
ABSTRACT 
 

A Brief Seizure Prior to Learning Selectively Impairs  
Hippocampal Learning and Memory and is Associated with  

Alterations in PI3K/Akt/mTOR and FMRP Signaling 
 

Andrew J. Holley, Ph.D. 
 

Mentor: Joaquin N. Lugo, Jr., Ph.D. 
 

 Studies utilizing rodent models of acute seizures have indicated that a 

single brief seizure impairs retention of spatial and contextual memory. However, 

the timespan for which a solitary seizure can impact memory or which kinds of 

memory it can hinder are obscure. Additionally, evidence for a mechanism 

underlying seizure-induced memory impairment is lacking. Addressing the first 

question, we induced a seizure and then trained mice in trace fear conditioning, 

novel object recognition, or the accelerating rotarod and later examined memory 

at various time points following the seizure. Additionally, activity levels and 

anxiety-like behavior were assessed in the open field and elevated plus maze 

(EPM). Hippocampal trace fear memory was impaired at 24 hours and one week 

in mice that experienced a seizure one hour prior to training. Moreover, the level 

of impairment was more prominent during the one week test. In contrast, non-

hippocampal learning and memory was unaffected in the NOR and rotarod tasks. 

In the open field, we found a reduction in locomotion 24 hours, but not one week 



after a seizure. Anxiety-like behavior in the EPM was unchanged. We investigated 

a potential mechanism using western blot analysis to assess PI3K/Akt/mTOR 

signaling at time points correlated with the memory tests. We also stained brain 

tissue taken at 24 hours and one week using hematoxylin and eosin (H&E) to 

examine for gross damage after a seizure. Western analysis revealed increased 

hippocampal phospho-S6 and total FMRP one hour after a seizure, and increased 

GluA1 24 hours after a seizure. H&E stained tissue revealed no indication of 

cellular damage or gross lesions. Together our data indicates that a brief seizure 

selectively impairs hippocampal learning and memory, while sparing non-

hippocampal learning and memory. Increased PI3K/Akt/mTOR and altered 

FMRP signaling one hour after a seizure suggests that changes to de novo protein 

synthesis necessary for memory consolidation underlie the memory impairments 

we observed. The lack of overt damage and transient changes in molecular 

signaling in the current study in comparison to studies using chronic and 

multiple seizure models suggests a different mechanism underlies memory 

impairment associated with brief seizure activity. 
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CHAPTER ONE 
 

Introduction 
 
 

 Memory impairments represent one of the premier concerns for those 

suffering from seizures. A study by McAuley et al. (2010) found that patients with 

epilepsy ranked memory as their second highest concern and their third most 

frequent concern. In stark contrast, medical practitioners did not even rank 

memory impairments for their patients in their top ten concerns and ranked 

memory impairment as only the 12th most frequent concern (McAuley et al., 

2010). Another study reported that memory impairments were rated by patients 

as the third most disruptive side effect of antiepileptic drug treatments (Witt, 

Elger, & Helmstaedter, 2013). These studies highlight the subjective negative 

impact comorbid cognitive dysfunction has on quality of life in individuals living 

with regularly recurring seizures. Furthermore, they suggest that the impact and 

the extent of memory impairments may be underestimated by medical 

professionals. 

 Animal models of epilepsy have provided more objective evidence of a 

comorbidity between seizures and learning impairments. Prolonged seizures 

through pentylenetetrazol (PTZ)-induced kindling result in emotional deficits, as 

well as spatial learning and memory deficits (Gilbert, Hannesson, & Corcoran, 

2000; Hannesson et al., 2001; Mortazavi, Ericson, Story, Hulce, & Dunbar, 2005; 

Szyndler et al., 2002). Animals that experience status epilepticus (SE), a 

continuous seizure or series of seizures lasting more than 30 minutes, also have 
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spatial learning and memory impairments when tested one or two weeks later  

(Brewster et al., 2013; Pearson, Schulz, & Patel, 2014) as well as deficits in novel 

object recognition (Brewster et al., 2013; Chauviere et al., 2009; Pearson et al., 

2014). There are some important features of SE models or repeated dosing of 

PTZ that are important to consider when later examining learning and memory. 

A single bout of SE results in several continuous seizures for a prolonged period 

of time. Similar to the multiple and prolonged duration of seizures produced by 

SE models, the kindling model requires repeated administrations of PTZ to 

induce recurrent convulsions in mice (da Silva, Pereira, & Elisabetsky, 1998). 

Additionally, both SE and kindling models can produce multiple seizures of 

prolonged duration and severity that can be sufficient to cause epileptic 

pathology including neurodegeneration (Mishra et al., 2015; Muller, Groticke, 

Bankstahl, & Loscher, 2009; Valle-Dorado, Santana-Gomez, Orozco-Suarez, & 

Rocha, 2015), abnormal neurogenesis (Mishra et al., 2015), oxidative stress 

(Imran, Hillert, & Klein, 2015; Mishra et al., 2015), inflammation (Fabene, 

Bramanti, & Constantin, 2010; Mishra et al., 2015; Vezzani & Granata, 2005; Zhu 

et al., 2013), and disruption of the blood brain barrier (Leroy, Roch, Koning, 

Namer, & Nehlig, 2003; Librizzi, Noe, Vezzani, de Curtis, & Ravizza, 2012; Nitsch 

& Klatzo, 1983; Saija et al., 1992), all of which could potentially contribute to 

cognitive impairment.  

 Only recently has there been an examination of memory following a single 

seizure. A single brief seizure occurring shortly before learning in the Morris 

water maze (MWM) impairs spatial learning and memory (Mao et al., 2009; 

Mares, Pometlova, Deykun, Krysl, & Rokyta, 2012). Additionally, studies have 
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indicated that following a brief seizure, both contextual and associative fear 

memory are impaired when testing for recall 24 or 48 hours later (Carter et al., 

2017; Holley & Lugo, 2016; Mares et al., 2012). The majority of these single 

seizure studies report hippocampal memory impairments, indicating that 

hippocampal-dependent memory may be especially vulnerable to the effects of a 

seizure.  Additionally, there may not be pathological alterations to the brain after 

limited history of seizures. Further research into the effects of a single seizure on 

memory still needs to determine the extent of impairment, other types of memory 

that are affected after a single seizure, and the underlying processes involved. 

Expansion of knowledge regarding seizure-induced memory impairments will 

help in the future development of treatment strategies that may prevent or lessen 

the burden of seizures on memory. 

 A possible mediating mechanism for memory impairment following a 

single seizure involves the mammalian target of rapamycin (mTOR) kinase. The 

mammalian target of rapamycin complex 1 (mTORC1) is important for 

controlling long-lasting synaptic plasticity and for the consolidation of memory 

(Santini, Huynh, & Klann, 2014). mTORC1 is involved in the regulation of cap-

dependent protein synthesis, which is required for many types of plasticity and 

memory. Induction of long-term potentiation (LTP) in the hippocampus leads to 

activation of mTORC1 and results in the translation of RNAs that encode for 

ribosomal proteins and translational factors (Gong, Park, Abbassi, & Tang, 2006; 

Ouyang, Rosenstein, Kreiman, Schuman, & Kennedy, 1999). When mTORC1 is 

inhibited with rapamycin in rats, the long-term retention of spatial learning in 

the Morris Water Maze is blocked (Dash, Orsi, & Moore, 2006). Similar learning 
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and memory deficits are observed in fear conditioning (Parsons, Gafford, & 

Helmstetter, 2006). Alternatively, upregulation of this pathway also leads to 

learning and memory deficits. Specifically, genetic deletion of the phosphatase 

and tensin homologue on chromosome 10 (PTEN), a phosphatase that negatively 

regulates the activity of Phosphatidylinositol-4,5-biphosphate 3-kinase (PI3K), 

an upstream regulator of mTORC1, results in hyperactivation of mTORC1 and 

subsequent learning and memory deficits (Lugo, Smith, Morrison, & White, 

2013; Sperow et al., 2012). These studies support the claim that aberrant 

mTORC1 signaling, either decreased or increased, can significantly impact 

learning and memory. 

Another way that memory may be affected after a seizure is through 

interplay between mTORC1 signaling and the fragile X mental retardation 

protein (FMRP). The FMRP protein, depending on its phosphorylation state, 

plays a role in translational repression of many proteins at synapses 

(Laggerbauer, Ostareck, Keidel, Ostareck-Lederer, & Fischer, 2001). 

Accumulating evidence has indicated that aberrant mTORC1 signaling is involved 

in Fragile X Syndrome (FXS). Subjects with FXS have altered mTOR signaling 

(Hoeffer et al., 2012). When the mTORC1 downstream effector protein p70 

ribosomal S6 kinase 1 (S6K1) is genetically removed in Fmr1 knockout mice, 

many of the behavioral phenotypes, including memory, of the Fmr1 knockout 

mice are restored (Bhattacharya et al., 2012). Additionally, our lab has found that 

FMRP is significantly increased in neuron specific Pten (ns-PTEN) knockout 

mice (Lugo et al., 2014). In addition, Pten knockout mice have a significant 

decrease in the postsynaptic density scaffolding protein, mGluR1/5, and several 
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other synaptic proteins. Importantly, the same Pten-deficient animals also show 

deficits in hippocampus-dependent contextual and trace fear conditioning (Lugo 

et al., 2013).  

 In the current studies, we used trace fear conditioning to examine 

hippocampus-dependent memory after a seizure. We included a 24 hour time 

point to examine the acute impact of a single seizure on memory for 

hippocampal-dependent trace fear conditioning. Moreover, we also included one- 

and two-week time points to examine the long-term effects of a single seizure on 

learning and memory. We also examined for potential changes to the 

PI3K/Akt/mTOR signaling pathway and FMRP. We believe an interplay between 

PI3K/Akt/mTOR and FMRP modulates synaptic proteins in the hippocampus 

(Bhattacharya et al., 2012; Hoeffer et al., 2012; Lugo et al., 2014; Lugo et al., 

2013). One study found that a single seizure induced using PTZ can induce 

hyperactivation of the PI3K/Akt/mTOR pathway (B. Zhang & Wong, 2012). 

Therefore, it is plausible that after a single seizure, altered mTOR activation 

occurs, which could disrupt the synaptic processes governing new memory 

consolidation. Accordingly, we determined which synaptic proteins are changed 

following a brief seizure. We previously reported a transient change to locomotor 

activity 24 hours following a flurothyl seizure that recovered by one week post-

seizure (Holley & Lugo, 2016). Due to this potential confound, we also assessed 

for changes in activity levels, as well as anxiety-like behavior following a seizure, 

both of which could potentially influence the results of fear conditioning testing. 

In addition to learning in hippocampus-dependent trace fear conditioning, we 

used other behavioral tests to determine the impact of a single seizure on non-



 

6 

hippocampal recognition memory and motor learning. Finally, a major concern 

in our study was that memory impairments we observe might be related to 

seizure-induced damage. To rule out the contribution of overt damage to memory 

impairment, we used hematoxylin and eosin (H&E) to stain sections of 

hippocampus, cortex, and cerebellum, and examined for gross lesions and 

necrotic cell death. Based on previous evidence, we hypothesize that a single 

seizure will alter mTORC1 signaling, FMRP, and synaptic proteins, resulting in 

disruption in the consolidation of new hippocampal-dependent memories 

encoded shortly after a brief seizure. Moreover, we do not expect to find that 

memory impairments after a single brief seizure will be accompanied by overt 

epileptic pathology.  
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CHAPTER TWO  
 

Literature Review 
 
 

The Epilepsies 

 Epilepsy represents a heterogeneous collection of chronic neurological 

disorders in which the most obvious and outward symptom is recurrent, 

unprovoked seizures. Fundamentally, seizures arise due to an imbalance between 

excitation and inhibition, although the causes of this imbalance can vary (Ben-Ari 

& Dudek, 2010). Worldwide prevalence estimates for people affected by epilepsy 

range from 50 million to more than 65 million (Ngugi, Bottomley, Kleinschmidt, 

Sander, & Newton, 2010; WHO, 2017). At least 1 in 26 people will be diagnosed 

with epilepsy at some point in their life making epilepsy the fourth most common 

neurological disorder behind migraines, stroke, and Alzheimer’s disease 

(England, Liverman, Schultz, & Strawbridge, 2012; Hesdorffer et al., 2011).  

 Broadly speaking, the different types of epilepsy can be categorized in two 

ways: 1) genetic epilepsies, or 2) acquired epilepsies. The first category, genetic 

epilepsies, consists of familial types of epilepsy caused by genetic mutations 

passed on within families, such as Ohtahara syndrome (Kato et al., 2013). Genetic 

epilepsies typically have their onset during early life (Axeen & Olson, 2018) which 

can have deleterious effects on the still-developing brain (Swann, Le, Lam, 

Owens, & Mayer, 2007). The second type, acquired epilepsy, is often caused by an 

insult such as brain trauma, stroke, infection, hypoxia, fever, or brain tumors 

(Sierra, Grohn, & Pitkanen, 2015). After an initial insult, the affected areas of the 
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brain can undergo reactive changes that spread to additional areas, ultimately 

leading to epilepsy and spontaneous seizures. Collectively the processes 

underlying the development of epilepsy after an insult are termed epileptogenesis 

(Sierra et al., 2015). 

