the days, months and years after 

eFSE, reflecting long-term changes in the brain following a single episode of FSE 

(VanLandingham et al., 1998; Scott et al., 2002; Dubé et al., 2004, 2009, 2010; Jansen 

et al., 2008; Provenzale et al., 2008; Shinnar et al., 2012; Lewis et al., 2014). In contrast 

to the very early decrease (2h post-eFSE) in T2 signal reported in Choy et al., (2014), 

studies at later time points and on lower magnetic field scanners reported increased T2 

relaxation times. For example, the FEBSTAT study, a prospective study of FSE in 

childhood found that both in an initial MRI scan (within a week of FSE) and follow up 

scans in the months and years following revealed hyperintensity (increased T2 signal) and 

volumetric changes in the hippocampus (Shinnar et al., 2012; Lewis et al., 2014). This 

increased T2 relaxation time is consistent with our MRI finding in rats at a month following 

eFSE (Dubé et al., 2010). 

This work was undertaken to advance the translatability of the early, predictive MRI signal 

to the clinic. Specifically, our goals were to: 1) increase the sensitivity and specificity of 

the prediction of epileptogenesis; 2) increase the time window for imaging evaluation, to 

allow clinically-relevant interval between the FSE and imaging, and 3) demonstrate that 

the changes that were observed at 11.7T high-field magnetic field scanner can be 

translated to the clinically available low-field scanners (i.e. 3.0T).  

Methods: 

All experimental procedures were approved by University of California, Irvine and Loma 

Linda University Institutional Animal Care and Use Committees and conformed to 
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National Institutes of Health guidelines. Sprague Dawley rats were maintained in quiet 

facilities under controlled temperatures and light-dark cycles. Cages were monitored 

every 12h and the date of birth was considered postnatal day 0 (P0). On P2, litters were 

culled to 10-11 pups, to encourage consistent development.  

Induction of eFSE: Experimental FSE was induced as previously described (Chen et al., 

1999; Koyama et al., 2012; Choy et al., 2014; Patterson et al., 2015). Briefly, on P10-11, 

pups were placed in pairs in a 3.0L glass container lined with absorbent paper. Pups were 

subjected to a continuous stream of warm air until behavioral seizures began (3-5 

minutes), characterized by sudden loss of motion (freezing), oral automatisms, and 

forelimb clonus. Hyperthermia (39.0-41.5ºC) was maintained for 40min (Cohort 1) or 

60min (other cohorts). Core temperatures were measured at baseline, seizure onset, and 

every 2min during hyperthermia. Following eFSE, rats were cooled by placing under 

running water and allowed to recover for 15 minutes before returning to their home cage. 

The cohorts of rats studied were:  

• Cohort 1: Male only control (n=14) and eFSE rats (n=19) were serially scanned at 

2, 18, and 48h at 11.7T, and underwent continuous EEG studies for up to 10 

months. Whereas some data from this cohort were reported (Choy et al., 2014), 

the analyses presented are previously unreported (Figure 1). 

• Cohort 2: Imaged in vivo at 11.7T 2 and 6h after eFSE (8 controls, 10 eFSE). Both 

males and females were used and randomly assigned to both groups (Figure 2). 
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• Cohort 3: Imaged in vivo at 3.0T 4 and 48h after eFSE (7 controls, 9 eFSE). Both 

males and females were used and randomly assigned to both groups (Figure 3). 

• Cohort 4: Imaged in vivo at 11.7T 2, 48, and 96h (10 controls, 11 eFSE).  Both 

males and females were used and randomly assigned to both groups (Figure 4) 

• Cohort 5: Imaged ex vivo at 9.4T during early adulthood (3.5m±0.8m; 9 controls, 4 

eFSE). Both males and females were used and randomly assigned to both groups 

(Figures 5, 6) 

In vivo MRI Procedure: For all MRI studies, rats were lightly anesthetized using 1.5% 

isoflurane in 100% O2 to minimize motion, and body temperature was maintained at 

~37ºC with a heated water cushion. 

11.7T in vivo MRI: A single Bruker Avance 11.7T (Bruker Biospin, Billerica, MA) MR 

scanner (Research Imaging Center, LLU) was used for all 11.7T T2 studies for cohorts 1, 

2, and 4. T2-weighted images were acquired using a 2D multi-echo-spin-echo sequence 

with a Bruker Biospin circular RF coil and the following parameters: Field of View (FOV): 

2.3x2.3 cm, Slice Thickness: 0.75 mm, TR: 4697ms; TE: 10.21–100.1ms; inter-TE: 

10.21ms, matrix size: 192x192, and number of averages (NA): 2. 

3.0T in vivo MRI: Cohort 3 rats underwent 3.0T T2 imaging on a single Phillips Achieva 

3.0T MR scanner (Neuroscience Imaging Center, UCI). T2-weighted images were 

acquired using a clinical wrist coil a 2D multi-echo-spin-echo sequence with the following 

parameters: FOV: 2.3x2.3cm; matrix size: 152x153; slice thickness: 1.0 m; slice interval: 

0.1mm; TR: 2000 ms; TE 17.20 – 51.6 ms; inter-TE = 17.20 ms; NA:  2.  
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In vivo MRI Analysis: Absolute T2 relaxation times (ms) were calculated by log transform 

followed by linear least-squares fit on a pixel-by-pixel basis and T2 maps were generated 

using in-house software (MATLAB, Mathworks).  

For all in vivo studies, regions were delineated manually without knowledge of treatment 

group using ImageJ software (versions 1.25-2.0.0). The regions of interest (ROIs) were 

drawn with a pseudo colored look up table (16 colors) to highlight borders between 

adjoining regions. The whole brain ROI was the entire brain on two consecutive slices, 

with the anterior slice aligning with the anterior BLA. MRI signal changes are often 

unilateral and always asymmetrical in children after FSE (Scott et al., 2003; Shinnar et 

al., 2012), which is consistent with our previous findings (Dubé et al., 2004; Choy et al., 

2014). Thus, we performed separate measurements and analysis of each side for all 

bilateral structures. Based on the results of the Choy et al, (2014) studies, we a priori 

chose to analyze data only the side with the lower T2. However, to ensure that there are 

no differences across time points we present bilateral data in Figure 2. For Cohort 1, the 

following ROIs were manually drawn: dorsal hippocampus, ventral hippocampus, 

entorhinal cortex, piriform cortex, cerebellum, medial amygdala, basolateral amygdala, 

medial thalamus, and corpus callosum. For the remaining in vivo cohorts, only BLA, 

medial amygdala, and dorsal medial thalamus were delineated. 

Ex Vivo 9.4T MRI Acquisition and Analysis: Cohort 5 rats (~3 months old) were 

anesthetized with a lethal dose of pentobarbital, perfused with 4% PFA, and brains were 

removed and post-fixed for 24h in PFA. Post-fixed brains submerged in Fluorinert FC-
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770 (Sigma-Aldrich) and T2-weighted images (T2WI) were acquired on a 9.4T Bruker 

Biospin MRI scanner (Billerica, MA, Paravision 5.1) (Experimental Imaging Center, Univ. 

of Calgary). The 10-echo T2WI images had the following parameters: 50 0.5mm slices, 

1.92cm2 FOV, 256x256 matrix, TR: 6500ms, TE: 10ms, NA: 4 resulting in a total scan 

time of 15 min. Quantitative T2 maps were processed on JIM software (Xinapse Systems 

Ltd; West Bergholt, Essex; United Kingdom). The Waxholm MRI atlas (Papp et al., 2014) 

was registered to each individual’s structural image and the Waxholm label atlas 

(separated by hemisphere in JIM) was transformed to this resulting image using 

Advanced Normalization Tools (ANTs) (Avants et al., 2011). Native-space T2 values were 

extracted using the transformed Waxholm labels, and, consistent with acute measures, 

only the unilateral lower T2 values are presented. To create mean images (Figure 5A), 

the T2 maps were registered to a representative control rat’s space using FMRIB Software 

Library’s (FSL) linear registration tool, FLIRT, and averaged by group. 

EEG electrode implantation & long-term video-EEG recordings and analysis: At ~P40, 

cohort 1 rats had bipolar electrodes (PlasticsOne) implanted bilaterally in the 

hippocampus (AP:3.3; L:2.3; V: -2.8 mm to bregma), a cortical electrode was placed over 

the parietal cortex (AP:2; L: -2 mm), and a ground electrode over the cerebellum. EEG 

recordings were synchronized to video and conducted in freely moving rats beginning 5d 

after electrode implantation for up to 10 months, progressively increasing monitoring time 

to optimize seizure detection. Recordings increased from 112h in the first month (15.6% 

of the time) to 206h in the final month (3-5d segments; 28.6% of the month). Over 37,000h 
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of video EEG were acquired including 595±57h per control rat and 1319±38h per eFSE 

rat. 

EEGs scanned visually for seizures by two experienced investigators who were blinded 

to group identity and then reanalyzed using a seizure-detection software (LabChart 

version 7.3; ADInstruments) and concurrent video recordings were analyzed for 

behavioral manifestations of seizures. These included sudden cessation of activity, facial 

automatisms, head bobbing, prolonged immobility with staring, alternating or bilateral 

clonus, rearing and falling (Racine, 1972). Only events with both EEG and behavioral 

changes that lasted >20s were classified as seizures, and rats with at least one seizure 

were categorized as epileptic. The analysis and results defining the groups are presented 

in detail in Choy, et al. (2014).  

Statistics: Statistics and graphs were completed on GraphPad Prism (Version 7.0). Data 

are presented as box and whisker plots, with bars representing the minimum and 

maximum, with significance set at p<0.05. Outliers were excluded prior to analysis using 

the ROUT Test (Q = 1%) (Motulsky et al., 2006). To determine whether MRI performed 

better than chance at predicting epilepsy after eFSE, regional MRI data from eFSE rats 

underwent receiver operating characteristic (ROC) analysis. Paired T-Test was used to 

determine significant change in the whole brain T2 relaxation time over 48h, as well as 

between 2-6 hours for all regions of interest, as well as measure group effects of the adult 

T2 images. MRI T2 relaxation differences in individual regions were compared using One-
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way repeated measures ANOVA with Bonferroni correction. To compare the group effects 

across time, two-way ANOVA was used with Šidák Multiple Comparison test. 

Results: 

Dynamic changes over 48 hours in 11.7T T2 relaxation times are a robust predictor 

of epileptogenesis 

In Cohort 1, 6/19 rats developed spontaneous seizures months after eFSE (31.6%) (Choy 

et al., 2014). As reported previously, T2 signal 2h after eFSE in the BLA and other limbic 

regions were good predictors of subsequent epileptogenesis. However, the prediction 

was incomplete, with the BLA predicting epilepsy at 83.3% sensitivity and 76.9% 

specificity (Figure 6.1C, inset).  

We extended these early studies by analyzing the longitudinal change in MRI signals 2 

and 48h after eFSE by computing the difference in T2 relaxation times for each region of 

interest (Figure 6.1A). Consistent with normal myelination and maturation (Ferrie et al., 

1999; Matsumae et al., 2001), we found a reduction in T2 relaxation time in the whole 

brain of both control rats as well as in the eFSE rats that did not develop epilepsy (eFSE-

NoEpi) (Paired T-Test: controls; t=7.94, df=12, p<0.001; eFSE-NoEpi: t=5.54, df=11, 

p<0.001). Surprisingly, the T2 relaxation decrease was blunted across the whole brain of 

the eFSE rats that developed epilepsy later in life (eFSE-Epi) (Paired T-Test, t=2.02, df=5, 

p=0.10) (Figure 6.1B). These findings suggest that a disruption in the developmental 

reduction of T2 relaxation times throughout the brain may be predictive of epileptogenesis.  
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In our prior work, the BLA was the strongest predictor of epileptogenesis (Choy et al., 

2014). Here, we found that the longitudinal difference in T2 relaxation times from 2 to 48h 

following eFSE was a better predictor of epilepsy than the BLA at 2h alone. The trajectory 

of T2 values in the BLA of eFSE-Epi rats increased over the 48h following eFSE, whereas 

T2 relaxation times for both the controls and eFSE-NoEpi rats decreased (One-way 

ANOVA, eFSE-Epi vs. controls p<0.001; eFSE-Epi vs. eFSE-NoEpi, p<0.001) (Figure 

6.1D).  

Examining the potential value of other limbic structures, we discovered that the T2 

difference in medial amygdala (MeA) was an even a better predictor of epilepsy than BLA 

(Figure 6.1E). In MeA, like the BLA, the difference in T2 relaxation times (48h - 2h) 

increased over time in eFSE-Epi compared to either controls or eFSE-NoEpi rats (One-

way AVOVA, eFSE-Epi vs. controls, p<0.001; eFSE-Epi vs. eFSE-NoEpi, p=0.001). The 

dynamic changes of the dorsal medial thalamus (DMThal) also identifies differences 

following eFSE (Figure 1F, Ctrl vs eFSE-NoEpi p<0.001; Ctrl vs. eFSE-NoEpi p<0.001; 

eFSE-NoEpi vs. eFSE-Epi p=0.02). 