 There is no cure for epilepsy, however, as many as 70% of individuals 

afflicted respond to treatments such as medication and diet alterations. For the 

approximately 30% who do not at first respond to treatment with anti-epileptic 

drugs (AEDs), adding polydrug therapy, devices such as a vagal nerve stimulator, 

or surgery often lead to freedom from seizures (NINDS, 2015). Importantly, 

when seizures are not controlled after treatment is attempted, the failure is not 

necessarily due to the treatments themselves being ineffective. In some cases, 

failure to control seizures is due to the use of an inappropriate treatment or drug, 

and in other cases it can be attributed to stopping a treatment too soon (Kwan et 

al., 2010). Accordingly, the definition of drug resistant epilepsy proposed by the 

International League Against Epilepsy (ILAE) in 2009 specifically describes true 

cases of refractory epilepsy when, “failure of adequate trials of two tolerated and 

appropriately chosen and used AED schedules (whether as monotherapies or in 

combination) to achieve seizure freedom.” (Kwan et al., 2010). Treatment failures 

are not the only reason many patients fail to achieve seizure freedom. Many 

epilepsy patients fail to adhere to their prescribed treatment regimens because of 

side effects that interfere with their daily functioning, high monetary cost, or a 

lack of perceived efficacy (Faught, 2012). Regardless of the reason for treatment 

failure, continued seizures have clear negative consequences for physical and 

mental health. Seizure frequency is associated with injuries (Buck, Baker, Jacoby, 
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Smith, & Chadwick, 1997; Neufeld, Vishne, Chistik, & Korczyn, 1999), sudden 

unexpected death in epilepsy (SUDEP) (Duncan & Brodie, 2011), brain damage 

(Briellmann, Berkovic, Syngeniotis, King, & Jackson, 2002; Sutula, Hagen, & 

Pitkanen, 2003), and lower IQ (Bjornaes, Stabell, Henriksen, & Loyning, 2001; 

Jokeit & Ebner, 2002).  

 
Cognitive Dysfunction in Epilepsy 

 While seizures are a major part of epileptic disorders, and indeed are a top 

concern for medical professionals, the additional undesirable aspects related to 

epilepsy often interfere with daily living outside of seizures and the ictal period. 

Reflecting this, the definition of epilepsy from the ILAE includes not just 

seizures, but also includes the comorbid conditions, disturbances, and 

undesirable results of treatment as being part of the disorder. Comorbid 

conditions can affect the physical, psychological, and social dimensions of quality 

of life adding to the burden of recurring seizures (Ficker, 2015). Unfortunately, 

medical professionals often fail to treat epilepsy and associated conditions 

holistically. Studies have found the interictal (the time between seizures) factors, 

not the ictal state (seizure occurrence), to have the largest impact on quality of 

life in epilepsy (Ficker, 2015). However, interictal factors are less commonly 

assessed clinically. 

 Supporting the disconnect between factors affecting the lives of epilepsy 

patients and the perspectives of their doctors, a 2010 study found that doctors 

frequently underestimate the impact of epilepsy on eight out of 20 concerns also 

rated by their patients on the epilepsy concerns index (McAuley et al., 2010). 
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When comparing the concern scores of doctors and patients with epilepsy, the 

largest discrepancy in reports regarded patient memory problems. Overall, 

patients were most concerned with factors related to their ability to live 

independently such as the ability to drive, hold down a job, not being able to do 

things alone, and other factors that relate to the stigma attached to epilepsy. 

Inversely, the medical professionals put more emphasis on factors relating to 

seizure prevention, seizure occurrence, and related outcomes such as injury. This 

study exemplifies our claim that doctors often fail to view and treat their patients 

ictal and interictal symptoms holistically, despite the push from the ILAE to do 

so. 

 The discrepancy regarding memory problems is especially surprising 

considering how well-established memory impairments in epilepsy are in 

experimental and clinical literature. Experimental studies examining humans 

(Kleen et al., 2013) and animal models (Kleen et al., 2010) corroborate the 

association of memory impairment and epilepsy. Animal models are especially 

valuable because they allow for tighter control of the many factors that are 

associated with epilepsy and seizures. 

 
Seizure-Induced Brain Damage 

 Often, the seizures and associated memory dysfunction found in animal 

studies are accompanied by brain damage, such as tissue atrophy in the 

hippocampus. Temporal lobe epilepsy is the most common type of focal epilepsy 

and is characterized by a number of histological features. Among the features that 

often accompany temporal lobe epilepsy is hippocampal sclerosis, a progressive 
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reduction of tissue mass and glial scarring of the hippocampus (Malmgren & 

Thom, 2012; NINDS, 2015). In epilepsy, the extent of tissue atrophy that occurs 

in hippocampal sclerosis is positively associated with the frequency of seizures 

(Focke, Thompson, & Duncan, 2008; Mueller et al., 2012; Winston et al., 2013). 

Other related features that often accompany cases of epilepsy associated with 

hippocampal sclerosis include reorganization of granule cells, changes to 

interneurons, and mossy fiber axonal sprouting (Thom, 2014). Seizure-induced 

damage has been corroborated in animal models of epilepsy that show damage in 

the hippocampus after SE (Groticke, Hoffmann, & Loscher, 2007; Muller et al., 

2009; Tome Ada, Feitosa, & Freitas, 2010). Because the hippocampus is vital to 

the processes of learning and memory, a concern in our study was that an 

induced seizure could result in damage or cell loss that could ultimately have a 

deleterious effect on memory. Such damage could therefore make the 

determination of the cause of cognitive impairment more ambiguous. No studies, 

to our knowledge, have evaluated brain tissue for damage after a single flurothyl 

seizure. We used H&E staining to examine brain tissue for gross lesions to rule 

out overt damage after a single seizure as a potential contributor to memory 

impairment. 

 
Animal Models of Seizures 

 
Chronic Seizure Models 

 Rodent literature using chronic models of seizures (multiple or prolonged 

seizures followed by a period of recovery) indicates that spatial, contextual, fear, 

emotional, episodic-like, and in some cases recognition memory, are impaired 
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after seizures (Detour, Schroeder, Desor, & Nehlig, 2005; Inostroza, Brotons-

Mas, Laurent, Cid, & de la Prida, 2013; Inostroza et al., 2011; Kemppainen, 

Nissinen, & Pitkanen, 2006; Lesting, Geiger, Narayanan, Pape, & Seidenbecher, 

2011; Pearson et al., 2014). Chronic models attempt to mimic cases of acquired 

epilepsy after an initial insult or exposure to a toxin and the subsequent changes 

that render a brain epileptic. For example, after experiencing SE induced with 

systemic administration of the glutamate analog kainic acid (KA), rodents show 

postictal alterations of electrographic activity such as rhythmic spiking that 

continues in the hippocampus for 3-6 days after SE ceases (Ben-Ari, Tremblay, 

Riche, Ghilini, & Naquet, 1981). In addition to electrographic alterations 

following SE, cell loss, gliosis, neuroinflammation, and altered connectivity, such 

as mossy fiber axonal sprouting, can occur following SE in rodents (Jefferys, 

Steinhauser, & Bedner, 2016; Malmgren & Thom, 2012). Moreover, after the use 

of chronic seizure models, following a “quiet” period absent of seizures, 

spontaneous recurrent seizures (SRSs) often appear which may also contribute to 

cognitive impairment. 

 The plethora of changes following the use of chronic seizure models make 

it difficult to determine whether it is the seizures that directly cause memory 

impairment or whether it may be due to resulting damage and/or plastic changes 

to the brain after seizures. Several studies have documented the sequelae of SE in 

attempts to determine the cause of memory impairments. Inostroza and 

colleagues (2011) examined spatial memory, anxiety, and the extent of brain 

damage following SE using both the lithium pilocarpine (Li-Pilo) and KA models 

in Sprague-Dawley and Wistar rats.  Overall, they found that the rats with the 
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most extensive damage and reactive changes showed the greatest impairment in 

the MWM. Additionally, regardless of strain and seizure model employed, the 

rats that displayed the greatest levels of anxiety also spent the least time in the 

target quadrant during a MWM probe trial and the most time engaging in 

thigmotactic swimming (Inostroza et al., 2011).  

 Another study by Yin and colleagues (2005) investigated whether the 

appearance of SRSs was related to spatial memory impairments. They reported 

that after KA-induced SE, rats that developed spontaneous seizures performed 

poorer in the MWM than rats that experienced SE but did not develop 

spontaneous seizures. The rats that did not develop spontaneous seizure after SE 

were no different from controls in their performance in the MWM (Yin et al., 

2005). Yin et al. (2005) also found that rats which developed SRSs also showed a 

downregulation of Epilepsy Related Gene 1 (ERG1) in hippocampal field CA1, 

which encodes for N-ethylamide-sensitive fusion protein (NSF). The increase of 

ERG1 was not present in KA-treated rats without SRS or controls. 

Presynaptically, NSF plays a role in vesicular docking and fusion with the cell 

membrane necessary for neurotransmitter release. Postsynaptically, NSF 

interacts with -amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors 

(AMPARs) and is involved in the expression of LTP and long-term depression 

(LTD). Together these studies indicate possible contributions of multiple factors 

that include damage, epileptogenic changes to the brain, alterations to anxiety, 

and SRSs in producing memory impairment in response to SE. Due to the 

complex nature and simultaneous presentation of these processes, it has been 



 

14 

difficult to definitively judge their respective contributions toward memory 

impairment.  

 Additional research has further complicated the interpretation of results 

using chronic seizure models. Studies have examined changes in the brain and 

behavior almost immediately after SE, before SRSs appear, and indicated that 

spatial memory impairments can appear almost immediately (as soon as five 

days after SE), prior to the appearance of SRSs (Hort, Brozek, Komarek, 

Langmeier, & Mares, 2000; Hort, Brozek, Mares, Langmeier, & Komarek, 1999; 

Rice, Floyd, Lyeth, Hamm, & DeLorenzo, 1998). These impairments have been 

reported to recover in some cases, however impairment later reappears along 

with the occurrence of SRSs, which may indicate multiple types of impairment 

are present during and after the development of epilepsy. 

 Despite the ambiguity presented by the multiple factors present following 

the use of chronic seizure models, there is evidence consistently linking cellular 

alterations to memory impairment in epilepsy. For example, damage to the brain 

after chronic seizures has been linked to altered electrographic theta activity. 

Studies utilizing fear conditioning have used electroencephalography (EEG) to 

examine theta activity in the hippocampus and amygdala during memory 

retrieval and indicated that the presentation of a fear stimulus results in 

increases in theta oscillations in both areas (Moita, Rosis, Zhou, LeDoux, & Blair, 

2003; Pare, Collins, & Pelletier, 2002; Seidenbecher, Laxmi, Stork, & Pape, 

2003). Furthermore, theta synchrony between the hippocampus and amygdala 

also increases as learning is established. Synchrony of theta oscillations between 

different structures involved in fear memory retrieval, such as the hippocampus 
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and amygdala, is believed to be an important way that the brain works to compile 

different, but related, information necessary for memory retrieval. In a study that 

induced SE using kainate and later found episodic-like memory deficits in rats, it 

was found that seizures and memory impairments were associated with impaired 

electrographic theta activity in the hippocampus (Inostroza et al., 2013). The 

altered theta was associated with significant cell loss in the hippocampus. Based 

on this study it may be that seizures cause damage which leads to altered 

communication between the hippocampus and other brain regions which is 

necessary for normal memory function. Another study induced SE using 

pilocarpine and shortly afterwards used a spatial variant of the novel object 

recognition task and found spatial memory impairment that was associated with 

a decrease in hippocampal theta activity (Chauviere et al., 2009). Additional 

studies have indicated that chronic seizures are associated with alterations to 

theta activity in other brains structures as well as cognitive impairments in both 

rodent models and human patients (Chauviere et al., 2009; Ge et al., 2013; 

Kitchigina et al., 2013; Lesting et al., 2011). 

 Although ambiguity remains as to the ultimate cause(s) of cognitive 

impairments, studies that utilized chronic models have given insight into 

potential mechanisms underlying both reactive changes to the brain and memory 

impairments after chronic seizures. One such study found that reducing 

activation of N-methyl-D-aspartate receptors (NMDARs) using ketamine after an 

episode of SE is sufficient to prevent both cognitive impairments and the 

appearance of SRSs (Hort et al., 2000). Another more recent study found that 

after pilocarpine-induced SE in rats, there were impairments to spatial memory, 
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gliosis and dendritic damage which could be reversed by inhibiting the activity of 

mTOR using rapamycin. Together these studies indicate that after chronic 

seizures, the appearance of damage and impairment are both mediated, at least 

in part, by activity-dependent mechanisms. 

 Overall, animal models of chronic seizures have demonstrated the broader 

impact of the long-term sequelae of seizures. However, considering the numerous 

potential variables present in chronic models that may alone or collectively lead 

to memory impairments, we chose not to utilize a chronic model in our study.  

 
Acute Seizure Models 

 Compared to the chronic seizure models, assessments of memory after an 

acute seizure in rodents are less well-represented in the literature. Unlike chronic 

models, acute models do not typically result in the same pathological alterations 

to the brain such as cell loss or mossy fiber sprouting. The exception to this rule is 

after repeated induction of seizures (50 or more) using some of these models (L. 

Huang et al., 1999). Acute models, such as that utilizing PTZ and maximal 

electroshock (MES), have been commonly used to test new anti-epileptic or anti-

seizure compounds (Loscher & Schmidt, 2002). Another model of acute seizures 

utilizes flurothyl. It is worth noting that the convulsants used in acute seizure 

models, while producing seizures of limited duration, can, with prolonged or 

repeated use, induce SE (Holmes, Gairsa, Chevassus-Au-Louis, & Ben-Ari, 1998; 

Reddy & Kuruba, 2013; Sogawa et al., 2001; Q. Zhao, Hu, & Holmes, 2005). 

Additionally, studies that induced multiple acute seizures have indicated that 

seizure activity can cause disruption of hippocampal place cell firing and LTP that 
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is accompanied by spatial memory impairments in the MWM (Karnam et al., 

2009; J. L. Zhou, Shatskikh, Liu, & Holmes, 2007). 

 Studies that have investigated memory after an acute seizure have 

indicated that a seizure can impair memory, without overt accompanying 

changes to the brain. Mao and colleagues (2009) examined the sequelae of a 

single, brief seizure on shortly subsequent spatial and contextual learning in rats. 

Investigators induced a PTZ seizure and began training in the MWM, or 

contextual fear conditioning 30 minutes later. Both short-term memory (STM) 

and long-term memory (LTM) were examined afterwards. A post-training seizure 

had only an effect on short-term learning and memory, without affecting LTM 

tested at 24 hours. In contrast, a single pre-training seizure led to marked 

impairment of both spatial and contextual long-term memories, while sparing 

STM. The investigators were also interested in how an isolated seizure affects 

recall. Mao and team induced a seizure prior to contextual memory retrieval and 

found a transient impairment of fear memory at 24 hours. The same rats showed 

no impairment at 48 hours when tested for recall again without a pre-retrieval 

seizure (Mao et al., 2009). The transient impairment suggests that the seizure 

impaired consciousness, which affected the ability to recall normally, while 

sparing the previously encoded memory. Subsequent studies have reported 

similar deficits in spatial memory (Mares et al., 2012) and contextual memory 

(Carter et al., 2017) when learning occurs shortly after a seizure. Additionally, we 

recently reported that auditory cued memory was also impaired for delay fear 

conditioning occurring subsequent to a brief flurothyl seizure (Holley & Lugo, 

2016). Similar to the contextual fear conditioning results of Mao and colleagues 
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(2009), we found that a seizure occurring an hour after learning did not lead to 

impaired memory during cued-recall 24 hours later. Finally, results from Holley 

and Lugo (2016) also indicate that a seizure occurring six hours prior to training 

in delay fear conditioning, unlike a seizure one hour before, does not lead to 

impaired memory.  

 Together the acute seizure studies summarized above indicate that the 

impairing effects of a single brief seizure, induced with either flurothyl or PTZ, 

are limited to closely accompanying events occurring after the seizure occurs. 

That is, a brief seizure immediately preceding learning appears to affect memory 

consolidation, while a seizure prior to recall impairs memory retrieval. 

Additionally, the impairments found in the different studies indicate that both 

spatial memory and associative memory, associated with the hippocampus and 

amygdala, are vulnerable after a seizure.  

 
Pentylenetetrazol 

 Pentylenetetrazol is a chemo-convulsant compound that binds to the 

GABAA receptor at or near the picrotoxin site and acts to antagonize these 

receptors, resulting in decreased release of the inhibitory neurotransmitter -

aminobutyric acid (GABA) (Xu & Akabas, 1996; Xu, Covey, & Akabas, 1995). 

Antagonization of GABAA receptors leads to a decrease in inhibition in the brain. 

The lack of normal inhibitory control exerted by these receptors leads to seizures 

like those occurring after exposure to picrotoxin or bicuculline, both inhibitors of 

GABAA receptors. The mechanism of action for PTZ was long thought to depend 

on binding of the ligand to the picrotoxin site of the receptor, but one study has 
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suggested that PTZ and picrotoxin may have distinct, but overlapping domains 

for binding (R. Q. Huang et al., 2001). 

 
Flurothyl 

 The volatile convulsant flurothyl (bis 2,2,2-trifluroethyl ether), also called 

indoklon or hexflurodiethyl ether, produces effects similar to those of PTZ, 

however it does not share a common binding site (Krasowski, 2000). Flurothyl 

exposure leads to seizures similar to those produced by picrotoxin, but does not 

bind to picrotoxin sites on either GABAA or glycine receptors (Browne, 1875; 

Krasowski, 2000). In the past, flurothyl was used in place of electroconvulsive 

therapy to treat patients with neuropsychiatric disorders (Esquibel, Krantz, 

Truitt, Ling, & Kurland, 1958; Krantz, Esquibel, Truitt, Ling, & Kurland, 1958; 

Krantz, Truitt, Speers, & Ling, 1957). Even 60 years after its discovery, the exact 

mechanisms and binding site for flurothyl is still not well understood, however 

the convulsant effect putatively stems from the interaction of flurothyl with a 

benzodiazepine site on GABAA receptors (Hashimoto, Araki, Suemaru, & Gomita, 

2006).  

 Administration of flurothyl differs from that of PTZ or other convulsant 

compounds. Due to the volatile nature of flurothyl at room temperature, an 

inhalation chamber is utilized to contain and concentrate the drug. Once 

flurothyl infusion begins, seizure activity in adult rodents begins within minutes 

(Holmes et al., 1998), and goes through a steady progression as the seizure 

spreads through the brain. A flurothyl seizure starts with a myoclonic twitch, 

followed by forelimb and hindlimb clonus, generalized tonic-clonic convulsions, 
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and sometimes rearing and falling. If allowed to continue, the seizures usually 

progress to wild running, and finally tonic extension. In adult rodents, seizures 

induced with flurothyl ultimately continue until the animal is removed, or death. 

Once removed from an inhalation chamber, rodents typically recover rapidly, 

within 5-10 minutes.  Due to its shorter-lasting effects and the ability to quickly 

halt administration, we chose to use the flurothyl model to isolate the effects of 

an acute seizure. Additionally, with fewer exposures to flurothyl (  10) there is no 

cell loss or synaptic reorganization in adult rodents (J. L. Zhou, Shatskikh, et al., 

2007).  

 
Molecular Signaling and Seizures 

 
 One of the underlying mechanisms that many researchers have examined 

is the role of intracellular signaling pathways that may underlie the behavioral 

changes in chronic and acute models of epilepsy. One promising pathway which 

is activated in both chronic and acute seizure models  is the phosphoinositide 3-

kinase/Akt/mammalian target of rapamycin (PI3K/AKT/mTOR) intracellular 

signaling pathway (B. Zhang & Wong, 2012).  

 The PI3K/Akt/mTOR pathway (Figure 1) is involved in regulating activity-

dependent de novo protein synthesis required for creation and maintenance of 

new memories in the hippocampus (Mahoney, Dempsey, & Blenis, 2009). During 

synaptic activity, glutamatergic receptors activate the pathway (Gong et al., 

2006). Once activated, the PI3K/Akt/mTOR pathway is crucial for dendritic 

protein synthesis necessary for the modulation of synaptic strength which 

underlies some forms of LTP and LTD  (Cammalleri et al., 2003; Lenz & Avruch, 
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2005). LTP and LTD have been implicated as the neural correlates of long-term 

memory consolidation necessary for permanence of newly encoded memory. 

Indeed, inhibiting mTOR activity or administering a protein synthesis inhibitor 

immediately after learning leads to impairment of new memory (Parsons et al., 

2006; Schafe & LeDoux, 2000; Tischmeyer et al., 2003).  

 During seizure, abnormal and excessive synaptic activity alters the normal 

patterns of activity of the PI3K/Akt/mTOR pathway. After seizures, there is acute 

hyper-activation of the pathway (Zeng, Rensing, & Wong, 2009; B. Zhang & 

Wong, 2012). The normal activation of the pathway is tightly regulated by certain 

proteins such as PTEN and tuberous sclerosis complex proteins 1 and 2 (TSC1/2). 

The deletion of genes that code for Pten or TSC1/2 in rodents has been shown to 

result in disinhibition and hyperactivity of mTOR signaling and results in 

alterations in hippocampus-dependent memory and synaptic proteins involved in 

plasticity (Auerbach, Osterweil, & Bear, 2011; Ehninger et al., 2008; Feliciano et 

al., 2013; Lugo et al., 2014; Lugo et al., 2013). In the following sections, we review 

the components of the PI3K/Akt/mTOR signaling pathway and related proteins. 

 
Phosphoinositide 3-Kinase 

 Phosphoinositide 3-kinase (PI3K) is the catalyst which phosphorylates 

phosphatidylinositol (3,4)-biphosphate (PIP2) into phosphatidylinositol (3,4,5)- 

trisphosphate (PIP3). PI3K can be activated directly by receptor tyrosine kinases 

(RTKs) or indirectly by the G-coupled protein Ras (King, Yeomanson, & Bryant, 

2015). The activity of PI3K is opposed by PTEN which dephosphorylates PIP3 

back into PIP2, thus limiting the downstream effects of PI3K. Once PI3K has 
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phosphorylated PIP2, the resulting product, PIP3, then interacts with 3’-

phosphoinositide-dependent kinase-1 (PDK1) to localize Akt to the plasma 

membrane (Brazil & Hemmings, 2001; Lawlor & Alessi, 2001). Separate from its 

role in the signaling cascade leading to mTOR activation, in association with 

NMDAR-dependent Ca2+/calmodulin-dependent protein kinase (CaMKII) 

increase, PI3K also has a role in the initiation of LTP and LTD by binding to 

AMPARs and facilitating their insertion at synapses (Man et al., 2003).  

 

Figure 1. The PI3K/Akt/mTOR signaling pathway. PI3K/Akt can be activated through receptor 
signaling which leads to activation of mTORC1. Neuronal protein synthesis is then regulated by 
downstream effector proteins, 4E-BP1 and S6K1. S6K1 can also serve to inhibit further activity of 
PI3K in a negative-feedback loop. FMRP serves as a translational repressor and can also act to 
inhibit PI3K activity by inhibiting PIKE or PI3K itself. RTK, receptor tyrosine kinase; IRS1, 
insulin receptor substrate 1; AMPK, AMP-activated protein kinase; REDD1, regulated in 
development and DNA damage response 1; eIF4E, eukaryotic translation initiation factor 4E; 
eIF4B, eukaryotic translation initiation factor 4B. 
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Akt/Protein Kinase B 

 Protein kinase B, also commonly called Akt, is a member of the AGC 

kinase family that is rapidly activated by PDK1 in the presence of insulin and 

growth factors (Alessi et al., 1997). Akt is also activated by the phosphoinositides 

PIP2 and PIP3. Once activated by PDK1, Akt phosphorylates TSC2 causing a 

disruption of the TSC1/TSC2 dimer (Meyuhas, 2015). TSC2 is a GTPase 

activating protein (GAP) that interacts with the G-protein Ras-homolog enriched 

in brain (Rheb) to hydrolize the Rheb-GTP complex into an inactive Rheb-GDP 

complex. Once TSC1 is dissociated from TSC2, TSC2 loses the ability to convert 

Rheb-GTP back to its inactive form, Rheb-GDP. The resulting accumulation of 

Rheb-GTP allows continuous activation of mTORC1. Akt also has the capability to 

activate mTOR by phosphorylating proline-rich Akt substrate 40 kDa (PRAS40), 

a part of mTORC1 (Wiza, Nascimento, & Ouwens, 2012). 

 
Mammalian Target of Rapamycin  

 Originally discovered in yeast, the mammalian target of rapamycin kinase 

is part of the phosphatidylinositol kinase-related protein kinase (PIKK) family 

(Jacinto & Hall, 2003). As the name suggests, mTOR is a target of the 

immunosuppressant drug rapamycin, which has been used to prevent rejection 

after organ transplant and has shown promise in the treatment of cancer (Chueh 

& Kahan, 2005; Guba et al., 2002; Guertin & Sabatini, 2005). The role of mTOR 

is to detect oxidative stress, energy metabolism status, oxygen, neurotransmitter 

availability, and the availability of nutrients via neuronal receptors and channels 

on the membrane surface. mTOR can be activated by AMPARs, NMDARs, 
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dopamine receptors, metabotropic glutamate receptors (mGluRs) and by tyrosine 

receptor kinase B (TrkB) receptors such as those that bind brain derived 

neurotrophic factor (BDNF). Through its activation by one or more of these 

receptors, mTOR works to regulate the expression of synaptic plasticity via 

control of protein synthesis (Hay & Sonenberg, 2004). Due to its ability to detect 

the status of so many factors, and its position at the convergence of multiple 

signaling pathways, mTOR is sometimes regarded as a master regulator of 

protein synthesis. Ultimately, mTOR controls protein synthesis through its 

downstream effectors S6K and eukaryotic initiation factor 4E-binding protein 1 

(4E-BP1). 

 The mTOR kinase can associate with either the regulatory associated 

protein of mTOR (Raptor) or the rapamycin-insensitive companion of mTOR 

(Rictor) to form one of two multiprotein complexes known as mTOR complex 1 

(mTORC1) or 2 (mTORC2) respectively. Studies have indicated that mTORC1 is 

involved in the regulation of cell growth and survival, while mTORC2 is involved 

in regulation of the actin cytoskeleton and other structural components of cells 

(Angliker & Ruegg, 2013).  

 The first mTOR complex, mTORC1, is comprised of the large mTOR kinase 

and the regulatory protein Raptor (Kim et al., 2002), in addition to G protein -

subunit-like protein (G L)  (Kim et al., 2003) and inhibitory protein PRAS40 

(Wiza et al., 2012). The FK506-binding protein 12 (FKBP12), is a protein that acts 

as a receptor for rapamycin and, can form a complex with rapamycin which then 

associates with mTORC1 and inhibits its function (Santini et al., 2014). 

Additionally, studies using mice with a conditional knockout of FKBP12 have 
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suggested that under normal conditions, FKBP12 suppresses basal mTORC1 

activity by regulating the association between mTOR and Raptor (Hoeffer et al., 

2008).  

 The other mTOR complex (mTORC2) is comprised of mTOR and Rictor, 

along with G L, and is involved in organization and regulation of the actin 

cytoskeleton (Sarbassov et al., 2004). While originally believed to be insensitive 

to inhibition by rapamycin, it has been shown that with chronic treatment with 

the immunosuppressant, mTORC2 activity can also be suppressed (Sarbassov et 

al., 2006).  