The findings were selective, as these predictive changes were not observed in other 

limbic regions such as entorhinal cortex (Figure 6.1G; Ctrl vs eFSE-NoEpi p>0.99; Ctrl 

vs. eFSE-NoEpi p=0.07; eFSE-NoEpi vs. eFSE-Epi p=0.11). The predictive power of the 

T2 trajectory persisted even when the T2 values were normalized to the whole brain T2 

values, establishing that the results were not solely due to whole brain reductions. 
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The predictive efficacy of the T2 difference in the BLA, MeA and DMThal as markers of 

epileptogenesis was confirmed by use of an independent unbiased measure, the receiver 

operating characteristic (ROC) curve analysis (Figure 6.1C; Area under the curve [AUC]:  

BLA 0.99±0.02, p<0.001; MeA 1.00±0.00, p<0.001, DMThal 0.87±0.09, p=0.01).  
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Figure 6.1: The trajectory in T2 differences (48h – 2h) following eFSE is a better predictor of 
epileptogenesis than single early time point alone. A) Representative pseudocolored 11.7 T2 maps of 
a control rat, an eFSE rat that did not develop epilepsy, and an eFSE rat that went on to develop epilepsy.  
B) Whole brain T2 values in individual animals of the three groups decreased significantly in control and 
eFSE-NoEpi, but not in eFSE-Epi animals, Control, eFSE-NoEpi, and eFSE-Epi (t=7.94, df=12, p<0.0001; 
eFSE-NoEpi t=5.54, df=11, p<0.001; eFSE-Epi t=2.022, df=5, p=0.10) C) ROC curve of the predictive value 
of the delta T2 between 2 and 48h of the BLA, MeA, and DMThal  (BLA: AUC 0.99 ± 0.020, p=0.001; MeA: 
AUC 1.00 ± 0, p=0.001; DMThal: AUC 0.83 ± 0.098, p<0.05) (inset: original ROC of 2h time point alone in 
inset, as published in Choy, et al., [2014]; BLA: AUC 0.91 ± 0.08, p= 0.005; MeA: AUC 0.82 ± 0.10, p<0.05; 
DMThal: AUC = 0.87 ±0.092; p=0.011). The BLA, MeA, and DMThal are able to differentiate between the 
eFSE-NoEpi and eFSE-Epi groups (D, E, F), while the entorhinal cortex does not (G). One-way ANOVA; 
Bonferroni Multiple Comparison Test (BLA Ctrl vs eFSE-NoEpi p=0.89; Ctrl vs. eFSE-NoEpi p<0.0001; 
eFSE-NoEpi vs. eFSE-Epi p<0.001) (MeA: Ctrl vs eFSE-NoEpi p>0.99; Ctrl vs. eFSE-NoEpi p<0.001; 
eFSE-NoEpi vs. eFSE-Epi p=0.001) (DMThal: Ctrl vs eFSE-NoEpi p<0.001; Ctrl vs. eFSE-NoEpi p<0.0001; 
eFSE-NoEpi vs. eFSE-Epi p<0.05) (Entorhinal Cortex: Ctrl vs eFSE-NoEpi p>0.99; Ctrl vs. eFSE-NoEpi 
p=0.07; eFSE-NoEpi vs. eFSE-Epi p=0.11) *p<0.05, **p<0.01, ***p<0.001  
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Longevity of MRI changes of T2 relaxation times after experimental FSE 

A challenge to the clinical translation of our original findings in Choy, et al., (2014) was 

the potential need to image children sustaining FSE within 2-4 hours after the initial insult. 

Therefore, we imaged a cohort of rats at both 2 and 6h after eFSE (Figure 6.2A). There 

was a strong correlation within each rat and no effect of time between 2 and 6h at a group 

level for T2 values in the BLA, MeA, and DMThal (Figure 6.2C-H; Paired T-Test: BLA; 

p=0.45, t=0.78 df=17, correlation r=0.72, p<0.001; MeA: p=0.11, t=1.691, df=19, 

correlation r=0.81, p<0.001; DMThal: T-Test p=0.99, t=1.36, df=15, correlation r=0.89, 

p<0.001). These data demonstrate the stability of the epilepsy-predicting signal between 

2h and 6h and indicate that imaging children at 6h after FSE could enable prediction of 

epilepsy.  
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Figure 6.2: MRI T2 values do not change significantly between 2 and 6 hours. A) Representative T2 
maps of a rat at 2h and 6h after eFSE. The majority of rats remain in the same predictive group compared 
to controls at 2 and 6h after eFSE (C-E; Paired T-Test: BLA; p=0.45, t=0.78 df=17, correlation r=0.72, 
p<0.001; MeA: p=0.11, t=1.691, df=19, correlation r=0.81, p<0.0001; DMThal: p=0.19, t=1.36, df=15, 
correlation r=0.89, p<0.0001). F, G, H reveal the strong correlations between 2 and 6h time points for the 
BLA, MeA and DMThal 
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Detection of T2 changes after eFSE is feasible in a clinically relevant low-field 

scanner  

We imaged rat pups at 4 and 48h after eFSE on a 3.0T human scanner, the current 

standard for clinical MRIs (Figure 6.3A). The whole brain T2 trajectories recapitulated 

those observed from a high-field scanner (11.7T): controls had a significant and 

consistent reduction across the two days (Figure 6.3B; Paired T-Test: Ctrl: p<0.0001, 

t=17.23, df=5). The eFSE group also had a significant decrease, but with increased 

variance (p<0.001, t=6.177, df=8). When analyzing whole brain T2 changes (48h - 4h), 

two distinct eFSE groups became apparent, which we termed eFSE-vulnerable and 

eFSE-resilient (Figure 6.3B). The eFSE-resilient rats fell within 2SD of the controls, 

demonstrating the expected reduction of T2 relaxation time similar to the controls (One-

way ANOVA: p>0.99). The eFSE-vulnerable rats were characterized by a minimal 

reduction of T2 and was significantly different from both controls and eFSE-resilient 

groups (One-way ANOVA, eFSE-Vulnerable vs. eFSE-Resilient: p<0.01; eFSE-

Vulnerable vs. Control p<0.001). There was no significant difference between either the 

T2 relaxation times (Figure 6.3D, F) or the change over time (Figure 6.3E, G) in the BLA 

or MeA, likely a result of their small volume and the lower resolution inherent in imaging 

at 3T.  
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Figure 6.3: Immature rat MRI 4 and 48h after eFSE in a human 3.0T scanner is able to differentiate 
groups of eFSE rats at a whole brain level but not in individual regions.  A) Representative 3.0T T2 
maps at 4 and 48h after eFSE. B) Whole brain 3.0T T2 values revealed consistent reductions in all control 
rats between 4 and 48h, but eFSE rats exhibit increased variability in their trajectories. (Paired T-test: Ctrl: 
p<0.001, t=17.23, df=5; eFSE p=0.003, t=6.177, df=8) C) Delta T2 (48h-4h) did not differentiate between 
the eFSE and control groups, but two clear groups within the eFSE emerge (T-Test, Ctrl vs. eFSE: p=0.12). 
By separating the eFSE animals into those with a similar trajectory as controls, and those with a smaller T2 
decrease, the two groups were statistically different from each other and eFSE-Resilient was different from 
controls (dividing line at control + 2SD; ∆≥19.5) (one-way ANOVA, eFSE-Vulnerable vs. eFSE-Resilient: 
p<0.01; eFSE-Vulnerable vs. Control p<0.001; eFSE-Resilient vs. Control p>0.99)D-G: In vivo imaging of 
immature rats in a human 3T scanner did not reveal regional differences between groups.  **p<0.01, 
***p<0.001 
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MRI T2 trajectory from days to months after eFSE 

To extend our understanding of the acute and chronic effects of eFSE on T2 relaxation 

time trajectories, we imaged eFSE rats at additional acute time points and in adulthood. 

Delineating acute trajectories, (4, 48, and 96h after eFSE, Figure 6.4A) we found differing 

developmental patterns for control and eFSE rats across the whole brain and within 

specific limbic regions. Control rats had consistent reductions in individual T2 whole brain 

trajectories across 96h, whereas the eFSE group were more variable (Figure 6.4B). At a 

group level, there was a significant interaction for the whole brain between the effect of 

eFSE and imaging time-point (Two-way ANOVA, Significant interaction, F(2,36) = 3.84, 

p<0.05), specifically at 96h (Šidák Multiple Comparison test, p<0.01).  Developmental 

patterns of T2 relaxation times within the BLA and MeA resembled those of whole brain. 

Notably, patterns within DMThal differed from those of amygdala nuclei: the age-

dependent reduction of T2 in controls appeared delayed, commencing mainly after 48h, 

and the eFSE-induced inflection of the developmental trajectory, found in BLA, MeA and 

whole brain, was not observed.  (Figures 6.4D-F, BLA: Significant interaction F(2,36) = 5.05, 

p<0.05, 96h Šidák p<0.001; MeA: Significant interaction F(2,36) = 5.40, p<0.01, 96h Šidák 

p<0.001; DMThal, no interaction, significant effect of time F(2,36) = 22.5, p<0.001).   

The large variance within the eFSE group, especially in T2 for BLA and MeA at 48h 

following eFSE, prompted us to examine if the eFSE group was comprised of eFSE-

resilient and vulnerable subsets. We separated the rats that were within 2SD of controls 

at 48h following eFSE (eFSE-resilient; BLA/MeA, n=6) from those outside of that range 
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(eFSE-vulnerable, BLA/MeA, n=4). For both BLA and MeA, this stratification resulted two 

distinctive trajectories over the 48h between the eFSE-vulnerable and eFSE-resilient 

groups which converged at 96h (Figure 6.4D’, 6.4E’). For both the BLA and MeA, 

interaction was significant between time and treatment (two-way ANOVA, Šidák 

significant interaction, BLA: F(4,34) = 5.46, p<0.01; 48h Ctrl vs. eFSE-vulnerable p<0.01, 

eFSE-vulnerable vs. eFSE-resilient p <0.001; 96h Ctrl vs. eFSE-vulnerable p<0.01, Ctrl 

vs. eFSE-resilient p<0.05;  MeA: F(4,34) = 6.60, p<0.001; 48h Ctrl vs. eFSE-vulnerable 

p<0.01, eFSE-vulnerable vs. eFSE-resilient p <0.01; 96h Ctrl vs. eFSE-vulnerable 

p<0.05, Ctrl vs. eFSE-resilient p<0.001). Whereas the basis for these apparent subgroups 

is unclear, it may suggest that the eFSE-vulnerable group demonstrated an immediate 

(0-48h) delay in the developmental trajectory of T2 relaxation, whereas a disruption of this 

T2 developmental trajectory emerged later in the “resilient” group.  