 Activated mTORC1 can signal for the initiation of protein synthesis via its 

phosphorylation of 4E-BP1 or an S6 kinase (Hay & Sonenberg, 2004). The full 

activation of S6K requires phosphorylation by mTORC1 as well as by PDK1 

(Pullen et al., 1998; Pullen & Thomas, 1997; Saitoh et al., 2002).  

 
Ribosomal S6 Kinase  

 The p70 ribosomal S6 kinases, S6K1 and S6K2, belong to the AGC kinase 

family and have a two-lobe fold structure. Of the two S6 kinases, S6K1 has been 

the most thoroughly investigated. S6K1 has multiple sites for phosphorylation 

and following its activation via PI3K, mTOR activates S6K1 at Thr389 (Santini et 

al., 2014). The role of S6K1 in the processes of protein synthesis is to 

phosphorylate ribosomal protein S6, eukaryotic translation initiation factor 4B 

(eIF4B), and the eukaryotic translation elongation factor-2 (eEF2) kinase (also 

known as calmodulin-dependent protein kinase III (CaMKIII). Supporting a role 

for the S6Ks in learning and memory, KO mice for S6K1 show impairments in 
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contextual fear conditioning (Antion et al., 2008). Furthermore, S6K1 KO mice 

show aberrant early long-term potentiation (E-LTP). We examined changes in 

S6K1 following an acute seizure in order to help explain deficits in memory. 

 
Ribosomal Protein S6 

 The ribosomes are a component of cells that are necessary for normal 

intracellular protein synthesis. The 40S ribosomal protein S6, a downstream 

target of the PI3K/Akt/mTOR signaling pathway and the larger 60S subunit, 

comprise the ribosomes along with around 80 additional ribosomal proteins. 

While the most well-known role for S6 is its regulation of protein synthesis, the 

S6 protein has also been shown to play a role in regulation of cell size, cell 

proliferation, and glucose homeostasis.  

 The S6 protein can undergo phosphorylation at five sequential residues 

starting first with Ser236, and then Ser235, Ser240, Ser244, and finally at Ser 

247. Phosphorylation of S6 occurs most commonly via its interaction with S6K1, 

which can bind to any of the five phospho-sites. Additionally, S6 can be 

phosphorylated at Ser235 and Ser236 by the p90 ribosomal S6 protein kinases 

(RSK1-4) (Roux et al., 2007), Protein kinase A (PKA) (Biever et al., 2015; Moore, 

Xie, Gomez, & Herbert, 2009; Valjent et al., 2011; Yano et al., 2014),  Protein 

kinase C (PKC) (House, Wettenhall, & Kemp, 1987), Protein kinase G (PKG) 

(Yano et al., 2014), as well as Death-associated protein kinase (DAPK) 

(Schumacher, Velentza, Watterson, & Dresios, 2006). Finally, phosphorylation at 

Ser247 can occur via interaction with Casein kinase 1 (CK1) (Hutchinson, 

Shanware, Chang, & Tibbetts, 2011).  Importantly, phosphorylation of S6 is often 
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used as an indicator of mTORC1 activity. Given the role of S6 in protein synthesis 

we investigated S6 and pS6 at Ser235/236, and Ser240/244 as well as levels of 

the p70 S6 kinase 1 (p70S6K), the cytosolic isoform of S6K1, which binds to all 

four sites to phosphorylate S6. 

 
Fragile X Mental Retardation Protein 

 Another protein that we expect to change after a seizure is the 

translational repressor, Fragile X mental retardation protein (FMRP). FMRP is 

encoded by the fragile x mental retardation 1 (FMR1) gene, is involved in the 

regulation of protein translation of several mRNAs that are downstream of 

PI3K/Akt/mTOR. In total, FMRP is known to have at least 842 target genes of 

which it can repress protein translation (Steinberg & Webber, 2013). FMRP 

functions as an RNA-binding protein at the base of dendrites that can associate 

with actively translating ribosomes to suppress translation (Laggerbauer et al., 

2001). The phosphorylation status of FMRP determines its function, with 

phosphorylated FMRP (pFMRP) being associated with stalled ribosomes and 

dephosphorylated FMRP association with actively translating ribosomes (Brown 

et al., 2001). Thus, pFMRP is associated with repression of translation, while 

unphosphorylated FMRP permits translation to occur in ribosomes. Previous 

studies from out lab have found that after the deletion of PTEN in mice, there is a 

subsequent increase in both pFMRP (Ser499) and total FMRP (Lugo et al., 2014; 

Lugo et al., 2013). Additionally, Fmr1 KO mice lacking FMRP show increased 

mTOR activity suggesting that FMRP acts to regulate the activation of 

PI3k/Akt/mTOR signaling (Sharma et al., 2010). The mechanism by which 
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PI3K/Akt/mTOR signaling and FMRP activity are linked is not fully understood, 

however it is likely that FMRP activation occurs downstream of mTOR. Both 

S6K1 and casein kinase II (CK2) have been reported to phosphorylate FMRP at 

Ser499 (Bartley et al., 2016; Narayanan et al., 2008). Dephosphorylation of 

FMRP appears to require both group 1 mGluR activity and protein phosphatase 

2A (PP2A) (Narayanan et al., 2007). Finally, FMRP may interact with 

PI3K/Akt/mTOR signaling to form an inhibitory feedback loop by its suppression 

of PI3K enhancer (PIKE) and of PI3K itself, both of which are upregulated in 

Fmr1 KO mice (Sharma et al., 2010). Considering its function, we chose to 

investigate whether any changes to FMRP may be associated with alterations to 

other proteins involved in synaptic plasticity after a seizure that might contribute 

to memory impairment. 

 
Postsynaptic Density Protein-95 

 The scaffolding protein, postsynaptic density protein-95 (PSD-95) (also 

known as SAP90 or DLG4), is located at the post-synaptic side of excitatory 

synapses where it is involved in the regulation of NMDAR and AMPAR 

recruitment, localization, and stabilization on dendritic spines (Coley & Gao, 

2018). Reductions in this membrane-associated guanylate kinase (MAGUK) 

occurs in response to epileptiform activity, induced via GABAA receptor 

inhibition with gabazine, in slice cultures (Zha, Dailey, & Green, 2009). The 

reductions in PSD-95 after epileptiform activity were associated with reduced 

numbers of spines. Additionally, Zha and colleagues found that the number of 

mature spines already present was reduced during epileptiform activity. The 
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findings in vitro have been corroborated in vivo. As soon as six hours after kainic 

acid-induced SE, there is a decrease in PSD-95 and kainic acid receptor 2 (KA2), 

while there are increases in TrkB receptors, PKC, and mGluR1  at the 

postsynaptic density (Wyneken et al., 2001).  Additionally, prolonged seizure 

activity causes a dramatic reduction in NMDA channel conductance that is not 

associated with reductions in NMDAR subunits. Under normal conditions, 

changes in dendritic spines are associated with neuronal activity and subsequent 

synaptic plasticity, therefore it remains a possibility in our study that a single 

seizure may lead to memory impairments through a disruption of spine 

remodeling necessary to strengthen or weaken specific synapses. Given its role 

and our hypothesis that seizure-induced memory defects are associated with 

altered synaptic plasticity, we included an investigation of PSD-95 for this study. 

 
SHANK 

 The three SH3 and multiple ankyrin repeat domain (SHANK) proteins, 

SHANK1-3, are a family of proline-rich post-synaptic scaffolding proteins that are 

present in the post-synaptic density (PSD) at excitatory synapses in the brain 

(Sheng & Kim, 2000). The SHANK proteins, also called ProSAPs, are encoded by 

the Shank1, Shank2, and Shank3 genes. Evidence has shown SHANK to be 

altered in some cases of autism spectrum disorder (ASD), schizophrenia, and has 

been linked to some forms of intellectual disability (Leblond et al., 2014; Sala, 

Vicidomini, Bigi, Mossa, & Verpelli, 2015). Much of the research that has 

elucidated the roles of SHANK proteins has been focused on understanding the 

role of SHANK in abnormal synaptic connectivity in cases of ASD. Research 
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utilizing rat hippocampal cell cultures has indicated that the levels of SHANK3 at 

synapses can affect NMDA and AMPA receptor-mediated neurotransmission 

(Arons et al., 2012). In mice, SHANK protein mutations are linked to altered 

behavioral phenotypes that include repetitive grooming, increased anxiety, and 

altered social behavior (Peca et al., 2011). When SHANK is deleted in mice, it 

leads to aberrant levels of proteins of the PSD that include Homer, SAPAPs, 

AMPARs, and NMDARs (Mei et al., 2016; Peca et al., 2011).  

 The most well studied of the SHANK proteins is SHANK3 (ProSAP2). 

SHANK3 contains six domains at which protein-protein interactions can occur 

(Monteiro & Feng, 2017). These domains can interact with proteins in the PSD 

such as SHARPIN, non-erythrocytic 1 (SPTAN1) (Mameza et al., 2013), 

SAP90/PSD95-associated protein 1 (SAPAP1) (Naisbitt et al., 1999), Homer 

(Hayashi et al., 2009; Tu et al., 1999), and GluA1 (Uchino et al., 2006). 

Interactions with these proteins have a diverse array of functions which spans 

synaptic transmission and dendritic spine formation to cytoskeletal regulation. 

SHANK is linked with PSD-95 through SAPAP proteins which bind to SHANK 

(Monteiro & Feng, 2017). SHANK can then bind to the actin cytoskeleton and 

Homer proteins. Together SHANK, PSD-95, SAPAP, and Homer create a link 

between metabotropic glutamate receptors (mGluRs) and NMDARs that may 

allow G-protein coupled receptors and ionotropic glutamate receptors (GluRs) to 

influence one another.  

 In addition to a role for SHANK in ASD, individuals with Shank3 

mutations also frequently experience seizures (Holder & Quach, 2016). Studies 

have also found increased expression of SHANK3 in the neocortex of human 
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patients with temporal lobe epilepsy and rats that had experienced pilocarpine-

induced SE (Y. Zhang et al., 2017). Finally, mice with a conditional KO (cKO) of 

Pten experience not only seizures, but also hyperactivated mTOR signaling and 

elevated expression of PSD-95, Homer, and SHANK3 (Matsushita et al., 2016). 

The seizures and changes in protein levels were prevented when the Pten-cKO 

mice were treated with the mTOR inhibitor rapamycin, further supporting a link 

between seizures, mTOR, and SHANK. Considering these lines of evidence, it is 

likely that if seizure-induced memory impairments are due to synaptic 

dysfunction, SHANK will be involved. We assessed the levels of SHANK proteins 

using a pan-shank antibody that is sensitive for all three SHANKs. 

 
GFAP 

 One role of astrocytes following brain damage or in neurodegenerative 

disorders is to coordinate cellular responses through a process called reactive 

astrogliosis. The main feature of astrogliosis is a significant increase in the 

number of astrocytes in tissue nearby an insult to isolate the damaged area from 

other, unaffected regions by forming a glial scar (Cullen, Simon, & LaPlaca, 

2007). The increase in number of astrocytes during astrogliosis is significant 

because each astrocyte can interact with between 20,000 and 120,000 neuronal 

synapses in rodents, or 270,000 to two million synapses in humans, to regulate 

neuronal activity and metabolism (Oberheim et al., 2009). Recently, a paper 

published by Shen and colleagues (2016) found that astrocytes had a role in 

promoting excitatory hippocampal synaptogenesis following administration of a 

bacterial mimetic, lipopolysaccharide (LPS), in early postnatal, but not adult 
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mice. After LPS injection, the young mice later showed enhance susceptibility to 

PTZ-induced seizures as juveniles (Shen et al., 2016). In addition, another study 

found that following postnatal LPS administration, rats showed increased levels 

of excitatory postsynaptic field potentials in hippocampal field CA1 in adulthood, 

as well as increased susceptibility to seizures (Galic et al., 2008). The study by 

Galic and colleagues (2008) also reported signs of increased levels of the glial 

fibrillary acidic protein (GFAP) in hippocampal CA1. GFAP is an intermediate 

filament protein expressed in astrocytes, the primary type of glial cell found in 

the central nervous system (Hol & Pekny, 2015). GFAP is an element of the 

cytoskeleton of astrocytes and its expression is elevated after mechanical stress as 

well as during astrogliosis (Cullen et al., 2007). A 2017 study reported that after 

pilocarpine-induced SE in rats, treatment with the calcineurin inhibitor FK506 

inhibits astrogliosis and prevents cognitive impairments (Liu et al., 2017). In 

consideration of the role astrocytes may play in the pathology of epilepsy, and 

their considerable contributions toward normal functioning, we measured the 

relative concentration of GFAP after a single seizure to ascertain whether there 

might be a change in numbers of astrocytes which could contribute to 

neuroinflammation or glial scarring that could potentially affect memory. 

 
Ionotropic AMPA and NMDA Receptors 

 Glutamatergic receptors are the primary component necessary for 

excitatory activity in the brain. There are both ionotropic GluR types, which 

directly open an ion channel quickly in response to a ligand binding, as well as 

metabotropic types (also called G-protein coupled receptors [GPCR]) which can 
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exert longer-lasting effects. One type of ionotropic GluR is the AMPA receptor, 

named for the glutamate analog AMPA which can bind and activate the receptor 

(Honoré, Lauridsen, & Krogsgaard-Larsen, 1982). AMPARs are tetramers 

composed of four subunit types, GluA1, GluA2, GluA3, and GluA4 (Mayer, 2005). 

AMPARs, due to their fast activation speeds, are involved in mediating much of 

the fast activity in the brain (Greger, Watson, & Cull-Candy, 2017). The activity of 

postsynaptic AMPARs is also necessary for removing the Mg2+ block present at 

the channels of NMDARs (Mayer et al., 1984; Nowak et al., 1984), allowing an 

inward flow of extracellular Ca2+ after glutamate binds to the NMDAR, and is 

necessary for the induction of LTP and strengthening of synapses (Bliss & 

Collingridge, 1993; Huganir & Nicoll, 2013; Nicoll, Kauer, & Malenka, 1988). 

 Synaptic plasticity is thought to underlie the formation of new memories 

and both AMPARs and NMDARs are believed to play crucial activity-dependent 

roles in strengthening or weakening synapses during learning. During LTP 

events, AMPARs, containing the GluA1 and GluA2 subunits, numbers and 

locations are altered through the processes of endocytosis, exocytosis, and lateral 

diffusion (Makino & Malinow, 2009). Additionally, synaptic strength can be 

altered by the phosphorylation of AMPAR subunit GluA1 at multiple sites in 

response to neuronal activity (Huganir & Nicoll, 2013). In order to maintain 

synapse strength after LTP, there is continuous insertion of AMPARs 

postsynaptically, composed of subunits GluR2 and GluR3 (GluA2 and GluA3) 

(Malinow, Mainen, & Hayashi, 2000; Shi, Hayashi, Esteban, & Malinow, 2001). 

Together the two versions of AMPARs are involved in both the activity-dependent 

creation, and the activity-independent maintenance of memories. 
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 The NMDA receptor is another ionotropic glutamate receptor involved in 

synaptic plasticity (Whitlock, Heynen, Shuler, & Bear, 2006). Shorter activation 

of NMDARs is involved in plasticity and cell survival, while prolonged activation 

can lead to excitotoxic cell death (Q. Zhou & Sheng, 2013). The composition of 

functional NMDARs expressed in the hippocampus are primarily composed of 

two GluN1 and two GluN2 subunits (Punnakkal & Dominic, 2018). There are 

eight variants of the GluN1 subunit. GluN2 subunits have four different 

variations termed GluN2A-D, and the specific types of GluN2 subunits present 

help to determine the properties of a NMDAR (Wyllie, Livesey, & Hardingham, 

2013). Additional GluN3A and GluN3B subunits have also been found, which can 

combine with GluN1 subunits to produce functional receptors. The combination 

of subunits that comprises a given receptor and the resulting properties of the 

receptor varies depending on the receptor location on a cell, the region of the 

brain, and the state of neurodevelopment  (Akazawa, Shigemoto, Bessho, 

Nakanishi, & Mizuno, 1994; Loftis & Janowsky, 2003; Monyer, Burnashev, 

Laurie, Sakmann, & Seeburg, 1994; Sheng, Cummings, Roldan, Jan, & Jan, 

1994). NMDAR activation is necessary for both LTP and LTD in the brain and can 

play a role in regulating activity-dependent AMPAR trafficking which is necessary 

for adjustments in synaptic strength (Beattie et al., 2000). 

 Specifically, the GluN2A and GluN2B (also called NR2A and NR2B) type 

NMDAR subunits have been shown to be associated with epileptic activity in the 

hippocampus. In hippocampal slice cultures from young rats, blocking either 

GluN2A or GluN2B with subunit-specific antagonists leads to a reduction in 

epileptiform activity (Punnakkal & Dominic, 2018). When adult rats are 
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electrically kindled or experience pilocarpine-induced SE and are treated in vivo 

with specific antagonists for GluN2A and GluN2B, only treatment with the 

GluN2A antagonist affects the progression of epileptogenesis (Chen et al., 2007). 

Both the GluN2A and GluN2B antagonists, however, were effective in preventing 

excitotoxic neuronal death during SE. The difference between these studies was 

likely due to the age of the animals and differences in NMDAR subtype 

expression patterns that are present during postnatal development and maturity 

(Akazawa et al., 1994; Sheng et al., 1994). More recently, mutations in the 

GRIN2A and GRIN2B genes which code for the GluN2 subunits have been 

associated with the development of epilepsy in humans (Endele et al., 2010; 

Lemke et al., 2013; Yang et al., 2018). 

 The stabilization of AMPARs during membrane trafficking at synapses 

during experience-dependent synaptic plasticity involves PSD-95, which can be 

disrupted during seizure activity  (Ehrlich & Malinow, 2004; Wyneken et al., 

2001; Zha et al., 2009) Additionally, PSD-95 is also involved in anchoring 

NMDARs to the PSD. It is conceivable that both the synchronized excitatory 

activity during a seizure, or a disruption of PSD-95-mediated trafficking of 

AMPARs could disrupt memory formation or maintenance during LTP. 

Additionally, PSD-95 plays a role in trafficking and anchoring NMDARs at 

synapses (Al-Hallaq, Conrads, Veenstra, & Wenthold, 2007). Considering their 

roles in LTP and their known associations with other proteins which can be 

altered during epileptiform activity, we probed for changes to the AMPAR 

subunit, GluA1, as well as the NMDAR subunits, GluN2A and GluN2B after single 

seizure. 
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Metabotropic Glutamate Receptor Group 1 

 Metabotropic glutamate receptor group 1 (mGluR1/5) are a class of GPCR 

located primarily postsynaptically, often near NMDARs (Shigemoto et al., 1997). 

Their locations are usually perisynaptic. In the hippocampus, mGluR1 is 

expressed in somatostatin-containing inhibitory interneurons and in pyramidal 

neurons throughout field CA3 (Baude et al., 1993; Petralia et al., 1997). The 

amygdala, cerebellum, olfactory bulb, and thalamus also express mGluR1. In 

comparison, mGluR5 is expressed in pyramidal neurons of both CA1 and CA3 

(Lujan, Roberts, Shigemoto, Ohishi, & Somogyi, 1997), as well as in cortex, 

striatum, and the olfactory bulb (Bordi & Ugolini, 1999).  

 Diverse roles for mGluR1/5 have been elucidated including those involved 

in excitation (Bianchi & Wong, 1995; Miles & Poncer, 1993; Pozzo Miller, 

Petrozzino, & Connor, 1995) as well as inhibition (Whittington, Traub, & Jefferys, 

1995). One role for mGluR1 is to regulate the potentiation and trafficking of 

NMDARs during LTP and involves the modulation of Ca2+ currents through their 

actions on voltage-sensitive Ca2+ channels. The mechanism of action for mGluR1-

dependent Ca2+ modulation of NMDARs is through the activation of 

phospholipase C (PLC) through the G-protein, G q/11 (Endoh, 2004; Skeberdis et 

al., 2001). Once activated, PLC hydrolysis of PIP2 in the cell membrane, produces 

inositol 1,4,5-triphosphate (IP3) and the second messenger diacyl glycerol (DAG). 

Next, IP3 and DAG cause the release intracellular calcium stores and the 

activation of PKC respectively. The resulting activation of PKC leads to an 

increase in the rate of NMDAR channel opening as well as the movement of 

NMDARs onto dendrites (Lan et al., 2001).  
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 The increase in NMDAR current following mGluR1/5 activation can also 

lead to an increase in intracellular Ca2+ and subsequent activation of 

phosphatases PP1 and calcineurin which leads to endocytosis of AMPARs. This 

decrease in synaptic AMPARs is a form of LTD. When stimulated, Group 1 

mGluR activation can also lead to LTD through tyrosine phosphorylation of the 

mitogen-activated protein kinase (MAPK also called ERK) signaling pathway 

(Gallagher, Daly, Bear, & Huber, 2004; Peavy & Conn, 1998). Prolonged or 

repeated activation of mGluR1/5 can lead to PKC-dependent receptor 

desensitization which may serve to protect against excessive neurotransmitter 

release and excitotoxicity (Bonsi et al., 2005). Desensitization occurs when PKC 

binds to a mGluR and prevents further stimulation of activity by its G-protein 

(Bhattacharyya, 2016).  

 A role for mGluR1/5 has been described in epileptogenesis. Application of 

an agonist for group 1 mGluRs in hippocampal slices can result in epileptiform-

like activity (Bianchi, Wong, & Merlin, 2012). The epileptiform-like discharges do 

not abate after removal of mGluR agonists but can be prevented by application of 

an mGluR1/5 antagonist (W. Zhao, Chuang, Young, Bianchi, & Wong, 2015). 

Importantly, Zhao and colleagues (2015) also reported that stimulation of 

mGluR1/5 during glutamate exposure causes a reduction of FMRP that led to 

enhanced mGluR1/5-mediated translation and prolonged epileptiform 

discharges. One hypothesis suggests that during intense glutamate release, such 

as during seizures, the prolonged activation of group 1 mGluRs causes protein 

synthesis and persistent expression of both a voltage-dependent cationic current 

and suppression of action potential afterhyperpolarizations. The voltage-
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dependent cationic current may serve to sustain the rhythmic firing of action 

potentials during seizures. Suppression of afterhyperpolarizations enhances the 

firing of CA3 pyramidal cells and may also promote prolonged periods of action 

potential firing (Bianchi et al., 2012). Given the roles of synaptic plasticity in the 

processes of learning and memory and alterations to mGluR1/5 receptors 

resulting from epileptiform activity and seizures, we selected to examine 

mGluR1/5 receptors as a potential contributor to memory impairment after a 

seizure. 
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CHAPTER THREE  
 

Methods and Materials 
 
 

Outline of Experiments 
 

 We ran several experiments to investigate how a single seizure might affect 

the process of learning and memory in mice, potentially mediated by 

PI3K/Akt/mTOR signaling changes. Briefly, all experiments began with inducing 

a flurothyl seizure and then behavioral testing began at least one hour following 

the seizure. We planned the experiments so that many of the experimental tests 

would be performed 24 hours after a seizure, one week after a seizure, or both. 

This testing method required the use of multiple cohorts of mice. All behavior 

tests were conducted when mice were between 6-8 weeks of age. We used the 

open field and elevated plus maze (EPM) tests to examine locomotion and 

anxiety-like behavior at 24 hours and one week following a seizure. To test 

different categories of memory we used trace fear conditioning, novel object 

recognition (NOR), and the accelerating rotarod tests to test hippocampal-

dependent fear memory, recognition memory, and cerebellar motor learning and 

coordination. We tested additional extended time points in trace fear 

conditioning to ascertain whether the impairments we observed were affected by 

our experimental design. Finally, we also induced seizures in additional mice 

which were sacrificed at one hour, 24 hours, or one week after seizure induction. 

Their hippocampi, cortex, and cerebellum were dissected and stored at -80°C 
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until processing and subsequent use in western blot analysis. See Figure 2 for a 

visual representation of our experimental design.  

  

 

Figure 2. Experimental Design. OF = Open field; EPM = Elevated plus maze; NO = Novel object 
recognition. On the lower two horizontal lines, the vertical ticks represent the time points at 
which behavior tests were run and at which tissue was collected for western analysis following a 
single seizure. For all experiments time = 0 represents the point at which seizures were induced. 
 
 

Power Analysis 
 

 During the planning of our experiments we used G*Power (version 3.1.7) 

to run a power analysis using the partial eta squared value from previously 

collected data to determine the sample size necessary to observe a similar effect 

in the current study. Based upon this analysis we ultimately decided that a 

sample size of 10 mice per group was conservatively sufficient to ensure statistical 

power (1 – ) = .80, and  = .05. 

 
Animals 

 
 The male C57BL/6J mice we used were generated and housed in the 

Baylor Sciences Building Animal Vivarium at Baylor University. All mice were 

group housed in standard mouse cages with ad libitum access to food and water. 

The home colony room was maintained at 22°C with a 12-hour light and 12-hour 

dark diurnal cycle. All procedures performed comply with the Guide for the Care 

and Use of Laboratory Animals from the National Institutes of Health and were 

approved by the Baylor University Institutional Animal Care and Use Committee. 
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We used mice between 6 to 8 weeks of age. We monitored the body weight of 

each mouse throughout the experiments. Different cohorts of mice were used for 

each behavioral measure and for tissue collection. 

 
Flurothyl Seizures 

 
 We induced brief flurothyl seizures under a laboratory fume hood 

(Kewaunee ® Scientific Corp., NC, USA) using methods we have previously 

described (Holley & Lugo, 2016). The mice were placed individually into a 

transparent acrylic inhalation chamber (29 cm x 16 cm x 15 cm) and flurothyl 

(bis-2,2,2-trifluroethyl ether; Sigma-Aldrich, St. Louis, MO, USA) was introduced 

at a rate of 33 L/min using a syringe pump (Model 11 Plus; Harvard Apparatus, 

MA, USA) until a generalized (tonic-clonic) seizure occurred. When this seizure 

criterion was met, the mice were removed and placed into individual holding 

cages to allow them to recover. The latency of first myoclonic jerk, 

forelimb/hindlimb clonus, and generalized tonic-clonic seizure were live 

recorded. To reduce mortality during seizure induction, we immediately stopped 

flurothyl infusion and removed the animals from the inhalation chamber when 

they began displaying generalized (tonic-clonic) seizures. 

 
Behavior Tests 

 
 

Open Field 

 To assess any possible seizure-induced changes to activity level we ran a 

cohort of mice (ncontrol = 10, nseizure = 10) in the open field following acute flurothyl 

seizures at the times that corresponded to trace memory tests (24 hours and one 
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week). The 10 minute test was run as previously described (Holley & Lugo, 2016). 

Two Fusion Nodes equipped with multiple Fusion Sensors measured activity 

level in the open field. The testing arena was a clear acrylic (40 cm x 40 cm x 30 

cm) box. The automated measurements by the sensors were recorded using the 

Fusion software (Omnitech electronics, OH, USA) during the 10 minute trial. We 

measured total activity levels, stereotypy (head-bobbing), rearing, and circling 

behavior. In addition, we also measured the time and distance the animals spent 

in the center and in the perimeter of the testing arena to assess any changes in 

anxiety level. Additionally, the number of fecal boli was recorded following the 

removal of the mice from the testing arena as an additional measure of anxiety. 