The long-term trajectory of eFSE-induced changes in T2 was examined in adults on a 

9.4T scanner (age = 3.5m±0.8m). We found a brain-wide T2 increase in adult eFSE rats 

compared to controls, as apparent from the group averaged T2 maps (Figure 6.5A). When 

whole brain regions were parsed, significant differences were found between groups 

(Figure 6.5B, Paired T-Test of means, p<0.001, t=9.324, df=64). T2 increases were 

observed in eFSE rats in the limbic regions that predicted epileptogenesis (Figure 6.6A-

E), particularly the BLA (T-Test, p<0.05, t=2.63, df=11). Interestingly, similar findings were 

noted for the CA1 and CA3 of the hippocampus, regions which had not shown acute 

changes (CA1: p<0.05, t=2.80, df=11, CA3; p<0.05, t=2.25, df=11). In contrast, T2 
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relaxation times in the MeA, medial dorsal thalamic nuclei, and dentate gyrus were not 

significantly different between eFSE and control groups. A group comparison of the 

aggregate BLA, MeA, hippocampal regions, and MeDLThal between eFSE and control 

rats did provide a robust measure of the consequences of eFSE (Figure 6.6F, Paired T-

Test, p<0.001, t=10.67, df=5). 
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Figure 6.4: The 48h 11.7T MRI trajectories persist through 96h.  A) Representative 11.7T T2 maps for 
controls and 48h and 96h after eFSE. B, C) Individual 11.7T whole brain T2 values of eFSE and control rats 
revealed a decreased rate of change at 96h following eFSE. D, E, F) There was a significant difference in 
the trajectories from baseline for the basolateral amygdala (BLA) and medial amygdala (MeA) between 
control rats and rats that underwent eFSE, but no differences in the dorsal medial thalamus (DMThal). D’, 
E’) For the BLA and MeA, separating the eFSE rats into two groups those that followed a similar trajectory 
as control rats from 4-48h (eFSE-Resilient; n=6), and those with a small or no decrease (eFSE-Vulnerable; 
∆48h-4h > control + 2SD; n=4), revealed two distinct trajectories (BLA: two-way ANOVA, Šidák Multiple 
Comparison test: significant interaction, F(4,34) = 5.46, p<0.01; 48h Ctrl vs. eFSE-Vulnerable p<0.01, eFSE-
Vulnerable vs. eFSE-Resilient p <0.001; 96h Ctrl vs. eFSE-Vulnerable p<0.01, Ctrl vs. eFSE-Resilient 
p<0.05) (MeA: two-way ANOVA, Šidák Multiple Comparison test: significant interaction, F(4,34) = 6.60, 
p<0.001; 48h Ctrl vs. eFSE-Vulnerable p<0.01, eFSE-Vulnerable vs. eFSE-Resilient p <0.01; 96h Ctrl vs. 
eFSE-Vulnerable p<0.05, Ctrl vs. eFSE-Resilient p<0.001). *p<0.05, **p<0.01, ***p<0.001  
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Figure 6.5: MRI of adult rats (ex vivo) that underwent eFSE revealed increased T2 throughout the 
whole brain.  A) Group averaged images of control and eFSE rats revealed increased T2 values (ms) 
throughout the brain. B) Heat map of brain regions compartmentalized by region type (white matter, cortex, 
limbic associated regions, other), revealing increased in T2 relaxation times in FSE animals (n=4) relative 
to controls (n=9), particularly in limbic and cortical regions. A significant difference between the eFSE and 
control groups was observed when comparing all brain regions (Paired T-Test of mean values, p<0.0001, 
t=9.324, df=64). ****p<0.0001  
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Figure 6.6: Limbic regions revealed increased T2 in adult animals that underwent eFSE in early life.  
There is a significant T2 increase in the BLA, CA1, and CA3, with an increase trend across all limbic regions 
as shown in the heatmap (F). (Individual T-Test; BLA: p<0.05, t ratio = 2.63, df = 11; MeA: p=0.13, t ratio = 
1.64, df = 11; CA1: p<0.05, t ratio = 2.80, df = 11, CA3; p<0.05, t ratio = 2.25, df = 11; Whole Brain: p = 
0.057, t ratio =2.12, df = 11) (Group comparison: paired T-test, p<0.0001, t=11.07, df=6). BLA - Basolateral 
amygdala, MeA - Medial Amygdala, CA1/3 - cornu ammonis of the hippocampus 1/3; MeDLTh – Medial 
Dorsal Thalamic Nuclei. *p <0.05.  ****p<0.0001 
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Discussion:  

Here we provide novel information regarding the trajectories of T2 imaging-related brain 

changes that occur both short- and long-term following eFSE. The principal discoveries 

are: A) acute longitudinal MR imaging trajectories following eFSE enhance prediction of 

epileptogenesis over a single MRI scan; B) MRI changes following eFSE persist for at 

least 6h; C) T2 changes following eFSE can also be measured on clinical MRI scanners; 

and D) Increased T2, emblematic of post-FSE changes in children, can be observed in 

eFSE-experiencing rats months after the insult.  

Progressive changes in T2 following eFSE offer improved prediction of 

epileptogenesis  

Our work previously discovered high-field T2 signal changes as predictive marker of 

epileptogenesis immediately (2h) following a single episode of eFSE (Choy et al., 2014). 

This was a critical first step in the ability to predict epilepsy before the first spontaneous 

seizure occurred. While the prediction was robust, the positive predictive value (PPV) was 

imperfect: one-third of rats that were predicted to become epileptic did not have a 

spontaneous seizure. By analyzing the change in T2 rather than at a single time point, our 

new data demonstrates that the repeated longitudinal T2 changes (48h – 2h) increased 

prediction of epileptogenesis, increasing the PPV t to 100% and 85.7% in the MeA and 

BLA, respectively. Additionally, this work revealed dynamic MRI differences at multiple 

time points (48 and 96h), reflecting the fluid process of epileptogenesis.  
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Reconciliation of early T2 reduction and chronic T2 increases following eFSE 

There has been a significant body of work that has found T2 increases in the brain 

(particularly hippocampus) following FSE in both humans and rodents (Scott et al., 2002; 

Dubé et al., 2004, 2009, 2010; Jansen et al., 2008; Shinnar et al., 2012; Lewis et al., 

2014). Because of this, the results of Choy, et al., (2014) which revealed a decrease in 

T2 after FSE 2h after eFSE and no changes at 48h were unexpected, though there were 

two important differences between it and previous work. First, the imaging was completed 

much earlier after eFSE.  Secondly, the rats were imaged on an 11.7T scanner, which 

has a higher magnetic field and is affected by paramagnetic changes (T2*) which can be 

measured as decreased T2 values (Choy et al., 2014) 

By analyzing the longitudinal change of T2 values between 2 to 96h after eFSE, it became 

clear that a T2 increase in the days after eFSE was potentially masked by typical 

development. This developmental reduction in T2 relaxation times was measured across 

the entire brain and occurs as a result of normal myelination and maturation (Ferrie et al., 

1999; Matsumae et al., 2001). The trajectory is more rapid in infant rats than it is in 

humans, thus the developmental reduction in infants would not play as important a role 

clinically. Whereas the underlying cellular mechanisms that lead to FSE-induced 

increased T2 are not fully understood, they have been postulated to involved edema, 

based on volumetric human studies (Scott et al., 2002; Lewis et al., 2014), or gliosis, as 

our previous work has reported an increased number and activation of astrocytes 

following eFSE (Dubé et al., 2010; Patterson et al., 2015).  
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Importantly, the trajectory between 4, 48 and 96h after eFSE reconciles the early and late 

T2 changes. The current findings demonstrate divergent developmental paths of eFSE 

rats compared with their control littermates. The same regions that have an early T2 

decrease predictive of epileptogenesis demonstrate a later T2 increase in adulthood. 

Interestingly, early imaging of the hippocampus was not predictive of epileptogenesis 

(Choy et al., 2014), but late increases in T2  are robust in both human and rodent images 

(VanLandingham et al., 1998; Jansen et al., 2008; Provenzale et al., 2008; Dubé et al., 

2010; Shinnar et al., 2012). 

Clinical translation of predictive T2 signal changes  

The present study addresses two main hurdles for translating the predictive MRI signal 

to clinic: timeline and scanner strength. The original time-point, 2h after FSE, would be 

difficult to achieve in an emergency department setting, due to access to MRI and time 

required for consent. Our new findings that the early T2 signal decrease remains stable 

for up to 6h makes future clinical imaging of children feasible.  

Additionally, our initial study was performed on research scanners (4.7T-11.7T), which 

have higher magnetic fields and smaller coils than the human scanners (1.5T-3.0T) that 

are typically available. To demonstrate that similar results would be likely found in 

children, we imaged eFSE rat pups on a 3.0T human scanner. Using a clinical human 

wrist coil, we observed measurable differences in the brains of rat pups following eFSE, 
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similar to the findings in the high-field scanner. These differences were measurable at the 

whole brain level, not in specific limbic regions, but this is not too surprising due to 

resolution differences: the voxel volume at 11.7T was 0.011 mm3, but 0.023 mm3 in the 

3.0T. This inherent resolution difference should not play as critical a role when imaging 

children, as the whole brain of P12 rat (which had measurable differences at 3.0T) is ~1 

cm3 in volume, roughly the same volume of an amygdala of a one-year-old infant 

(Uematsu et al., 2012; Calabrese et al., 2013). Thus, it is likely the whole brain differences 

in the rat pup will translate to even stronger measurements when analyzing individual 

brain regions in children, mirroring the results found in rats on the animal scanners.  

Overall, this study clearly demonstrates the value of quantitative T2 MR imaging as a 

marker for the alterations in the brain following eFSE which occur at the onset of 

epileptogenesis. Moving forward, it is important to study the mechanisms underlying the 

MRI signal changes, which will inform how epilepsy develops, how we can prevent it, and 

translate these findings to the clinic.   
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CHAPTER 7: ENDURING EFFECTS OF FEBRILE STATUS 
EPILEPTICUS ON THE MEMORY FUNCTIONS AND THEIR 
UNDERLYING MOLECULAR AND CIRCUIT MECHANISMS 

 

Introduction 

Epilepsy, the third most common chronic brain disorder, is defined by spontaneous 

seizures, and these have been the central focus of research to date. Yet, epilepsy, 

especially temporal lobe epilepsy (TLE) a common type involving the hippocampal-limbic 

circuit, often involves cognitive deficits including memory and decision-making problems, 

which contribute to poor quality of life (Elger et al, 2004; Berg, 2011, Hermann et al., 

1997; Helmstaedter, et al., 2003). The underlying mechanisms remain unclear (Mueller 

et al., 2012). 

Many individuals with TLE have a history of long childhood febrile seizures (FS). While 

FS are generally common and benign, FS longer than 30 minutes, febrile status 

epilepticus (FSE) may cause hyperexcitability and epilepsy after an extended “silent 

period” (French et al., 1993; Berg and Shinnar, 1996; Dubé et al., 2007). A rodent model 

of experimental (e)FSE has been characterized and employed extensively to elucidate 

the mechanisms promoting epileptogenesis after eFSE (Baram et al., 1997; Dubé et al, 

2010). eFSE also provokes enduring memory deficits (Dubé et al., 2009; Barry et al., 

2015, 2016a), as observed in some children after FSE (Martinos et al., 2013). 
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Cognitive deficits can arise after an epilepsy-inducing insult before spontaneous seizures 

or independently from them (Elger et al., 2004; Hoppe et al., 2007; Bender et al., 2012). 

This suggests that epilepsy and memory problems following FSE may arise in the same 

limbic/hippocampal networks via independent or partially overlapping processes. 

We have recently identified some of the mechanisms underlying functional changes in 

hippocampal networks that promote epilepsy after eFSE (Brewster et al., 2002; Dubé et 

al., 2007, 2010; McClelland et al., 2011, 2014; Patterson et al., 2015). Specifically, we 

uncovered coordinated transcriptionally-regulated changes in expression of multiple 

genes that govern neuronal behavior. These changes, including repression of the ion 

channel HCN1 (Brewster et al., 2002; Dubé et al., 2007; McClelland et al., 2011), were 

common to several insults provoking TLE in several laboratories (Brewster et al., 2002; 

Jung et al., 2007, 2011; Huang et al., 2009; McClelland et al., 2011). Importantly, this 

large-scale, proepileptogenic transcriptional program involved the transcription factor 

Neuron Restrictive Silencing Factor (NRSF) (Huang et al., 2009; McClelland et al., 2014; 

Brennan et al., 2016). NRSF is canonically expressed in non-neuronal tissues where it 

suppresses neuron-specific genes (Schoenherr and Anderson, 1995; Chen et al., 1998; 

Ballas and Mandel, 2005; Mandel et al., 2011). More recently, NRSF expression in mature 

neurons has been described where the factor may be crucial for normal function (Ballas 

and Mandel, 2005; Gao et al., 2011). Indeed, aberrant NRSF function might contribute to 

Huntington disease (Conforti et al., 2013) and aging/dementias (Lu et al., 2014). In 

hippocampus, epilepsy-inducing insults increase NRSF levels and activity in neurons 



156 

 

(Palm et al., 1998; Roopra et al., 2001; Garriga-Canut et al., 2006; McClelland et al., 

2011, 2014; Rodenas-Ruano et al., 2012; Brennan et al., 2016), likely via activation of 

sirtuins and repression of microRNA124 (Brennan et al., 2016). Blocking NRSF 

chromatin-binding after SE attenuated the ensuing epilepsy (McClelland et al., 2011), 

highlighting the importance of NRSF in the underlying hippocampal network 

transformation.  

NRSF also contributes to regulating gene expression programs during neuronal 

maturation (Schoenerr and Anderson, 1995; Chen et al., 1998; Gao et al., 2011). During 

the developmental stage of FSE (infancy / childhood in human, P10-11 in rat), 

hippocampal dentate gyrus granule cells (GCs), are still differentiating and would be 

particularly susceptible to aberrantly increased NRSF levels. Indeed, abnormal 

maturation of GCs following SE contributes to formation of aberrant hippocampal 

networks (Thind, 2008; Murphy et al., 2012; Goldberg and Coulter, 2015). The complex 

roles of NRSF in immature and mature neurons render it a promising candidate for 

mediating structural and functional hippocampal defects following eFSE, promoting 

cognitive impairments. We tested this hypothesis by transiently blocking NRSF function 

after eFSE, then testing for memory. We examined hippocampal oscillations underlying 

memory processes and assessed structural integrity of the hippocampal network 

including the effects of eFSE and NRSF blockade.  
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Methods 

All experiments were conducted with approval of the institutional animal care committee 

(IACUC) and conformed to NIH guidelines. Experimental design, performance and 

analysis aimed to adopt guidelines for rigor and reproducibility in science. Group sizes 

were determined a priori, and animals were randomly assigned to experimental groups. 

All analyses were performed without knowledge of treatment group. 

Induction of eFSE 

eFSE has been described (Baram et al., 1997; Dubé et al., 2010; Patterson et al., 2015). 

P10-11 male rats (20-25gm) were used. Potential hyperthermia-related injury was 

prevented by adhering the tail to a thin piece of wood using a gauze and glue, and 

applying a generous amount of a glycerin-based hydrating ointment to the tail. The gauze 

was then wrapped 3x around the tail and the bandage was taped. Ears and paws were 

coated with the glycerin-based hydrating ointment. Rats were placed in pairs inside a 3-

liter flask and subjected to a continuous stream of warm air. The beginning of the seizure 

was determined by the onset of freezing followed by chewing automatisms. Once 

seizures began, core temperatures were assessed, and repeated every 2 minutes to 

ensure body temperature of 39.5-41°C during eFSE. Hyperthermia was maintained for 

60 min. At the end of eFSE, animals were briefly immersed in room temperature water 

and returned to home cages. There was no mortality.  
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ICV infusions of oligodeoxynucleotides 

An intact NRSE or a scrambled (SCR) NRSE sequence oligodeoxynucleotide (ODN) was 

infused ICV 3 hours after the end of eFSE (Sigma Aldrich). Four experimental groups 

were employed in these experiments. The first was a non-eFSE control animal that 

received a scrambled sequence of NRSE (CTL-SCR). The second was a non-eFSE 

control who received the NRSE sequenced ODN (CTL-NRSE). Third, were eFSE animals 

infused with scrambled ODN (eFSE-SCR). Finally, there was a group of eFSE animals 

infused with NRSE ODNs (eFSE-NRSE). These groups will be identified by their 

respective acronyms. A sharp-tipped cannula was created using a 30 gauge hypodermic 

needle with the depth delineated for the ventricles of a P10 rat pup (3mm) by a small 

amount of solder. The cannula was attached to microtubing and the tubing was attached 

to a 10µL Hamilton syringe. The syringe cannula was then loaded with either NRSE or 

SCR ODNs and placed into a syringe pump (KD Scientific). ICV infusions were done free-

hand by using bregma demarcations, which are visible through the skin in a P10 rat pup. 

The needle was inserted through the skin and skull and into the brain up until the stopper 

was reached. 2.5 nmol of either NRSE or SCR ODN were infused bilaterally into the 

ventricles at a rate of 0.5 µL/minute and a volume of 2.5 µL/hemispheres. ICV infusions 

were repeated exactly as described again 24 hours after eFSE to ensure complete 

abatement of NRSF during noted times of augmentation after seizures.  
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Surgery 

At age 3-5 months, rats underwent implantation of a bilateral array of recording 

electrodes. The rats were anesthetized with inhaled isoflurane and placed in a stereotaxic 

frame. The skull was exposed and four screws inserted, two anterior to the left and right 

ends of bregma and two left and right over the cerebellum. Grounding was achieved via 

the right cerebellar screw. Rats were chronically implanted with a custom implant that 

allowed for LFP (Local Field Potential) recordings from a 2 x 8 array of 50 µm stainless 

steel electrodes (California Fine Wire, CA) divided between the left and right 

hippocampus (- 3.8 AP, ± 3.8 ML). The electrode tips ranged from 2.5–3.5 mm in length 

from the skull surface. All implants were fixed to the skull via the skull screws (FHC Inc) 

and Grip Cement (Dentsply Inc.). The wound was sutured and topical antibiotic applied. 

The interval between surgery and the beginning of electrophysiological recording was 1 

week. 

Active avoidance  

Animals underwent testing in the active place avoidance task (Biosignal; Brooklyn, New 

York). In this task, animals learn to associate an unmarked region of space with a mild 

shock on a constantly rotating arena. The rats must attend to their ever-changing position 

in the room frame lest they be rotated into a pre-determined shock zone where they 

receive a mildly painful electrical shock. 
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Rats were lightly anesthetized and implanted with a stainless steel swivel in the skin 

between the shoulders. This allowed attachment of a cable with an LED at the end that 

allows for automated tracking and also the delivery of shock. Experimenters were blind 

as to which animals were control and FSE. 

The arena consists of a steel disc 82 cm in diameter and is lighted from both above and 

below. The arena is centered in a room where it is approximately 50 cm from black 

curtains on the S and E sides and 50 cm from white walls on the N and W sides. The N 

and W walls have an 11 cm gray power-strip that forms a continuous line 50 cm above 

the floor of the arena. Two rectangular spatial cues (30 cm high x 43 cm wide) depicting 

a red star (centered at W position) and a black circle (centered at N position), both on a 

white background, were placed 18 cm above the arena floor. An additional rectangular 

polarizing cue (53 cm high x 84 cm wide) made of white paper (Color-Aid 2.5 grey) with 

five 2.5 cm wide diagonal black stripes (Color-Aid 9.5 gray) was centered at the N 

position, 5 cm above the gray power strip.  

On day one of training, the animal was connected to the shock cable and introduced to 

the rotating arena for a 10 min habituation without shock. On all subsequent sessions on 

training days 1 and 2, rats received a 0.4 mA shock in an unmarked 876 cm wedge-

shaped sector covering a 60° arc in the NE sector of the arena. The shock zone was 

stable in the room frame while the arena rotated. The entrance latency of the shock was 

1ms, the shock duration was 0.5 sec and the inter-shock latency was 2 sec. Mixed groups 

of eFSE and control rats were trained in 8 ten-minute sessions per day for two days (16 
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sessions). Performance measures were recorded and analyzed using custom software 

(Biosignal; Brooklyn, New York). 

Electrophysiology and recording protocols 

Rats were tethered to a recording cable while exploring the stable arena or during the 

active avoidance task. EEG signals were pre-amplified X 1 at the headstage and 

channeled through the tether cable to the signal amplifiers and computer interface. LFPs 

were sampled at 30 KHz and filtered at 1-9000 Hz (Neuralynx, Montana). All signals were 

referenced against a tetrode wire above the cerebellum. The rat’s location in the arena 

was sampled at 60 Hz (Biosignal, Brooklyn, USA) using a digital camera that detected a 

light emitting diode (LED) placed near the animal’s head. Position and electrophysiology 

timestamps were synchronized offline using custom software. An additional LED fixed to 

the rotating arena, in register with the animal LED, allowed for accurate calculation of 

speed when the arena was moving.  

Recording sessions during exploration of the stable platform were used to assess 

baseline hippocampal EEG properties in the absence of cognitive demand. Two 

consecutive recording sessions were then made during performance of the active 

avoidance task. Rats were connected to the shock tether via a pin on the animal’s neck. 

Two minutes later the arena began to rotate and the recording session in the active 

avoidance context lasted 10 min. The alternation from stable arena exploration to 

avoidance was typically separated by 5-10 min.  
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Signal processing of LFPs  

LFP signals were analyzed using the Matlab Signal Processing Toolbox (Mathworks, Inc.) 

and the Chronux toolbox. Spectrograms (1s window, 1s overlap, tapers, 1-140 Hz; Barry 

et al., 2016b) computed from fast Fourier transforms were performed over time course of 

the recording sessions. Only segments where the animal’s speed was equal or greater to 

5 cm/s were included in the analysis. The mean frequency and power (normalized by the 

sum of the spectrum) of the signal was calculated in theta (5-12 Hz) and slow gamma 

(25-50 Hz) bands. These frequency bands were chosen because of their established 

roles in memory processes (Colgin, 2016; Buzsáki and Wang, 2012). We also analyzed 

the relationship between animal speed and theta frequency in a similar manner to 

previous work (Richard et al., 2013; Barry et al., 2016b). Only one channel from the left 

and right hippocampus was used for analysis. In the case of multiple suitable electrodes, 

the electrode signal with the largest mean theta/delta ratio was selected for analysis. 

Chromatin Immunoprecipitation (ChIP)  

The ChIP procedure was modified from McClelland et al., 2011 and Singh-Taylor et al., 

2016. Briefly, three hours after ODN infusion, pups were rapidly decapitated and their 

hippocampi were removed and stored at -80°C. Hippocampi were thawed, cross-linked 

with methanol-free formaldehyde for 10 min at room temperature in PBS. Neutralization 

of cross-linking was achieved with the addition of glycine. Tissue was added to 

homogenization buffer (50 mM HEPES pH 8.0, 140 mM NaCl,1 mM EDTA, 0.4% Igepel 

CA-630, 0.2% Triton X-100, and a cocktail of protease inhibitors) and centrifugation aided 
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in nuclei collection. Nuclei were sonicated for 30 min using a Diagenode sonicator 

(Denville, NJ) to an average size of 500 bp. After cellular debris was removed, lysate was 

precleared overnight with Protein-A/G (Santa Cruz, Dallas, TX) at 4oC and then incubated 

with 10 µg of either control non-immune serum (IgG) (Cell Signaling, Danvers, MA) or 

anti-NRSF (Santa Cruz, Dallas, TX), overnight at 4oC in buffer containing 20 mM Tris-HCl 

(pH 7.4), 150 mM NaCl, 1 mM EDTA and protease inhibitors. Protein A/G beads 

precleared with salmon sperm DNA (400 µg/ml) were added to lysate for 2 hours. The 

beads were washed several times and then eluted using a buffer containing 2% SDS and 

0.2 M sodium bicarbonate. After reversal of cross-linking at 65oC overnight, the bound 

DNA was purified and eluted using the QiaQuick MinElute PCR purification kit (Qiagen, 

Valencia, CA). Quantitative PCR (qPCR) amplification was done using SYBR Green 

chemistry (Roche) on a Lightcycler 96 (Roche) with primers specific for Hcn1.  

Golgi Impregnation and analyses 

We have previously validated findings generated by Golgi in our hands with results 

obtained from the use of GFP-Expressing mice (e.g., Chen et al., 2016). Rats were deeply 

anesthetized with pentobarbital and transcardiacly perfused with aldehyde fixative 

(sliceGolgi Kit, Bioenno; Tech, 003760). After perfusion, brains were immediately 

removed and drop-fixed in aldehyde for 48h. The sliceGolgi Kit protocol was used to 

impregnate neurons for structural analyses. Brains were sectioned into 200µM coronal 

slices on a vibratome and slices were immersed in impregnation solution for 7d at room 

temperature in the dark. Sections were rinsed with 0.01M PBS-T and transferred into a 
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staining solution for 8 min followed by a 1min 0.01M PBS-T wash. Slices were treated 

with poststaining solution for 4 min followed by 4x5 min PBS washes. Slices were 

mounted onto gelatin coated slides, dried overnight, dehydrated with 100% EtOH and 

xylene and coverslipped with Permount (Fisher).  

Golgi analyses were conducted without knowledge of treatment groups at the same level 

in dorsal hippocampus for all animals and groups. Dentate gyrus granule cells (GCs) were 

selected based on their structure (small soma with fan-like apical processes and few 

basal processes) and their location. GCs were counted in both the upper and lower blades 

of the hilus over ~11,500 µM of dorsal hippocampus per animal. Hilar basal dendrites 

were categorized as a process pointing into the hilus that is ~5 fold thicker than an axon. 

Sholl analysis of dorsal hippocampal CA1 cells were completed on fully impregnated 

cells. Only long-shaft CA1 neurons were selected and 93 neurons (average 10/animal) 

were analyzed. Sholl of DG neurons was completed on 263 neurons with an average of 

65 neurons per group as described elsewhere.  

Hippocampal Organotypic Slice Culture and in vitro ‘seizures’ 

To test the direct effects seizure-like events on the structure of developing GCs, an in 

vitro system was employed. Heterozygous Thy1- YFP male mice were bred to C57/Bl6 

female mice to produce heterozygote litters. These pups all expressed yellow fluorescent 

protein (YFP) driven by the Thy1 promoter, which allowed for easy visualization of GCs 

with fluorescent microscopy. At P7, pups were rapidly decapitated and their brains were 

removed under sterile conditions into ice-cold prep medium ((MEM (Gibco), L-Glutamine 
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(Gibco), HEPES Buffer (Fisher Scientific), Magnesium sulfate (Sigma) and cell culture 

grade water (GE Healthcare). Brains were bisected and horizontal hippocampi slices 200 

µM in thickness were obtained using a McIllwain Tissue Chopper. Dorsal sections of 

hippocampi were isolated from the rest of the slice and placed four at a time on a 0.4 µM, 

30 mm diameter cell culture insert (Merck Millipore). Inserts were then placed in 6-well 

plates and into growth medium (MEM, HBSS (Gibco), L-Glutamine, Magnesium sulfate, 

Sodium bicarbonate (Gibco), HEPES, heat inactivated horse serum (Gibco), ascorbic 

acid (Sigma) and cell culture grade water). 6-well plates were moved to and maintained 

in a CO2 enriched incubator (Thermo). On DIV 7, seizure- like activity was induced by 

transferring inserts into culture medium containing 6 µM Kainic Acid (Abcam) for 24 hours 

(Richichi et al., 2008). Seizure-like activity was terminated by transferring cultures to fresh 

media. Structural abnormalities resulting from seizure-like activity were examined by 

fixing cultures with ice cold paraformaldehyde at three weeks after KA exposure. 