The open field was thoroughly cleaned with 30% isopropanol prior to and after 

testing each mouse. 

 
Elevated Plus Maze 

 To further evaluate potential changes to activity and anxiety levels we 

tested another cohort of mice (ncontrol = 10, nseizure = 10) in the elevated plus maze 

at 24 hours and one week following an acute seizure. The EPM consists of two 

open arms directly across from one another, and two closed arms positioned 

perpendicular to the open arms. The arms are (30 cm x 5 cm) connected by the 

center of the maze (5 cm x 5 cm). The walls of the closed arms are 15 cm tall. The 

floor of the maze is elevated 40 cm from the ground. We used automated tracking 

software (Ethovision XT; Noldus, Netherlands) to measure activity. Concurrently 

the test was video recorded (Pinnacle Studio, Corel Corp., ON, Canada) for later 

scoring of other variables of interest. We also recorded the number of fecal boli 
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after each mouse was tested. The EPM was cleaned between trials using 30% 

isopropanol. 

 
Trace Fear Conditioning 

 We used trace fear conditioning as previously described (Smith, Gallagher, 

& Stanton, 2007). Fear conditioning and memory tests were performed using 

Habitest® fear conditioning chambers (Coulbourn, OH, USA) (26 cm x 22 cm x 

18 cm) placed inside of sound dampening, isolation cubicles. The chambers were 

configured with two acrylic and two metal sides as well as metal grid floors 

through which mild footshocks were received. Footshocks were delivered by 

Precision Animal Shockers (Coulbourn, OH, USA) which were manually 

calibrated using an ENV-420 Amp-meter (Med Associates Inc.) prior to use. A 

white noise tone stimulus was delivered by an external stereo amplifier (PYLE® 

PRO PCA2; Pyle Audio Inc., NY, USA) and was played through speakers mounted 

on the rear of the isolation cubicles. The sound level was calibrated and verified 

before presentation of the tone using a handheld sound level meter (RadioShack, 

Texas, USA). Freezing behavior within the chambers was recorded and measured 

using FreezeFrame 3 software (Coulbourn, OH, USA). Prior to and after each 

testing period the chambers were cleaned with 30% isopropanol. 

 Mice received trace fear conditioning training one hour following a 

flurothyl seizure. The training protocols consist of a 240 second baseline period 

during which no stimuli are presented. The baseline period is followed by the 

presentation of a white noise tone (20 second, 70-dB) conditioned stimulus (CS), 

followed by an 18 second stimulus free trace interval before a mild footshock (2 
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second, 0.5-mA) unconditioned stimulus (US). Each of the six CS-US pairings 

mice received was separated by a 60 second inter-trial interval (ITI).  

 Cued recall for the CS-US association in trace conditioning was tested at 

24 hours and one week (ncontrol = 10, nseizure = 10), one week and two weeks (ncontrol 

= 10, nseizure = 10), or only two weeks (ncontrol = 11, nseizure = 11) after training by 

presenting the CS, not followed by the US, in the novel context. Prior to testing 

for cued recall, we altered the conditioning chambers to present a novel context. 

The texture, color, and shape of the chamber were changed using acrylic inserts 

and a novel odor (vanilla extract; Adam’s Extracts, TX, USA) was placed under 

the chamber floor. The testing protocol consists of a 180 second baseline period 

followed by four presentations of the CS. Each of these presentations consists of a 

20 second 70-dB white noise tone followed by a 20 second trace interval. A 60 

second ITI separated each presentation. Before and between trials in the new 

context, the chambers were cleaned with 70% ethanol. Freezing was measured 

during all intervals. 

 
Novel Object Recognition 

 The novel object recognition test was used to examine non-spatial 

recognition (non-matching-to-sample) memory (Bevins & Besheer, 2006)  at 24 

hours (ncontrol = 10, nseizure = 10)  and one week (ncontrol = 10, nseizure = 10) following 

a brief seizure. In the first 10-minute phase of this task (sampling), one hour after 

inducing a flurothyl seizure, we placed a mouse into an arena containing two 

identical objects located in the top right and top left corners. This phase allowed 

the animal to become familiar with the two objects before the second 10-minute 
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phase of this task (testing) in which we placed the animal back into the same 

arena. In phase two, we replaced one of the familiar objects with a new object the 

animal had never encountered before. Both phases of this test were video 

recorded and later scored by an investigator blind to experimental conditions of 

the animals. We scored the time spent exploring each object which was defined as 

direct contact with an object. Taking the scores for each object we then calculated 

the percentage of novel investigation by the formula: [time NO / (time NO + time 

familiar object) * 100]. If recognition memory is impaired in mice that 

experienced a seizure shortly before exposure to the two identical objects, they 

will not preferentially explore the novel object over the familiar object in 

comparison to control mice that did not experience a seizure. Between trials the 

arena and objects were cleaned with 30% isopropanol. 

 
Accelerating Rotarod 

 We assessed mice (ncontrol = 10, nseizure = 10) for deficits in motor 

coordination and motor learning using the accelerating rotarod test. After a 72-

hour rest period following a flurothyl-induced seizure, we tested subjects in two 

trials per day over four days for a total of 8 trials. Animals were placed on the 

rotarod (Series 8; IITC Life Science, CA, USA) which increased rotation speed 

from 4-40 RPM over 300 secs. Mice were allowed to rest for an hour between the 

first and second trials. We live scored the latency of subjects to fall from the rod 

for each trial. The time at which the first complete revolution on the rod, in which 

the animal did not fall off, was also recorded. Between trials the rotarod was 

cleaned with 30% isopropanol. 
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Western Blotting 
 
 We used western blotting to examine potential changes to the 

PI3K/Akt/mTOR signaling pathway, and synaptic proteins that accompanied 

impairments in trace fear memory in mice at one hour, 24 hours, and one week 

after a seizure. A cohort of naïve mice received flurothyl seizures and were 

sacrificed at either one hour (ncontrol = 9, nseizure = 9), 24 hours (ncontrol = 8, nseizure 

= 8), or one week (ncontrol = 8, nseizure = 8) later to match the time points of 

learning, and later recall periods from our behavior tests. Hippocampi, cortex, 

and cerebellum were rapidly dissected. The resulting samples were then rinsed in 

1X phosphate buffer solution, placed on dry ice, and stored at -80°C until used.  

 Samples were homogenized in ice-cold homogenization buffer (0.32M 

sucrose, 1mM EDTA, 5mM Hepes) containing protease inhibitor cocktail (Sigma, 

USA) and processed for western blotting as previously described (Lugo et al., 

2008). This procedure produced crude synaptosomes and total homogenate 

samples. The samples were first given a one minute spin at 1000 g at 4°C. Part of 

the resulting supernatant was removed and retained for total homogenate, the 

remainder of the supernatant was moved to another tube which underwent 

another spin cycle at 800 g at 4°C for 10 minute. After the 10 minute spin, the 

supernatant was transferred to a third tube which was spun at 7200 g at 4°C for 

15 minutes. After the final spin, supernatant was removed, and the remaining 

pellet was used to create crude synaptosome samples. Samples were prepared 

and diluted in Laemmli loading buffer (4X: 0.25M Tris, pH 6.8, 6% SDS, 40% 

Glycerol, 0.04% Bromophenol Blue, 200mM Dithiothreitol).  



 

47 

 We used sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-

PAGE) to suspend and separate the total homogenate and crude synaptosome 

samples. Following SDS-PAGE, proteins were transferred to Hybond-P polyvinyl 

difluoride membranes (GE Healthcare, Piscataway, NJ, USA). Membranes were 

next incubated for one hour at room temperature in blocking solution [5% non-

fat milk diluted in 1X Tris Buffered Saline (50mM Tris-HCl, pH 7.4, 150mM 

NaCl) with 0.1% Tween (1X TTBS) and 1mM Na3VO4]. Next, the membranes were 

incubated overnight at 4°C with the following primary antibodies in 5% milk in 

TTBS: We examined downstream targets of mTOR: total S6, phosphorylated S6 

(s235/236), and phosphorylated S6 (s240,244), and p70S6K. We also examined 

alterations in synaptic proteins due to seizures. We measured the levels of the 

postsynaptic NMDA receptor subunits NR2A, and NR2B. We also measured the 

postsynaptic scaffolding proteins Pan-shank and PSD-95. Additionally, we 

examined GFAP, GluA1, mGluR1/5, total Akt, and phosphorylated Akt (s473). 

Finally, we examined total FMRP and phosphorylated FMRP (s499). A summary 

of antibodies used can be found in Table A.1. After the overnight incubation, 

membranes were washed in 1X TTBS (3 x 5 minutes). Membranes were then 

incubated with horseradish peroxidase labeled secondary antibody, anti-rabbit 

immunoglobulin G (IgG) or anti-mouse IgG. After a final wash cycle in 1X TTBS, 

the membranes were incubated with GE ECL Prime (GE Healthcare, Piscataway, 

NJ, USA). Immunoreactive bands were capture by a ProteinSimple western blot 

imaging system (ProteinSimple, Santa Clara, CA, USA). Following the capture of 

western images, the ProteinSimple AlphaView software was used to measure the 

optical density of the resulting immunoreactive bands. Measurements obtained 
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from all bands of interest were normalized to actin levels within the same lane. 

All groups were normalized to the average of the control group per blot. 

 
Histology 

 
 One possible effect of a seizure that could contribute to memory 

impairment is damage to brain tissue resulting from seizure activity. Previous 

reports have indicated that multiple flurothyl seizures during the neonatal period 

can lead to hippocampal damage and later learning and memory impairments in 

rats (Holmes et al., 1998; Q. Zhao et al., 2005). In adult rats, 10 or fewer flurothyl 

seizures does not result in discernable damage (J. L. Zhou, Lenck-Santini, Zhao, 

& Holmes, 2007; J. L. Zhou, Shatskikh, et al., 2007). However, little is known 

regarding the effect of a single flurothyl seizure in mice. To rule out acute damage 

as an underlying cause of memory impairment, we evaluated the presence of 

gross lesions at the 24 hours and one week time points. During tissue collection 

for western blot analysis, we collected the right hemisphere of a selection of 

subjects from seizure (n = 4) and control groups (n = 4) for the 24 hours and one 

week time points. These samples were mid-saggitally sectioned and immersion 

fixed in 10% neutrally buffered formalin (NBF). Once fixed the brains were 

sectioned in transverse planes approximately at levels 5, 22, 37, 53, and 79 by 

Paxinos and Franklin, Mouse Brain in Stereotaxic Coordinates, 2nd Edition. The 

tissue samples were then dehydrated in graded alcohols, embedded in 

commercial paraffin mixtures, and then sectioned at 5 m thickness. The 

sectioned samples were stained for hematoxylin and then counterstained for 
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eosin. Digital photographs of the samples were captured, which were examined 

for gross lesions in all major brain regions by a veterinary pathologist (BSJ).  

 
Statistical Analysis 

 
 All data were analyzed using either GraphPad Prism 7 (GraphPad Software 

Inc., CA, USA) or IBM SPSS 23 (IBM, NY, USA). For the open field, NOR, and 

rotarod tests we used a repeated measures analysis of variance (ANOVA) design 

[treatment (control, seizure) x behavior of interest (repeated measures)]. To 

analyze the data for trace fear conditioning we utilized two-way mixed-design 

ANOVAs using between-subjects factors [treatment (control, seizure) x interval 

(Baseline, CS, Trace, ITI)], and time as a within-subjects factor. When we found 

significant interactions, independent samples t-tests were used. For western 

analysis, we used independent samples t-tests, or a nonparametric Mann-

Whitney U-test when the homogeneity of variance assumption was violated, to 

contrast the treatment groups.  
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CHAPTER FOUR 
 

Results 
 
 

Flurothyl Seizures 
 

 We induced seizures under a laboratory fume hood by exposing mice to the 

inhalant flurothyl and the latency to seizure was live recorded. The latency to first 

myoclonic jerk was 208.16 ± 4.32 seconds, the latency to forelimb or hindlimb 

clonus was 247.92 ± 4.69 seconds, and the latency to generalized seizure (tonic-

clonic) was 294.48 ± 5.96 seconds. None of the mice experienced a seizure during 

behavior testing or any other period beyond the initial exposure to flurothyl in the 

inhalation chamber. Seizure latency values are the mean ± SEM. 