Hippocampi were then removed from inserts and mounted on gelatin-coated slides. 

Endogenous YFP in the processes of DGC was readily visible allowing for appropriate 

analyses.  

To assess the role of NRSF in GC dysmaturation provoked by KA-induced seizures like 

events, we applied, following the exposure to KA, either the NRSF blocking 

oligodeoxynucleotide (NRSE-ODN) or a scrambled ODN (1µM for 72 hours) to subsets 

of both control and ‘seizure’-experiencing cultures. Cultures were maintained for three 

weeks and then harvested (at DIV28) to examine GC maturation. 
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Hippocampal Neuron Culture 

Hippocampal neuron cultures were derived from postnatal day 0 rats. Hippocampi were 

quickly removed and incubated for 30 min in buffered salt solution containing 10 units/ml 

papain (Worthington). Cells were then mechanically triturated and plated at a density of 

400–460 cells/mm2 on 12-mm coverslips that were precoated with poly-D-lysine (Sigma). 

Cultures began incubation with Neurobasal Medium with B-27 supplement (Invitrogen) at 

36°C and 5% CO2. 3 hours later, half of the culture medium was replaced with a 

Neurobasal Medium/B-27-based medium that was preconditioned with 1–2-week old 

non-neuronal cell culture prepared from P3-P4 rat cortices. Cultures were refreshed 

approximately every 72 hours with conditioned medium. On DIV 7, cultures were exposed 

to 100 nM BODIPY linked ODNs (NRSE or SCR). BODIPY is a small, fluorescent 

molecule that allows for visualization of the ODN without structurally interfering with its 

transportation across membranes. New ODNs were added to cultures each time they 

were refreshed. Cultures were collected on DIV 28 by fixing them with fresh ice-cold 4% 

paraformaldehyde (Fisher) and affixing coverslips to pre-coated microscope slices with 

mounting media (Southern Biotech). 

Statistical considerations 

Rats were assigned to groups randomly, and group sizes were determined a priori based 

on expected effect size and variance. All analyses were performed without knowledge of 

treatment group. We used several a priori determined comparisons, and aimed to apply 

the appropriate statistical tests. For example, because the behavioral and place cell 



167 

 

datasets contained data from multiple sessions in single animals and the LFP dataset 

contained data from up to 3 recording sessions from each animal, the observations for 

each of these measures within single animals were likely to be correlated, and these data 

should be represented as a cluster. In this case, the existence of a relationship between 

each measure of interest within an individual animal may be assumed. In this study we 

used generalized estimating equations (GEE) (SPSS; Armonk, NY), a class of regression 

marginal model, for exploring multivariable relationships between clustered response 

data in control and FSE animals in the active avoidance task. At the behavioral level we 

tested for differences in the number of shocks, the number of entrances into the shock 

zone and the amount of time spent opposite the shock zone. We used one-way ANOVA 

and post-hoc Bonferroni’s tests to compare multiple groups, and two-way ANOVA for the 

Sholl analyses, involving treatment and distance from soma. Paired t-tests were used to 

compare performance of an individual rat at two timepoints. Unless noted otherwise, 

Prism 6 was used (GraphPad Software) and data are presented as group means with 

standard errors.  
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Results 

NRSF nuclear levels and binding to the chromatin is augmented after eFSE, and 

can be abrogated post-hoc using a decoy strategy 

The levels of NRSF (Figure 7.1A) in nuclear extracts of hippocampi from eFSE rats were 

augmented 2 days post eFSE compared with controls (Figure 7.1B and C) where inter-

individual variability was noted. This increase persisted at 19 and 60 days after the eFSE 

(Figure 7.1C). 

To assess the functional binding of NRSF to target-gene chromatin, we chose as a marker 

gene for NRSF chromatin-binding, hcn1, a gene that encodes for hyperpolarization-

activated cyclic nucleotide-gate channel 1 (Figure 7.2A): HCN1 is expressed within 

neurons in the hippocampal formation, and is reduced after eFSE (Brewster et al., 2002). 

NRSF is expressed in principal cells in the hippocampal formation (Figure 7.2B), and has 

previously been shown to bind and repress HCN1 within pyramidal cells after status 

epilepticus (McClelland et al., 2011, 2014). We examined the specificity of NRSF binding 

to NRSE by measuring the binding of the repressor to regions of the gene that lack an 

NRSE (Schematic, Figure 7.2A,E). To interfere with NRSF chromatin binding after eFSE, 

we employed a decoy strategy using oligodeoxynucleotides (ODNs). Specifically, we 

designed synthetic, protected ODNs with a sequence of the NRSE of hcn1 (Figure 7.2A), 

and used a scrambled sequence (SCR) as a control (McClelland et al., 2011, 2014). 

NRSE-ODNs bind NRSF, sequestering the protein and preventing it from binding to 

chromatin and repressing gene expression. We assessed the ODNs’ ability to enter 
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neurons and their nuclei by the use of ODNs tagged with the fluorescent dye bodipy and 

determined that ODNs entered hippocampal neurons grown in primary cultures, and 

accumulated inside their nuclei, the location of chromatin (Figure 7.2C). We then 

compared NRSF function (chromatin binding) in four groups of rats: controls which 

received SCR-ODNs, controls which received NRSE-ODNs, and eFSE-experiencing rats 

that received either SCR-ODN or NRSE-ODNs.  

The use of chromatin immunoprecipitation (ChIP) demonstrated significant group 

differences in the binding of NRSF to chromatin (one-way ANOVA, F=6.57, p=0.003; 

Figure 7.2D). NRSF occupancy at the hcn1 gene was not different in CTL-SCR and CTL-

NRSE rats (t20=1.04; p>0.05; Bonferroni’s multiple comparisons test). However, NRSF 

binding to hcn1 was significantly augmented in hippocampi of eFSE-SCR rats 3 hours 

after insult (t20=3.12, p<0.05). Administration of the NRSE ODN after eFSE significantly 

reduced NRSF binding in the eFSE-NRSE group compared to eFSE-SCR (t20=4.07, 

p<0.05) and this binding was not significantly different from controls. Both the binding of 

NRSF and the interference by decoy NRSEs were selective: NRSF binding to a non-

NRSE-containing gene (GAPDH) was minimal and not significantly different from binding 

when non-immune IgG rather than anti-NRSF were used as a precipitant (Figure 7.2E). 

This was also the case when binding of NRSF to non-NRSE containing regions of the 

hcn1 gene (Figure 7.2A) was assessed (not shown). Together, these findings indicated 

that NRSF bound selectively to NRSE-containing gene loci and this binding was 
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abolished by ‘flooding’ neurons with decoy NRSEs at the doses and administration 

regimens employed here.  

In line with the repression of HCN1 in hippocampal principal cells after eFSE, observed 

with the use of in situ-hybridization (Brewster et al., 2002), eFSE led to a non-significant 

17% reduction of HCN1-mRNA in whole-hippocampus homogenates (including diverse 

neuronal types), measured using RT-PCR. Administration of the NRSF-blocking 

oligodeoxynucleotide abolished this repression (eFSE-SCR vs eFSE-NRSE t13= 2.33; p 

= 0.038). 
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FIGURE 7.1: NRSF nuclear levels and binding to the chromatin are augmented after eFSE. A, 
Schematic of NRSF structure and cofactors. B, Western blot of representative nuclear extract from 
hippocampi of control or eFSE rats obtained 7 d after the seizures. C, The quantitative analyses of NRSF 
protein levels in nuclear extracts of hippocampi from eFSE rats were significantly augmented 2, 19, and 60 
d after eFSE compared with controls. Data are mean SEM. Levels were lower in the older groups. *p 0.05.   
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FIGURE 7.2. Augmented binding of NRSF to a target marker gene is specific, selective, increased 
after eFSE, and abrogated by a decoy strategy. A, Schematic showing the gene-structure and binding 
sites for NRSF (NRSF recognition element [NRSE]) within a target-gene, hcn1, and of a control region 
lacking an NRSE. B, In situ hybridization performed on a P11 rat brain section, demonstrating endogenous 
expression of NRSF in the hippocampus. A classical neuronal distribution is apparent. Scale bar, 500 m. 
C, To interfere with NRSF chromatin binding after eFSE, we used a decoy strategy using ODNs with a 
sequence of the NRSE of hcn1. The ODNs enter hippocampal neurons grown in culture and their nuclei, 
as apparent by the use of ODNs tagged with the green fluorescent dye BODIPY. Top, Unstained neurons 
shown in bright-field, under green fluorescence setting (for visualizing the BODIPY) and as a combined 
image. Bottom, Neurons were subjected to immunohistochemistry for the dendritic marker MAP2, then 
imaged with both red and green fluorescence filters (left and middle), as well as combined. D, The use of 
ChIP demonstrated that NRSF occupancy at the hcn1 gene was not different between control rats that were 
given a scrambled ODN (CTL-SCR) and controls administered NRSE-ODN (CTL-NRSE; t(20) 1.04; p 0.05; 
Bonferroni’s multiple-comparisons test). However, NRSF binding to HCN1 was significantly augmented in 
hippocampi of eFSE-SCR rats 3 h after eFSE (t(20) 3.12, p 0.05). Administration of NRSE-ODN after eFSE 
significantly reduced NRSF occupancy at the gene hcn1 in the eFSE-NRSE group compared with eFSE-
SCR (t(20) 4.07, p 0.05), and this binding was not significantly different from controls. E, The specificity of 
NRSF binding to the NRSE is apparent from the minimal binding of the repressor to a gene (Gapdh) that 
lacks an NRSE. *p 0.05.   
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Blocking NRSF function after eFSE prevents cognitive deficits months later  

Approximately 3 months after the eFSE and the interventions, rats were subjected to the 

active avoidance spatial task (Figure 7.3). During this behavioral test, rats are exposed 

to a rotating arena containing a shock-zone quadrant. Rats are scored on their ability to 

encode and remember the location of the shock zone using unique visual cues placed 

around the arena. Behavior in this task was scored over two days with 8 trials per day. 

We compared performance in this task of four experimental groups, control (CTL) rats 

that received either SCR or NRSE ODNs, and eFSE rats that received either SCR or 

NRSE-ODNs post-hoc. 

On the first day, eFSE-SCR rats received significantly more shocks (15.48±2.68) than 

each of the other three groups (CTL-SCR, 9.03±2.29; CTL-NRSE, 7.718±1.83; eFSE-

NRSE 5.71±0.95), suggesting that they were not able to learn the location of the shock 

quadrant (F=4.82, p=0.003; CTL-SCR vs. eFSE-SCR, p<0.05). A second measure of 

spatial learning in this task is the duration of time a rat spends in the quadrant opposite 

the shock zone, indicating the presence of a strategy to avoid shocks (Figure 7.3D). 

eFSE-SCR rats spent significantly less time in the opposite quadrant (214.7±11.64 secs) 

as compared to the other three groups, suggesting that these animals used an alternative, 

non-spatial strategy to avoid shocks e.g., by running out of the shock zone immediately 

after a shock (CTL-SCR, 261.0±17.81, CTL-NRSE 287.6±16.70; eFSE-NRSE 

282.5±16.77; F3=5.39; p=0.0014; CTL-SCR vs. eFSE-SCR p < 0.05). By the second day, 

the differences among groups were larger (Figure 7.3A): eFSE-SCR rats received more 
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shocks, entered the shock zone quadrant more times and spent significantly less time in 

the opposite quadrant than any group. For example, for shock numbers, effects of 

treatment group F=11.1; p< 0.0001; CTL-SCR, 0.93±0.2; eFSE-SCR 6.5±1.27). 

Strikingly, eFSE-NRSE rats were indistinguishable from either control group on any 

measure used to assess spatial memory (CTL-SCR vs eFSE-NRSE, p>0.05 for number 

of shocks and time spent in opposite quadrant), suggesting that transiently blocking the 

function of NRSF after eFSE rescues from cognitive deficits provoked by eFSE (Figure 

7.3A).  

Over the two days of testing, CTL-SCR animals improved significantly in this task (Figure 

7.3B), with less shocks on day two as compared to day one (paired t-test; t31=3.67, 

p=0.0009), less entrances into the shock zone (p<0.00001) and more time spent in the 

opposite quadrant (p=0.0006). CTL-NRSE rats were indistinguishable from the CTL-SCR 

group in improved performance in the three memory parameters (number of shocks 

p=0.0002; number of entrances, p<0.00001; time spent in the opposite quadrant, 

p=0.001). In contrast, eFSE-SCR rats did not improve over the two days. While they 

received fewer shocks on the second day, they entered the shock zone equally on both 

days (p=0.08) and spent the same amount of time opposite the shock zone (p=0.7), 

suggesting that they merely improved in leaving the shock-zone after receiving a shock. 

Notably, treatment with the NRSE-ODN enabled the eFSE-NRSE group to perform as 

well as controls on the three measures of the active avoidance test. They received less 
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shocks on day two as compared to day one (p<0.0001), entered the shock zone less on 

day two (p<0.0001) and spent more time opposite the shock zone (p=0.01; Figure 7.3B).  

Finally, retesting the rats a month later to assess the longevity of this memory, 

demonstrated the enduring memory of the CTL and eFSE-NRSE groups (one-way 

ANOVA, F=3.45, p=0.02; Figure 3C). In contrast, the eFSE-SCR group failed to 

remember the location of the shock zone, as evident from large numbers of shock zone 

entries: CTL-SCR vs. eFSE-SCR, p<0.05, shocks: CTL-SCR vs. eFSE-SCR, p<0.05, and 

reduced time in the opposite quadrant (p<0.05). Blocking the action of NRSF after eFSE 

enabled rats to retain memories from the active avoidance test rendering them 

indistinguishable from controls. This was evident in the number of shocks they received, 

entrances into the shock zone and time spent in the opposite quadrant (CTL-SCR vs. 

eFSE-NRSE p>0.05 for all; Figure 7.3C). 

Together, these data indicate that eFSE greatly reduced a rat’s ability to create spatial 

memories. Importantly, blocking NRSF activity transiently after the eFSE allowed NRSE-

ODNs rats to learn and perform the active avoidance task. However, the mechanisms for 

both of these striking observations remained unclear. 
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FIGURE 7.3: eFSE provokes serious and enduring impairments of spatial memory, and these are 
abrogated by blocking NRSF function (chromatin binding) after the eFSE. A, As adults, rats 
experiencing eFSE and treated with a random ODN (eFSE-SCR) received significantly more shocks than 
both control groups (CTL-SCR, CTL-NRSE), as well as from eFSE rats treated post hoc with a blocker of 
NRSF (eFSE-NRSE). This indicated that they could not use spatial cues to remember the location of the 
shock zone (for the second day of training on the active avoidance test, one-way ANOVA; F 11.11; p 0.0001; 
CTL-SCR vs eFSE-SCR, t(148) 4.65, p 0.05; CTL-SCR vs eFSE-NRSE, t(148) 0.16, p 0.05; eFSE-SCR vs 
eFSE-NRSE, t(148) 5.02, p 0.05). eFSE-SCR rats also entered into the shock zone more than any other 
experimental group (group effect: F 10.21, p 0.0001; post hoc significance exists between CTL-SCR vs 
eFSE-SCR, and eFSE-SCR vs eFSE-NRSE). Similar results are obtained when assessing the duration of 
time spent in the opposite quadrant to the shock zone (F 9.441, p 0.0001; eFSE-SCR significantly different 
from CTL-SCR and eFSE-NRSE). B, Assessing the ability of the four groups to remember between training 
sessions, eFSE-SCR rats learned less well, as evident by equal number of entries into the shock zone on 
days 1 and 2 of the active avoidance test. The other experimental groups entered fewer times on day 2 
compared with day 1 (paired t tests, day 1 vs day 2: CTL-SCR, p 0.0001; CTL-NRSE, p 0.0001; eFSE-
SCR, p 0.076; eFSE-NRSE, p 0.0001). A similar result was obtained when time spent opposite the shock 
zone was compared between days 1 and 2 (paired t tests, day 1 vs day 2: CTL-SCR, p 0.0006; CTL-NRSE, 
p 0.001; eFSE-SCR, p 0.69; eFSE-NRSE, p 0.01). C, eFSE-SCR animals did worse on the three outcome 
measures compared with other groups when retested in the active avoidance test 1 month after initial 
testing (one-way ANOVA, F 3.49, p 0.04). D, Representative traces of rats from each of the four 
experimental groups, depicting a rat’s movement around the active avoidance arena. Data are mean SEM. 
CTL-SCR, n 4; CTL-NRSE, n 4; eFSE-SCR, n 6; eFSE-NRSE, n 6. *p 0.05.  
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Brain oscillations underlying spatial memory are altered after eFSE and further 

modulated by the administration of NRSE ODNs 

To probe the functional mechanisms of the cognitive deficits caused by eFSE, and their 

reversal by post-hoc blocking of NRSF function, rats were implanted with a bilateral array 

of recording electrodes in hippocampal region CA1. We focused on oscillations well 

associated with spatial memory (Colgin, 2009, 2016; Buzsáki and Wang, 2012; Richard 

et al., 2013; Vaidya and Johnston, 2013; Barry et al., 2016b), such as theta and slow and 

fast gamma oscillations. These rhythms have distinct origins and roles: slow gamma is 

often considered to involve CA3-CA1 pathways and contribute to memory retrieval, 

whereas fast gamma may reflect information flow in the entorhinal cortex-CA1 node of 

the hippocampal network (Colgin et al., 2009). We investigated these oscillations during 

exploration in the stable arena to obtain measures of the baseline network available for 

learning. We then recorded in the rotating arena during active avoidance, when the rats 

have a need to remember the location of the shock zone.  

During exploration in the stable arena, we detected a significant effect of group on rats’ 

mean movement speed (p=0.001). Specifically, mean speed of eFSE-SCR (14.87±0.668 

cm/sec) was significantly faster than that of CTL-SCR (11.52±0.68, p<0.001), CTL-NRSE 

(11.13±1.04, p=0.002) and eFSE-NRSE (12.17±0.64, p=0.003). Importantly, the speed of 

the eFSE-experiencing group treated transiently with NRSE-ODNs was indistinguishable 
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from those of either control groups. This finding is notable because increased mean 

speed should correlate with an increased speed/theta relationship (Richard et al., 2013), 

yet animals in the eFSE-SCR group tended to have the lowest speed/theta correlations, 

implying circuit dysfunction (Barry et al., 2016b). Indeed, whereas theta frequency itself 

was not altered by either eFSE or the NRSE-ODN, the linear relationship between motor 

speed and CA1 theta frequency was influenced (Figure 7.4A, B): Speed/theta correlation 

coefficients were robust in the CTL-SCR group (0.25±0.041), reduced drastically by eFSE 

(to 0.07±0.06 in the eFSE-SCR group) and partially restored in the eFSE-NRSE group 

(0.14±0.02; Figure 7.4C). 

Fast gamma mean frequency during exploration was significantly accelerated by eFSE 

(FSE-SCR rats: 81.64±3.02 Hz; CTRL-SCR: 77.62±1.88; CTL-NRSE: 78.57±0.88; Figure 

4D). Remarkably, blocking NRSF function after eFSE abolished this acceleration (eFSE-

NRSE: 74.09±0.53). There was also a significant group effect (p=0.003) on the 

normalized mean amplitude of fast gamma oscillations. Compared with the CTL-SCR 

group (0.502±0.003), mean amplitudes were slightly higher after eFSE (eFSE-SCR: 

0.505±0.003), and reverted to control levels with blocking NRSF (eFSE-NRSE: 

0.4966±0.0014). Thus, eFSE influenced baseline measures of both mean amplitude and 

mean frequency of fast gamma oscillations in a manner that was congruent with the ability 

of the rat to remember the location of the shock zone during the active avoidance test. 

Faster and larger CA1 fast-gamma oscillations were associated with worse performance. 

The inability to filter fast gamma oscillations (i.e., information flow between hippocampus 
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and neocortex), could interfere with the acquisition of spatial information or its recall, a 

process believed to be associated with slow gamma rhythms and information flow in the 

CA3-CA1 node of the hippocampal network (Colgin, 2016). Therefore, we examined the 

effects of eFSE and of blocking of NRSF function on CA1 slow gamma rhythms.  

During exploration of the stable arena, normalized mean amplitudes of slow gamma were 

lowest in the eFSE-SCR group (0.187±0.0015) and significantly higher (p<0.001) in eFSE 

rats that were treated with NRSE-ODN (0.192±0.001).Amplitude in this group was 

actually higher than in controls (CTL-NRSE: 0.188±0.001 and CTL-SCR: 0.190±0.001; 

Figure 4E). For frequencies, compared to CTL-SCR (32.56±0.327) and CTL–NRSE 

(32.25±0.059), slow gamma frequency in eFSE rats was lower (31.69±0.40), but this was 

no longer observed in the eFSE-NRSE group (32.44±0.07). During the active avoidance 

test, when a demand for encoding and retrieval of spatial memory was great, similar and 

enhanced effects of eFSE on slow gamma oscillation properties were noted: Frequencies 

were lowest in rats experiencing eFSE (eFSE-SCR: 31.37±0.40) and restored by the early 

administration of NRSE-ODN to eFSE rats (eFSE-NRSE: 33.37±0.555), yielding 

frequencies similar to those of both control groups (CTL-NRSE: 32.03±0.5; CTL-SCR: 

32.10±0.66). As found in the stable arena, normalized mean amplitudes of slow gamma 

were lowest in the eFSE-SCR group (0.1878±0.0006) and significantly higher in eFSE 

rats that were treated with NRSE-ODN (0.1913±0.0008; Figure 7.4F).  
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Together, these findings point at potential mechanisms for both the deleterious effects of 

eFSE on spatial memory and for the ameliorating actions of blocking NRSF function 

transiently. The faster and higher-amplitude fast-gamma oscillations are consistent with 

failure of filtering of this cortical input within CA1 place cells, which is reported to depend 

on gradients of ion channels along apical dendrites (Buzsáki and Wang, 2012; Vaidya 

and Johnston, 2013;). These filtering gradients ensure that each synaptic input carries 

equal weight during subthreshold integration at the soma preventing summation (Migliore 

et al. 2004; Noam et al., 2011; Buzsáki and Wang, 2012). In addition, eFSE led to 

attenuation of amplitudes and frequencies of slow gamma oscillations, and these may 

derive from abnormal function of inputs to CA3 and CA1. Transient treatment with NRSE-

ODN enabled the FSE-NRSE group to form spatial memories, associated with modulation 

of gamma oscillations.  
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FIGURE 7.4: Early-life eFSE modulates hippocampal rhythms of adult rats. A, Relationship of rat 
movement-speed in the active avoidance arena and amplitude and frequency of oscillations recorded from 
hippocampal electrodes. A single 10 min active avoidance session of a control (CTL-SCR) rat is shown. 
The spectrogram shows signal amplitude in relation to signal frequency (Top) and rat speed (Bottom). B, 
Speed-filtered spectrogram of A, indicating that the power and frequency of increase with speed. C, 
Relationship between speed of movement and frequency (blue dots) throughout active avoidance sessions 
of a representative rat from each of the four experimental groups. The line of best fit (black line) and the 
corresponding correlation coefficient between frequency and speed indicates a significant linear 
relationship. Significant linear relationship between speed and frequency occurred in all groups, except the 
eFSE-SCR rats. D, Fast -band frequency, recorded from CA1 was increased in eFSE-SCR rats and 
restored to control levels in eFSE-NRSE rats. E, F, eFSE led to reduction of the amplitude of slow -band 
oscillations both in the stable (E) and active-avoidance (F) arenas. Slow amplitude was similar to control 
levels when NRSF activity was transiently blocked after eFSE. Thus, eFSE disrupted the balance of fast 
and slow band oscillations, and this disruption was prevented by an intervention blocking NRSF function. 
*p 0.05.   
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Blocking NRSF after eFSE ameliorates sources of aberrant excitatory 

synaptogenesis in dentate gyrus granule cells 

The results above suggested that eFSE influences several properties of brain oscillations 

that underlie encoding and retrieval of spatial information. These included the correlation 

of theta rhythms recorded from CA1 neurons with animal speed, as well as amplitudes 

and frequencies of slow and fast gamma oscillations, which reflect the routing of neural 

information throughout the hippocampal formation. Interestingly, blockade of NRSF 

function in the eFSE-NRSE rats enabled them to encode and retain spatial memories, 

associated with modulation of both fast gamma and slow gamma amplitude and 

frequency. Because it is believed that these two types of oscillations involve distinct 

microcircuitries, we proceeded to examine separately the effects of both eFSE and NRSF 

on the structural integrity of principal neurons in different compartments of the 

hippocampal formation. 