 
Behavior 

 
 

Open Field 

 Activity levels.  We used the open field test to evaluate whether a single 

seizure has lasting effects on locomotor activity which could influence the results 

of other behavioral measures. Activity levels were reduced at 24 hours, but not 

one week after an acute flurothyl seizure. A repeated measures two-way ANOVA 

revealed no significant difference between groups in total distance (cm) traveled 

at 24 hours or one week after a seizure, F(1, 18) = .62, p > .05, however there was 

an effect of time, F(1, 18) = 24.39, p < .001, indicating that both groups traveled 

less at the one week time point compared to the 24 hour time point (Figure 3A). 
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There was no treatment x time interaction, F(1, 18) = 4.3, p > .05. The reduction 

in total distance at one week in comparison to 24 hours was likely a result of 

repeated testing, as mice show habituation when repeatedly tested in the same 

location. Additional repeated measures two-way ANOVA testing of behavior at 24 

hours and one week revealed no difference between treatment groups for 

horizontal movement, F(1, 18) = 2.62, p > .05, and no effect of time, F (1, 18) = 

.79, p > .05, at 24 hours or one week. There was also no group x time interaction, 

F(1, 18) = .79, p > .05. To further analyze arising differences in locomotion we 

analyzed ambulatory behavior and found for total ambulatory time that there was 

no effect of group F(1, 18) = 4.3, p > .05, or time F(1, 18) = 2.18, p > .05, but there 

was an interaction between group and time, F(1,18) = 5.23, p < .05. Post-hoc 

independent samples t-tests indicated a significant reduction in time ambulating 

for the seizure group compared to controls at 24 hours, t(18) = 2.94, p < .01, but 

no difference between groups at one week, t(18) = .43, p > .05 (Figure 3B). Post-

hoc paired samples t-tests also indicated that the control group showed a 

reduction in ambulatory time between 24 h and one week, t(9) = 2.96, p < .05, 

while the seizure group showed no change in time ambulating between the two 

testing points, t(9) = .53,  p > .05. There was no effect of group for ambulatory 

episode count F(1, 18) = 1.6, p > .05, but there was a significant effect of time, 

F(1,18) = 8.51, p < .01. We found no differences in ambulatory activity count 

between groups, F(1,18) = 2.64, p > .05, nor an effect of time, F(1,18) = 1.2, p > 

.05, or a group x time interaction, F(1, 18) =2.86, p > .05. There was also no 

difference at either 24 hours or one week between groups for clockwise rotations, 

F(1, 18) = 1.10, p > .05, or time, F(1, 18) = 0, p > .05 (Figure 3C). There was also 
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no group x time interaction for clockwise rotations, F(1, 18) = 1.63, p > .05. When 

we examined counter-clockwise rotations there was no difference between 

groups, F(1, 18) = .02, p > .05, however there was a significant effect of time, F(1, 

18) = 12.64, p < .01, and an interaction between group and time, F(1, 18) = 4.43, p 

< .05 (Figure 3D). Post-hoc independent samples t-tests indicated no difference 

between groups in counter-clockwise rotations at 24 hours, t(18) = .94, p > .05,  

or one week, t(18) = 1.13, p > .05. Further post-hoc analysis using paired-samples 

t-tests revealed that the control group had a reduction in counter-clockwise 

rotation frequency at one week compared to, 24 hours t(9) = 3.55, p < .01, 

whereas the seizure group had no significant change, t(9) = 1.21, p > .05, between 

time points. There was no difference between groups in rearing count, F(1, 18) = 

.18 , p > .5, or time, F(1, 18) = 2.65, p > .05, nor was there a group x time 

interaction, F(1, 18) = .01 p > .05 (Figure 3E). For rearing duration, there was no 

effect of group, F(1, 18) = .26, p > .5, however, there was a significant effect of 

time, F(1, 18) = 5.78, p < .05. There was no group x time interaction, F(1, 18) = 0, 

p > .05, for rearing duration. The significant effect of time suggests a similar 

reduction in time spent rearing for both groups at one week.  

 
 Stereotypy behavior.  Analysis of the total time spent engaging in 

stereotypy behavior (self-grooming) indicated no difference between groups at 24 

hours or one week, F(1, 18) = 2.45, p > .05, but did show a significant effect of 

time, F(1, 18) = 16.26, p < .001, and a significant interaction between group and 

time, F(1, 18) = 5.44, p < .05 (Figure 3F). Post-hoc independent samples t-tests 

showed no difference between groups at 24 hours, t(18) = .97, p > .05, or one 
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week, t(18) = 1.86, p > .05. Using paired samples t-tests indicated a significant 

increase in stereotypy for the control group between 24 hours and one week, t(9) 

= 3.41,  p < .01, and a difference for seizure animals between the two testing 

points, t(9) = 2.37, p < .05. Analysis of stereotypy episode count indicated no 

difference between groups, F(1, 18) = 1.07, p > .05, but did show a significant 

effect of time, F(1, 18) = 4.63, p < .05. There was no group x time interaction for 

stereotypy episode count F(1, 18) = 2.78, p > .05. Post-hoc paired samples t-tests 

indicated a change in grooming episode count between 24 hours and one week in 

the control group, t(9) = 2.23, p < .001, but no change in the seizure group, t(9) = 

.47, p > .05. Collectively the results obtained from the open field test indicate 

altered locomotor activity in mice 24 hours following a single seizure. 

Additionally, the results suggest a failure to habituate to the open field arena in 

mice that received a seizure in comparison to controls. The lack of change 

between 24 hours and one week test sessions in the seizure mice may indicate 

impaired contextual memory for the open field during the first testing session. 

 
 Anxiety-like behavior.  One additional advantage of the open field test is 

that it can be used to measure anxiety-like behavior when the time spent in the 

center is compared to the time spent in the perimeter of the open field during 

testing. A decrease in time spent in the center of the arena would indicate an 

increase in anxiety-like behavior. Another measure of anxiety-like behavior 

would be the number of fecal boli in the open field after the test. We ran a 

repeated measures ANOVA  on the percentage of time spent in the perimeter of 

the open field at 24 hour and one week and found no difference between groups 
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in the ratio of time spent in the center versus the perimeter of the arena, F(1,18) = 

.01, p > .05, no effect of time, F(1, 18) = 4.27, p > .05, nor a group x time 

interaction, F(1, 18) = .18, p > .05  (Figure 4A). We similarly analyzed the 

quantity of fecal boli at the conclusion of each test and found no effect of group 

F(1, 18) = 1.47, p > .05, no effect of time F(1, 18) = 3.16, p > .05, nor a group x 

time interaction, F(1, 18) = .05, p > .05 (Figure 4B). Together, these two 

measures indicate no differences between groups in anxiety-like behavior. 

 

 

Figure 3. Open field activity and stereotypy measures. A. There was no difference between control 
and seizure mice in total distance traveled at 24 hours, or one week after a seizure. B. Mice that 
experienced a seizure spent significantly less time ambulating at 24 hours post-seizure compared 
to controls but were no different at one week. C-D. No differences in either clockwise or counter-
clockwise rotations were detected at 24 hours or one week. E. No differences in rearing frequency 
were detected at either 24 hours or one week. F. There was no significant difference in stereotypy 
behavior (self-grooming) between control and seizure groups at 24 hours or at one week post-
seizure. The bars are the mean and the error bars indicate SEM. 
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Figure 4. Open field anxiety measures. A. No differences were detected between seizure and control 
groups in the proportion of time they spent in the center versus the perimeter of the open field at 
either 24 hours or one week post-seizure. B. No differences in the number of fecal boli were noted 
between the groups at the end of each 10 minute test at either 24 hours or one week. The bars are 
the mean and the error bars indicate SEM. 
 
 
Elevated Plus Maze 

 Anxiety-like behavior.  Mice were tested in the EPM to examine anxiety-

like behavior and activity levels at 24 hours and one week following an acute 

seizure. Overall there was no indication of a change to anxiety-like behavior. A 

two-way repeated measures ANOVA indicated no difference between groups 24 

hours after a seizure in the frequency of entry into the open or closed arms or the 

center of the EPM, F(1, 18) = .92, p > .05, however there was an effect of zone, 

F(2, 36) = 96.47, p < .001, indicating a greater frequency of entries into the 

center of the EPM compared to the open or closed arms for both groups. There 

was no group x time interaction for frequency of entry, F(2, 36) =  .08, p > .05. 

(Figure 5A). We ran a similar analysis to evaluate the duration of time that mice 

spent in the open arms, closed arms and the center at 24 hours and found no 

differences between seizure and control mice, F(1, 18) = 1.84, p > .05, however 

there was a significant effect of zone, F(2, 36) = 154.7, p < .001, with both groups 

spending more time in the closed arms than the open arms or center. There was 
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not a group x time interaction for duration of time in any zone of the EPM 24 

hours after a seizure, F(2, 36) = .15, p > .05 (Figure 5B). When we tested the same 

mice again one week after a single seizure, there was no effect of group for the 

frequency of arm entries, F(1, 18) = .42, p > .05, but there was a significant effect 

of zone, F(2, 36) = 70.15, p > .05, with both groups making the most entries into 

the center of the EPM than the open or closed arms. There was not a group x time 

interaction, F(2, 36) = 1.09, p > .05 (Figure 5C). For duration of time spent in the 

arms of the maze at one week there was no effect of group, F(1, 18) = .37, p > .05. 

There was a significant effect of zone, F(2, 36) = 388.2, p < .001, with both 

groups spending more time in the closed arms, but no group x time interaction, 

F(2, 36) = .80, p > .05 (Figure 5D). When we analyzed the number of fecal boli at 

24 hours and one week, there was no difference between groups in the count of 

fecal boli, F(1, 18) = 1.02, p > .05. Although, there was a significant effect of time 

for fecal boli count, F(1, 18) = 13.41, p < .05, with both groups producing a higher 

count at one week. There was no group x time interaction, F(1, 18) = 3.35, p > .05. 

Overall, our results indicate that no changes to anxiety-like behavior occurred 

following a seizure. 

 
 Exploratory behavior.  We analyzed exploratory behaviors that included 

the frequency and duration of both head dips and rearing in the closed arms of 

the EPM and found no differences between groups. None of our mice reared in 

the open arms during the EPM test. Analysis of head dip frequency using a two-

way repeated measures ANOVA indicated no differences between groups at 24 

hours or one week, F(1, 18) = 0, p > .05, no effect of time, F(1, 18) = .69,  p > .05, 
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nor a group x time interaction, F(1, 18) = .33,  p > .05 (Figure 6A). There was also 

no difference between groups in head dip duration at 24 hours and one week, F(1, 

18) = .01, p > .05, no effect of time, F(1, 18) = .28, p > .05, nor a group x time 

interaction, F(1, 18) = 0, p > .05 (Figure 6B). There were also no difference 

between groups in rearing frequency in the closed arms at 24 hours and one 

week, F(1, 18) = .69, p > .05, no effect of time, F(1, 18) = .3, p > .05, nor a group x 

time interaction, F(1, 18) = .2, p > .05 (Figure 6C). There was also no difference 

between groups in rearing duration at 24 hours and one week in the closed arms, 

F(1, 18) = 4.06, p > .05, nor an effect of time, F(1, 18) = 2.48, p > .05, or a group x 

time interaction, F(1, 18) = 1.6, p > .05 (Figure 6D).  

 

 

Figure 5. Elevated plus maze anxiety measures. A. There were no differences between control and 
seizure mice for the frequency of entry or B. duration in the open arms, closed arms, or center of 
the EPM 24 hours following a seizure. C. At one week post-seizure, there were no differences in 
either frequency of entry or D. duration in the open arms, closed arms, or center of the EPM. The 
bars are the mean and the error bars indicate SEM. 
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Figure 6. Elevated plus maze exploratory behavior measures. A-B. Seizure and control groups did 
not differ in the frequency or duration of head dips performed at either 24 hours or one week. C-
D. There was also no difference in the frequency or duration of rearing behavior at 24 hours or 
one week. The bars are the mean and the error bars indicate SEM. 

 
 

 Activity levels. We also examined activity measures in the EPM. We found 

no change to either total distance traveled or the movement speed of the animals. 

A two-way repeated measures ANOVA of total distance traveled at 24 hours and 

one week indicated no effect of group, F(1, 18) = .09, p > .05, and a significant 

effect of time, F(1, 18) = 12.61, p < .01, with both groups moving less at one week 

compared to 24 hours. There was no a group x time interaction, F(1, 18) =  .03, p 

> .05 (Figure 7A). We also measured average velocity at 24 hours and one week, 

and found no effect of group, F(1, 18) = .09, p > .05, but did find a significant 

effect of time, F(1, 18) = 23.79, p < .001, with both groups moving slower at one 

week in comparison to 24 hours. There was no group x time interaction for 

average velocity, F(1, 18) =  .02, p > .05 (Figure 7B). These measures suggest that 

neither exploratory behavior or activity level were altered after a seizure.  
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Figure 7. Elevated plus maze activity measures. There were no differences at 24 hours or 1 week 
between the control and seizure groups in either A. total distance traveled, or B. the average 
velocity of movement. The bars are the mean and the error bars indicate SEM. 
 
 
Trace Fear Conditioning 

 
 Experiment one – Training.  Data from trace fear conditioning revealed 

differences in memory between mice that experienced an acute seizure from 

sham controls that were not exposed to Flurothyl, during the one week cued-

recall test, but not during cued recall at 24 hours. A two-way mixed-design 

ANOVA of training indicated a significant effect of group, F(1, 18) = 15.76, p < 

.001, and a significant effect of time, F(3, 54) = 62.5, p < .001. There was not a 

significant interaction between group and time during training, F(3, 54) = .65, p 

> .05 (Figure 8A).  

 
 Experiment one – 24 hour memory test.  Prior to testing for cued-recall, 

we altered the context of the conditioning chambers. Analysis of freezing levels in 

the new context during the 24 hour cued-recall test indicated no significant 

difference between groups, F(1, 18) = .50, p > .05, but did indicate a significant 

effect of time, F(3, 54) = 21.21, p < .001, and a significant group x time 

interaction, F(3, 54) = 3.64, p < .05 (Figure 8B). Follow-up independent samples 
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t-tests indicated no significant differences between groups during the baseline, 

t(18) = .42, p > .05, no difference during the CS, t(18) = .13, p > .05, no difference 

during the trace interval, t(18) = 1.32, p > .05, and no difference during the ITI, 

t(18) = 1.53, p > .05.  