We first examined the structure of apical and basal dendrites that carry excitatory 

synapses within the dentate gyrus (DG), which gates input onto CA3 and CA1 (Goldberg 

and Coulter, 2015). Seizures can influence the numbers of excitatory synapses onto GC 

via two mechanisms. First, seizures may promote retention of hilar basal dendrites 

(HBDs) that are normally lost with granule cell maturation (Kron et al., 2010; Koyama et 

al., 2012; Hester and Danzer, 2014). These basal dendrites are targets of both autaptic 

excitatory synapses as well as those from neighboring GCs (Thind et al., 2008; Kron et 
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al., 2010; Murphy et al., 2012). These aberrant loops alter excitability within the DG, and 

might disrupt information flow within the dentate gyrus ‘gate’ to CA3 and CA1 (Thind et 

al., 2008; Goldberg and Coulter, 2015). Therefore, we examined whether eFSE promotes 

HBD retention in GCs and if there was an effect of blocking NRSF after the insult.  

Granule cells were identified in dorsal hippocampal sections obtained post mortem from 

all four groups of rats, based on the classic structural phenotype of this cell type 

(Schlessinger and Cowan, 1975; Thind et al., 2008; Kron et al., 2010; Murphy et al., 2012) 

(Figure 7.5A-D). The density of GCs per se did not vary among the groups (F=1.78, 

p=0.16; Figure 7.5F). By contrast, the number of granule cells with the dysmature 

retention of hilar basal dendrite (HBD) varied by treatment group (F=10.41; p<0.0001). 

The number of HBDs on GCs was not different between the CTL-SCR (1.04±0.44) or 

CTL-NRSE (0.65±0.5) groups. However, the number of HBDs on GCs from eFSE-SCR 

rats were significantly increased (3.14±1.22; p<0.05). Blocking NRSF activity after eFSE 

abolished the difference in the number of HBD-possessing GCs (eFSE-NRSE: 1.21±0.18; 

CTL-SCR vs. eFSE-NRSE, p>0.05; Figure 7.5G). The results persisted when data were 

analyzed as the percentage of GCs with retained HBDs: CTL-SCR (1.38±0.22%); CTL-

NRSE (0.79±0.59%), and eFSE-NRSE (1.68±0.56%) did not differ (p=0.15), whereas the 

percent of dysmature GCs with persistent HBDs was significantly higher in the eFSE-

SCR group (4.57±0.79%), Figure 7.5E.  

The presence of dysmature basal dendrites provides a source for excitatory synapses 

that disrupt circuit function in the dentate gyrus. A second possible source for aberrant 
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synapses involves exuberant branching of apical GC dendrites, as recently reported after 

eFSE (Raijmakers et al., 2016). Therefore, we examined the structure of GC apical 

dendrites. Sholl analyses revealed a group effect (two-way ANOVA; interaction, F=12.49 

p<0.00001; distance from soma, F=627.3 p<0.00001; experimental condition, F=209.3, 

p<0.00001). Branching in eFSE-SCR GCs was higher compared to those from CTL-SCR 

rats (p<0.05), with augmented arborization primarily in the GC layer rather than the outer 

molecular layer (Figure 7.5H). eFSE-NRSE GCs were indistinguishable from both control 

groups. For dendritic length, a group difference was found (F=10.4 p=0.00028), deriving 

from a significant increase in the eFSE-SCR group (519.5±67.05µm) vs. all others (CTL-

SCR: 415±10.80; CTL-NRSE: 387.4±19.71; eFSE-NRSE: 323.5±44.1; Figure 5I). 

Taken together, these data indicate that eFSE increased sources of excitatory synapses 

of GCs via two mechanisms: dysmaturation, apparent as retention of HBDs and their 

synapses, as well as hyper-branching of apical dendrites that promotes formation of 

excitatory synapses which contact other GCs and cell types within the DG, altering 

information flow. 
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FIGURE 7.5: eFSE disrupts dendritic maturation of DG GCs, promoting excessive excitatory 
synapses, and this is prevented by blocking NRSF function. A–D, Representative photomicrographs 
of the DG from each experimental group. Insets, Magnified Golgi-Cox-filled GCs. Red arrows indicate 
persistent HBDs. A –D , Representative traces of GCs from each experimental group, as used for analysis. 
E, A significantly higher percentage of GCs retain HBDs in eFSE-SCR rat, compared with other groups; 
this is not observed in eFSE-NRSE rats (group effect: one-way ANOVA, F 25.56, p 0.0002; Bonferroni’s 
multiple-comparison tests, eFSE-SCR: p 0.05 vs CTL-SCR, CTL-NRSE, and eFSE-NRSE). F, There was 
no group difference in the total number of GCs ( p 0.16). G, The total number of GCs with HBDs was 
increased in eFSE-SCR animals compared with both controls and eFSE-NRSE. H, Apical dendrites were 
exuberant in eFSE-SCR rats, with augmented dendritic arborization mainly in the GC layer of the DG, and 
this effect was not found in eFSE-NRSE rats (two-way ANOVA; p 0.0001 for distance from cell body, 
treatment, and interaction). I, Total dendritic length was augmented in eFSE-SCR rats compared with all 
others, including the eFSE-NRSE group. Data are mean SEM. CTL-SCR: n 3 (rats), n 89 (neurons); CTL-
NRSE: n 3 (rats), n 47 (neurons); eFSE-SCR: n 4 (rats), n 58 (neurons); eFSE-NRSE: n 4 (rats), n 65 
(neurons). *p 0.05.  
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eFSE-induced dendritic defects in CA1 pyramidal cells are independent of NRSF 

eFSE generated impairments of spatial memory, associated with abnormal rhythms 

recorded from CA1 pyramidal cells. The higher amplitude and frequencies of fast gamma 

oscillations suggested an impaired capacity of CA1 pyramidal cell apical dendrites to 

dampen this cortical input. Therefore, we examined the structural integrity of these 

dendrites, as well as the consequences of blocking NRSF function after FSE, a treatment 

that effectively restored spatial memory function. 

We studied CA1 neurons from the same animals employed for the cognitive studies and 

employed Sholl analyses of Golgi-impregnated neurons taken without knowledge of 

group (Figure 7.6A-D). One-way ANOVA revealed a group effect (F=13.74, p<0.0001). 

Notably, no differences in arborization or in total dendritic length were found between the 

two control groups (CTL-SCR:838.9±66.04 µm; CTL-NRSE: 986.7±47.60). Dendritic 

length was lower in the eFSE-SCR group (666.3±38.36), and this was not ameliorated by 

transiently interfering with the function of NRSF (eFSE-NRSE: 590.6±42.92; Figure 7.6E). 

Together, these data indicated that eFSE reduced overall apical dendritic integrity in CA1 

pyramidal cells by an NRSF-independent mechanism. Importantly, the data suggested 

that the improved cognitive function afforded by early NRSE-ODN treatment did not 

involve prevention of structural dendritic defects in CA1. Rather, blocking NRSF may have 
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prevented repression of crucial functional components of CA1 apical dendrites, such as 

the ion channel HCN1, involved in regulating dendritic summation of synaptic input.  
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FIGURE 7.6: eFSE-induced dendritic defects in CA1 pyramidal cells are independent of NRSF. A–D, 
Representative photomicrographs of area CA1 of dorsal hippocampus following with Golgi-Cox 
impregnation. A –D, Representative masks generated from CA1 pyramidal cells for analysis. E, 
Quantification of total dendritic length demonstrates impoverished dendritic arborization after eFSE, and no 
effect of blocking NRSF. Data are mean SEM. CTL-SCR: n=3 (rats), n=19 (neurons); CTL-NRSE: n=3 
(rats), n=21 (neurons); eFSE-SCR: n=4 (rats), n=20 (neurons); eFSE-NRSE: n=4 (rats), n=34 (neurons). 
*p 0.05.  
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NRSF acts within the dentate gyrus to mediate the disruptive effects of eFSE on 

granule cells maturation and connectivity. 

The data shown up to now suggested that eFSE promotes aberrant retention of excitatory 

synapses on basal dendrites of GCs, as well as the formation of supernumerary apical 

dendritic branching, and that these effects might be abrogated by blocking NRSF function 

during a critical period that follow eFSE. However, in vivo, we infused the NRSE-ODN 

throughout the whole brain. Therefore, it was possible that the effects of the ODNs 

influenced gene expression and neuronal structure in areas connecting to the DG rather 

than acting to prevent the effects of NRSF within the dentate gyrus of eFSE rats. 

To study the direct effects of NRSF on the structure of developing dentate gyrus GCs, we 

employed an in vitro organotypic slice culture system. Hippocampi cultured from P7 Thy1-

YFP expressing mice enabled direct visualization of GCs and their development (Figure 

7.7A,B). Notably, in vitro, organotypic cultures faithfully follow patterns of in vivo 

development (Bender et al., 2007; Figure 7.7A,B). Hippocampi were exposed to seizure-

like activity at an age parallel to eFSE in vivo (DIV 7), using administration of kainic acid 

(KA) at doses shown to provoke epileptiform discharges but not cell death (Richichi et al., 

2008). Following the exposure to KA, we treated subsets of both control and ‘seizure’-

experiencing cultures with either the NRSF blocking oligodeoxynucleotide (NRSE-ODN) 

or a scrambled ODN. Cultures were harvested at several time points to examine GC 

maturation. The seizure-like events promoted a robust increase in NRSF protein in 
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dentate gyrus nuclear extracts 24 hours after the end of KA exposure (control DG: 

1.047±0.026OD units/actin; KA-DG: 7.00±1.33; p <0.01; Figure 7.7C). Over the three 

weeks following KA exposure, the numbers of Thy1-expressing GCs varied by group 

(ANOVA p = 0.0004). It was similar in control and KA groups a day after the seizure-like 

events (14.17±4.8; 13.40±4.2 in controls and KA, respectively), was higher one week later 

(CTL: 18.8±9.1; KA: 93.6±17.7 p<0.05, Bonferroni’s post hoc test) but was no longer 

significantly higher at 2 weeks (36.9±6.3; and 59.8±4.8,) and 3 weeks (18.4±13.9 and 

43.3±9.1) after KA, in line with the in vivo data (Figure 7.5F). In both control and KA 

cultures, most GCs appeared structurally mature with a typical tuft of apical dendrites 

radiating into the DG molecular layer (Figure 7.7A-B, insets) However, some immature-

looking GCs with a retained HBDs were found as well, and their numbers were influenced 

by group (F=7.47; p=0.027). To better assess the proportion of immature-appearing GCs, 

we examined the ratio of GCs that appeared dysmature by retaining the hilar basal 

dendrite to the total number of GCs. In addition, as exposure to a scrambled ODN did not 

influence the action of KA, we combined the KA and KA/SCR-ODN groups. We found 

significant differences among groups in both the total numbers of HBD-carrying GCs 

(F2=10.94; p = 0.001; Figure 7.7D) and in the ratio of these immature cells to the total GC 

numbers (F2=5.98. p = 0.013; Figure 7.7E). The ratio of immature to total GCs was 

significantly increased by exposure to seizure-like events (CTL 1.587±1.59% and KA/KA-

SCR 8.94±1.63; post hoc p <0.05). Treatment with an NRSE-ODN after the termination 

of KA-induced seizure-like events prevented the retention of HBDs in hippocampi 

exposed to KA (post hoc: KA/KA-SCR vs KA-NRSE p<0.05). Indeed, the percent of 
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immature/ dysmature GC in the KA-NRSE group was not different than in controls 

(2.54±1.05; post hoc p>0.05; Figure 7.7E).  

Together, these data indicate that GC maturation within dentate gyrus is perturbed by 

early-life seizures, and that NRSF contributes crucially and directly to these disturbances 

to the normal formation and connectivity of the DG network.  
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FIGURE 7.7: NRSF acts directly on DG GCs to mediate the effects of seizure-like activity on their 
maturation and dendritic branching. A, Representative low-magnification photomicrograph of the DG 
after 14 d in culture (left panel) with high-magnification photomicrographs of dentate GCs after 14 d (right, 
top) and 28 d (right, bottom) in culture. Slice cultures were generated from Thy1-YFP mice. Scale bar, 50 
M. B, Representative low-magnification photomicrograph of the DG in KA-treated cultures at 14 d in culture 
(left) with high-magnification images of dentate GCs with atypical HBDs after 14 d (right, top) and 28 d 
(right, bottom) in culture. Red arrows indicate HBDs. C, Representative Western blot from nuclear extracts 
of control DG cultures (C1–C3) and those subjected to seizure-like activity using KA (K1–K4). NRSF and 
actin bands demonstrate augmented NRSF protein expression after seizure-like activity (unpaired t test; p 
0.009; CTL 3, KA 4). D, Seizure-like activity in vitro (Richichi et al., 2008) influences the number of GCs 
with dysmature HBD. Total numbers of HBD-carrying GCs were influenced by group (F2 10.94; p 0.001; 
exposure to a scrambled ODN did not influence the effects of KA, so the KA and KA/SCR-ODN groups 
were combined). E, The percentage of HBD-carrying cells within the total GC numbers was also group-
dependent (F2 5.98, p 0.013). The percentage of immature GCs was significantly increased by exposure 
to seizure-like events (CTL, 1.587 1.59; KA/KA-SCR, 8.94 1.63; post hoc, p 0.05). Treatment with an NRSE-
ODN after the termination of KA exposure prevented the retention of HBDs in hippocampi exposed to KA ( 
post hoc: KA/KA-SCR vs KA-NRSE, p 0.05): the percentage of dysmature GC in the KA-NRSE group was 
not different from that in controls (2.54 1.05; post hoc, p 0.05). *p 0.05; **p 0.01.  
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Discussion 

The principal findings of the current experiments are: long, early-life seizures in an FSE 

model promote enduring memory impairments. Remarkably, these are abrogated by 

transient, posthoc interference with the transcriptional repressor NRSF, known to 

contribute to neuronal differentiation and programmed gene expression. The 

mechanisms of the memory problems involve abnormal hippocampal rhythms, likely 

resulting from impaired dendritic and synaptic function via regionally specific dendritic 

loss in CA1 and aberrant generation of excitatory synapses in DG. Together, these 

studies provide novel information about the development of memory processing and the 

mechanisms by which disease may influence them. They suggest approaches to prevent 

cognitive problems after early-life seizures.  

Spatial memory deficits after eFSE arise from profound disturbances of the 

hippocampal network 

eFSE rats had difficulties locating the static shock zone on a rotating arena, evident from 

numerous entries to the zone and increased shock numbers. The problems involved both 

short term memory (avoiding additional shocks in the same session), and long term 

memory (poor improvement on the second day and a month later). These findings are in 

line with reports of memory difficulties after rodent developmental seizures (Lugo et al. 

2014; Barry et al., 2016a). Interestingly, the longer-duration eFSE worsened cognitive 

outcomes compared with our previous work with shorter eFS (Barry et al., 2015; Dubé et 
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al., 2009), supporting that repeated/long seizures in children might disrupt memory 

(Bender et al., 2012; Visser et al., 2012; Martinos et al., 2013; Tsai et al., 2015). 

Probing the structural and functional underpinnings of memory deficits, we surveyed the 

hippocampal network using in vivo electrophysiology and neuroanatomical tools. We 

identified perturbations of hippocampal oscillations including enhanced amplitude and 

frequency of fast gamma oscillations, reduced parameters of slow gamma rhythms, and 

disrupted theta/speed relationships. These defects might arise via numerous 

mechanisms, including loss of rhythm-generating pyramidal cells or of interneurons that 

comprise the microcircuitry responsible for temporal organization of network activity 

(Colgin et al., 2009; Buzsáki and Wang, 2012). Neuronal loss is minimal in our model 

(Toth et al., 1998; Dubé et al., 2007, 2009; Baram, 2011). Therefore, we investigated 

potential structural or functional changes in surviving neurons. We found significant 

structural defects potentially explaining the physiological deficits: the observed paucity of 

apical dendritic branches should influence filtering properties of CA1 apical dendrites, 

augmenting oscillations involving input from cortical regions i.e., fast gamma. New, 

aberrant excitatory synapses in DG might disrupt its gating function onto CA3, influencing 

amplitude and frequency of slow gamma, as observed. 

Convergent studies of hippocampal oscillations and neuronal structure inform 

mechanisms of spatial memory problems, and rescue by NRSF blockers  

How do we explain the profound effects of eFSE and the remarkable improvement 

induced by short treatment with NRSF-blockers? These questions are particularly 
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intriguing, because both eFSE-SCR and eFSE-NRSE groups had significant perturbation 

of CA1 apical dendritic trees, crucial for place-cell and hippocampal network function.  

The electrophysiological findings in both stable arena and during active avoidance are 

informative: During baseline conditions eFSE-SCR rats had larger and faster fast gamma 

oscillations in CA1 than controls. Fast gamma rhythms may reflect input to CA1 from 

cortical regions including entorhinal cortex via the temporoammonic pathway (Colgin, 

2016). Increased amplitude and frequency of these oscillations might indicate poor 

filtering of this input and might repress intrinsic hippocampal oscillations such as slow-

gamma. Indeed, during active avoidance, when memory demands were greatest, eFSE-

rats had low frequency and amplitude of slow-gamma, considered to reflect CA3-CA1 

input influenced by DG gating (Colgin et al, 2009, 2016; Vaidya and Johnston, 2013; 

Goldberg and Coulter, 2015). Together, the balance of routed neural information to CA1 

from EC (fast gamma) and CA3 (slow gamma) appeared disrupted by eFSE, interfering 

with acquisition of spatial information associated with entorhinal inputs, and recall of 

spatial information typically associated with CA3 inputs. 

We previously found that eFS provoked aberrant firing fields and poor stability of CA1 

place cells, associated with cognitive impairment (Dube et al., 2009; Barry et al., 2015). 

Additionally, we described problems with theta rhythms: phase preference at peak theta 

in control CA1 place cells shifted during active avoidance to that observed in CA3. 

However, cognitively-impaired eFS rats did not exhibit phase preference in foraging or 

avoidance accompanied by poor CA1-CA3 cross-theta interaction (Barry et al., 2016). 
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Thus, disrupted dynamic temporal coordination of neuronal activity by theta-phase may 

explain cognitive problems following eFSE.  

Here we identify novel disruption of gamma rhythms: Slow-gamma organization of newly 

described theta sequences (Zheng et al., 2016) reflects planning of future movements 

from stored spatial memories, while fast-gamma sequences reflect sensory driven details 

of current location (Zheng et al., 2016). Here, eFSE altered the balance of slow and fast 

gammas. Combined with our prior finding, we propose that the principal spatial problem 

in eFSE animals is reduced network efficacy in integrating current spatial information on 

the rotating arena with stored representation of the environment that allows animals to 

plan escape from the shock zone.  

Blocking NRSF had remarkable effects: in the active avoidance task, eFSE-NRSE rats 

had larger and faster slow gamma oscillations than all other groups and the amplitude of 

these oscillations was significantly higher than of controls. Restoration of slow gamma 

properties, considered crucial for memory retrieval, in eFSE-NRSE rats suggested that 

NRSF blockade might have ameliorated the effects of eFSE on DG-CA3 pathways, and 

this hypothesis was tested.  



197 

 

NRSF employs several mechanisms to mediate seizure-induced disruption of 

hippocampal processes underlying memory. 

Seizures including eFSE increase the expression and chromatin-binding of NRSF. This 

transient augmentation of NRSF function seems to disturb hippocampal networks 

enduringly via several region-specific mechanisms.  

In mature hippocampal CA1 there are ~400 potential targets for NRSF: genes containing 

the recognition site NRSE (Johnson et al., 2007; McClelland et al., 2011, 2014). However, 

only ~40 of these genes are repressed by augmented NRSF levels following SEs 

(McClelland et al., 2011, 2014). Notably, these genes comprise crucial components of 

neuronal function including glutamate receptors, calcium-dependent signaling and ion 

channels.  

Focusing on the filtering properties of CA1 apical dendrites, NRSF directly represses the 

expression of HCN1, the principal contributor to dendritic Ih in hippocampus (McClelland 

et al., 2011). Ih counteracts dendritic summation, i.e., location-dependent temporal 

difference of dendritic inputs at the soma (Migliore et al., 2004; George et al., 2009; Noam 

et al., 2011; Vaidya and Johnston, 2013), and contributes to gamma oscillations (Buzsáki 

and Wang, 2012; Neymotin et al., 2013). Reduced Ih after SE in adults was reported (Jung 

et al., 2007, 2011; Huang et al., 2009; Noam et al. 2011), and the current was restored 

by blocking NRSF (McClelland et al., 2011). HCN1 is reduced also after early-life seizures 

including eFSE (Brewster et al., 2002). Here, blocking NRSF function shortly after eFSE 

reversed increases in fast gamma properties without reversing structural defects in CA1 
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dendrites, consistent with NRSF-mediated changes in HCN1 expression. In support, 

blocking NRSF function in controls influenced the amplitude of fast gamma without 

modifying dendritic trees. Thus, eFSE-induced changes of NRSF function might influence 

hippocampal rhythms via disruption of the carefully regulated levels of HCN1 and co-

regulated ion channels (George et al., 2009). 

There is relatively little Ih in DGCs in developing rats (Bender et al., 2007), suggesting 

alternative mechanisms for the major effects of upregulated NRSF in DG. Both in vivo 

and in cultures, earlylife seizures provoked anomalous sources of excitatory synapses 

which were reversed by NRSF blockade. Specifically, dysmaturation of GCs, retention of 

hilar basal dendrites (HBD) which form excitatory synapses on neighboring GCs was 

observed after eFSE and prevented by NRSF. Persistent HBDs are found on cells that 

are immature during seizures (Parent et al., 1997; Kron et al., 2010; Murphy et al., 2012; 

Singh et al., 2013; Hester and Danzer, 2014), a population strongly influenced by NRSF 

(Gao et al., 2011). NRSF regulates numerous genes involved in structural and synaptic 

neuronal maturation (Schoenherr and Anderson, 1995; Chen et al., 1998; Gao et al., 

2011; McClelland et al., 2014), and immature GCs are primarily subject to maladaptive 

plasticity following insults (Parent et al., 1997; Toth et al., 1998; Kron et al., 2010; Murphy 

et al., 2012). Thus, it is reasonable to consider NRSF as a potent mediator of seizure-

induced defects in the DG network, which is crucial for gating information flow to the 

hippocampus proper. Indeed, our in vitro studies using organotypic cultures demonstrate 

that NRSF levels are augmented within DG and result in dysmaturation of GCs apparent 
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as retention of HBDs and exuberant growth of apical dendrites. Further, both anomalies 

are prevented by blocking NRSF function during a critical developmental period in GC 

life-cycles. Remarkably, preventing dysregulation of DG maturation sufficed to influence 

hippocampal oscillations and allowed memory encoding, processing and retrieval in 

treated eFSE rats. 

Thus, long experimental febrile seizures provoke profound, enduring spatial memory 

problems. The mechanisms of these problems involve complex disruption of memory-

related oscillations within hippocampal network, likely deriving from impaired dendritic 

filtering and synaptic function in CA1 and DG, respectively. Importantly, these deficits are 

abrogated by transient post-insult interference with chromatin binding of the 

transcriptional repressor NRSF, an approach with significant translational potential.  
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CHAPTER 8: CONCLUSIONS 

THE CONSEQUENCES OF EARLY LIFE INSULTS ON THE SCULPTING 
OF BRAIN CIRCUITS: FUTURE DIRECTIONS & HOPE FOR 

TRANSLATION 

 

My focus during my thesis work has centered on a major topic which has significant 

implication to brain health and disease: how early life experience influence neuronal 

circuits and their function. In the 21st century, there has been tremendous progress in 

understanding the genetic causes of human neurological disease and how gene 

mutations affect the function of molecules, cells, circuits and organisms. We know much 

less about how formative experiences influence our brain, and this work furthers this 

understanding. 

The ‘take-home’ findings of my research are: 

1. Exposure to high levels of the stress hormone corticotropin releasing hormone 

(CRH) throughout fetal development can lead to measurable differences in cortical 

thickness, and these structural brain changes are associated with emotional and 

cognitive consequences in childhood. 

2. The correlation of increased placental CRH and outcomes in childhood is likely 

causal: CRH can directly impact neuronal growth by decreasing dendritic 

branching. 

3. Febrile status epilepticus (FSE) exerts diverse and individualized effects on the 

developing brain. This individualized variability in manifest as immediate markers 
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in the hours following the seizure, including measurements of inflammation within 

the brain and magnetic resonance imaging (MRI). 

4. By pharmacologically decreasing inflammation after eFSE via dexamethasone, we 

are able to reduce the probability of aberrant hyperexcitability after FSE.  

5. Longitudinal MRI is able to predict epileptogenesis months before the first 

spontaneous seizure occurs, and MRI changes can be measured at a clinically 

relevant timescale on a clinical scanner.  

6. Neuron Restrictive Silencing Factor (NRSF) levels within the brain increase 

following FSE and contribute to development of memory deficits. By preventing the 

effects of NRSF within the brain, we are able to prevent memory problems from 

developing. 

Together, my findings advance the body of knowledge of how two early life insults lead 

to the later development of cognitive deficits and hyperexcitability. This work both informs 

about the mechanisms of these processes and begins to provide clinically relevant 

predictive markers and preventative interventions.  Whereas the majority of the work was 

performed in rodent models, then next important step involves translating the findings to 

children.    
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