 
 Experiment one – One week memory test.  One week after seizure 

induction we presented the CS again in the new context. A mixed design ANOVA 

for the one week cued-recall test indicated a significant difference in freezing 

between the seizure and control groups, F(1, 18) = 14.09, p < .01, and a 

significant effect of time, F(3, 54) = 15.36, p < .001, and a significant group x time 

interaction, F(3, 54) = 2.99, p < .05 (Figure 8C). Post-hoc independent samples t-

tests for each interval indicated no significant differences between groups during 

the baseline, t(18) = 1.86, p > .05. When we compared freezing levels during the 

CS tone stimulus, there was a significant difference between groups, t(11.7) = 

4.64, p < .001. Levene’s test indicated unequal variances (F = 6.53, p < .05), 

therefore we adjusted the degrees of freedom from 18 to 11.7 using Welch’s 

correction. There were no differences in freezing between control and seizure 

groups during the trace interval, t(18) = 2.01, p > .05 (p = .06), however groups 

significantly differed during the ITI, t(18) = 3.39, p < .01. Together this data 

suggests that mice that had experienced a seizure before trace fear conditioning 

had progressively worse impairment of recall over time. 
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Figure 8. Trace fear conditioning experiment one. A. Mice that experienced a seizure one hour 
prior, showed significantly greater freezing compared to control mice during the training session. 
B. The mice that experienced a seizure before training did no differ in freezing levels from control 
mice when they were tested in cued recall 24 hours later in a novel context. C. However, by one 
week after the seizure, mice in the seizure group froze significantly less than the control group in 
the novel context during cued recall. Follow-up testing for the one week time point indicated 
significant differences in freezing during the CS and ITI. The bars are the mean and the error bars 
indicate SEM. ** p < 0.01, *** p< 0.001 
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 Experiment two - Training.  We ran a second cohort of mice through 

identical conditioning procedures after a short seizure to determine any effects of 

repeated testing that may have influenced the results at the one week cued-recall 

test in the first cohort tested. We tested this second cohort for the first time at 

one week post-seizure and found similar impairment to that in the first cohort at 

the one week time point. Analysis of the training data using a two-way mixed-

design ANOVA indicated an effect of treatment group, F(1, 18) = 21.59, p < .001, 

and an effect of time, F(3, 54) =424.4, p < .001, as well as a significant group x 

time interaction, F(3, 54) =4.03, p < .05 (Figure 9A). 

 
  Experiment two – One week memory test.  Examination of the one week 

memory test in the new context revealed main effects of group, F(1, 18) = 8.3, p < 

.01, and time, F(3, 54) = 21.5, p < .001 (Figure 9B). There was also a group x time 

interaction, F(3, 54) = 4.97, p < .01. Separate follow-up t-tests  indicated that 

control and seizure groups did not differ in freezing during the baseline, t(18) = 

1.55, p > .05, were significantly different during the CS, t(18) = 2.94, p < .01, were 

no different during the trace interval, t(18) = 1.16, p > .05, and were significantly 

different during the ITI, t(18) = 3.46, p < 0.01.  

 
 Experiment two – Two week memory test.  To determine whether there 

were further changes to memory beyond this testing point, we tested these 

animals again in cued-recall in the new context the following week (two weeks 

post-seizure). Analysis of the test at two weeks similarly indicated main effects of 

group, F(1, 18) = 9.28, p < .01, and of time, F(3, 54) = 30.53, p < .001, as well as a 

group x time interaction, F(3, 54) = 5.1, p < .01 (Figure 9C). We followed up the 
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analysis with separate independent samples t-tests which indicated a significant 

difference in freezing between groups during the baseline, t(18) = 2.4, p < .05, the 

CS, t(18) = 3.31, p < .01, no difference during the trace interval, t(18) = 1.64, p > 

.05, and a significant difference during the ITI, t(18) = 3.43, p < .01. 

Cumulatively, these results suggested that prior testing at a 24 hour time point 

did not affect the results during the one week test. 

 
 Experiment three – Training.  A final experiment was run to further 

ensure the integrity of the two week testing point. Analysis of the training data 

using a two-way mixed-design ANOVA showed an effect of group, F(1, 20) = 

12.46, p < .01,  and an effect of time, F(3, 60) = 109.9, p < .001, but no significant 

group x time interaction, F(3, 60) = .35, p > .05 (Figure 10A).  

 
 Experiment three – Two week memory test.  For the two week test there 

was an effect of group, F(1, 20) = 5.42, p < .05, and an effect of time, F(3, 60) = 

43.21, p < .001. There was also a significant group x time interaction, F(3, 60) = 

3.27, p < .05 (Figure 10B). Follow-up independent samples t-tests for each 

interval indicated a significant difference in freezing between groups during the 

baseline, t(20) = 2.69, p < .05, a difference during the CS, t(20) = 2.63, p < .05, 

no difference during the trace interval, t(20) = .54, p > .05, and no difference 

between groups during the ITI, t(20) = 1.19, p > .05. 
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Figure 9. Trace fear conditioning experiment two. A. During training in trace fear conditioning, 
mice that experienced a seizure one hour before froze significantly more than controls. B. One 
week after a seizure and training in trace fear conditioning, we placed mice into a novel context 
and presented the CS tone again and found significantly less freezing in the seizure group 
compared to the control group. Follow-up testing for the one week time point indicated 
differences during the CS and ITI. C. Further testing at two weeks post-seizure and training 
revealed that the seizure group still froze significantly less than controls. Follow-up testing for the 
two week time point indicated significant differences during the baseline, CS, and ITI. The bars 
represent the mean, and the errors bars indicate the SEM. * p < 0.05, ** p < 0.01. 
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Figure 10. Trace fear conditioning experiment three. A single brief seizure prior to fear 
conditioning leads to reduced freezing behavior during presentation of the CS in a novel context 
two weeks later. A. During trace fear conditioning training, seizure mice froze significantly more 
than control mice. B. During the cued recall test conducted in a novel context two weeks later, the 
seizure group froze significantly less than the control group when presented with the CS tone. 
Follow-up testing for the two week time point indicated significant differences during the baseline 
and CS intervals. The bars are the mean and the error bars indicate SEM. * p < 0.05. 
 
 
Collectively, the data from our trace fear conditioning experiments indicates that 

hippocampal memory encoded shortly after a seizure progressively worsens as 

time goes on. Furthermore, our results in our two follow-up experiments suggest 

that the significant effect we saw at one week after a seizure is not a result of 

earlier testing points. 

 
Novel Object Recognition 

 Sample phase.  After finding hippocampal-dependent trace fear memory 

impairment, we wanted to further explore whether other types of memory might 

be similarly impaired by a brief seizure. We examined recognition memory after a 

seizure using the NOR test and found no differences between control and seizure 

groups in the percentage of time spent investigating the novel object at 24 hours 

or one week. The data for the 24 hour and one week control and seizure groups 

were combined for the sample phase and we calculated the percentage of time 
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each group spent investigating the right and left objects. When we compared the 

percentage of time investigating the left object during the sample phase, there 

was no difference between the control and seizure groups, t(38) = .5, p > .05. 

Similarly, there was no difference between groups in the percentage of time spent 

investigating the right object, t(38) = .5, p > .05.  (Figure 11A). We also examined 

the frequency of investigation of the left and right objects. The control groups did 

not differ in the frequency of investigating the two objects over the 10 minute 

sample phase, t(38) = 0.32, p > .05, nor did the seizure group, t(38) = .06, p > 

.05. 

 
 Test phase.  The first 5 minutes of the testing phase were scored offline to 

evaluate memory for the familiar objects introduced in the training phase. 

Specifically, we replaced one of the now familiar objects with a new, unfamiliar 

object. During the testing phase at 24 h, there was no difference between groups 

in the percentage of time investigating the novel object, t(18) = .53, p > .05 

(Figure 11B). During the testing phase at 1 week, we found a similar lack of 

difference between groups in percentage of time spent investigating the novel 

object, t(18) = .04, p > .05 (Figure 11C). Collectively, these results indicate that 

recognition memory is not impaired following a single seizure.  
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Figure 11. Novel object recognition. A. During the sample phase, the percentages of time spent 
investigating the two objects did not differ between groups. B-C. During the test phase, there were 
no differences between groups in the percentage of time spent investigating the novel object 
versus the familiar object at either 24 hours or one week. The bars are the mean and the error 
bars indicate SEM. 
 
 
Accelerating Rotarod  

 Given the results of the open field test indicating alterations to locomotor 

activity up to 24 hours after a seizure, we tested another cohort of mice for motor 

learning and coordination in the accelerating rotarod task starting 72 hours after 

seizure induction. We found no effect of a seizure on motor learning and 

coordination. Analysis of the time of fall during the 4-day test using a two-way 

mixed-design ANOVA did not show an effect of group, F(1, 18) = 1.20, p > .05, 

but did indicate a significant effect of trial, F(7, 126) = 4.93, p < .001 (Figure 

12A). There was no group x trial interaction, F(7, 126) = .3, p > .05. We also found 

no difference between groups when considering the time at which some mice 

began their first revolution without falling off the rotarod. The analysis of the 
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time of the first revolution without falling indicated no effect of group, F(1, 18) = 

.78, p > .05 , however there was a significant effect of trial, F(7, 126) = 5.46, p < 

.001 (Figure 12B). There was no group x trial interaction, F(7, 126) = .45, p > .05. 

The results of our analyses suggest that both groups improved significantly over 

successive trials, and that a single seizure had no measurable effect on motor 

learning or coordination.  

 

 
 
Figure 12. Accelerating rotarod. No differences were present between control and seizure 
groups for either A. the latency of their fall from the rotarod, or B. the latency at which 
they completed a first full revolution on the rod without falling. The symbols are the 
mean and the error bars indicate SEM. 
 
 

Western Blotting 
 

 We used western blotting to examine molecular changes to 

PI3K/Akt/mTOR and synaptic proteins at one hour, 24 hours, and one week after 

a brief seizure. We probed samples of hippocampus, cortex, and cerebellum at 

each of the three timepoints that match up with initial learning in trace fear 

conditioning at one hour and subsequent memory tests at 24 hours and 1 week. 

To be concise, here we primarily discuss significant results, while nonsignificant 

results are summarized in Tables A.2-A.4. 
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 One hour.  At one hour following a seizure we detected significant 

increases in hippocampal phospho-S6 at Ser235/Ser236, t(16) = 6.39, p < .001, 

(Figure 13) and at Ser240/Ser244, t(16) = 4.68, p < .001 (Figure 14); there was no 

difference in total S6, t(16) = .79, p > .05. There was a significant increase in the 

ratio of phospho-S6 (Ser235/236)/total S6, t(16) = 4.69, p < .001, and for the 

ratio of phospho-S6 (Ser240/244)/total S6, t(16) = 4.47, p < .001, in the 

hippocampus in the seizure group compared to controls. We also detected an 

increase of hippocampal total FMRP in the seizure group compared to controls, 

t(16) = 2.26, p < .05, and a nonsignificant difference in phosphorylated FMRP, 

t(16) = 1.91, p = .07 (Figure 15). There was also a nonsignificant increase in the 

ratio of phospo-FMRP/total FMRP in the hippocampus in the seizure group, U = 

20, p = .077. There were no significant changes in either cortex or cerebellum 

samples. The full western blotting results from one-hour post-seizure are 

summarized in Table A.2. 

 
 24 hours.  Samples taken at 24 hours showed only a significant increase in 

hippocampal GluA1, t(14) = 2.46, p < .05, in the seizure group when compared to 

control mice (Figure 16). There were no other changes detected in either cortex or 

cerebellum. The full western blotting results from 24 hours post-seizure are 

summarized in Table A.3. 

 
 One week.  By the one week timepoint we found no changes in the 

hippocampus. In cortex samples, we detected a significant increase of p70S6K, U 

= 9, p < .05, in the seizure group compared to controls (Figure 17A). In the 

cerebellum, we also detected a decrease of GFAP, U = 10, p < .05 (Figure 17B). 
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Finally the ratio of cerebellum phospho-S6 (Ser235/236)/total S6 was reduced, 

t(14) = 3.03, p < .01. The full western blotting results from one-week post-seizure 

are summarized in Table A.4. 

 

 
 
Figure 13. Results of one hour western blots for S6, pS6 (s235/236). A. There was a significant 
increase in hippocampal pS6 one hour after a flurothyl seizure. B. There was no difference in levels 
of hippocampal total S6 an hour following a seizure. C. There was a significant increase in the ratio 
of pS6/total S6 one hour after a seizure. D. Representative western blots. The bars are the mean 
and the error bars indicate SEM. *** p < 0.001 
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Figure 14. Results of one hour western blots for S6, pS6 (Ser240/244). One hour following a 
flurothyl seizure A. there was a significant increase in hippocampal pS6. B. There was no difference 
in levels of total hippocampal S6. C. There was also a significant increase in the ratio of pS6 
(Ser240/244)/total S6. D. Representative western blots. The bars are the mean and the error bars 
indicate SEM. *** p < 0.001 
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Figure 15. Results of one hour western blots for FMRP, pFMRP. A. There was a significant 
difference in levels of total FMRP. B. There was no increase in hippocampal pFMRP. C. There was 
no difference between groups in the ratio of pFMRP/total FMRP. D. Representative western 
blots. The bars are the mean and the error bars indicate SEM. * p < 0.05 
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Figure 16. Results of 24 hour western blots for GluA1. A. There was a significant increase in 
hippocampal GluA1 24 hours after a single flurothyl seizure. B. Representative western blots. The 
bars are the mean and the error bars indicate SEM. * p < 0.05 
 
 

 
 
Figure 17. Results of one week western blots for p70S6K and GFAP. A. There was a significant 
increase in hippocampal p70S6K one week following a brief flurothyl seizure. B. There was a 
significant decrease in cerebellar GFAP one week after a brief flurothyl seizure. C-D. Representative 
western blots, 
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CHAPTER FIVE 
 

Discussion 
 
 

 It has been long assumed that memory problems in epilepsy are due to 

chronic changes in the brain resulting from a history of seizures. More recently, 

new studies have examined memory after an acute seizure and indicated that a 

single seizure can impair new learning and memory. Our goal in the present 

study was to further elucidate the impact of a single seizure on learning and 

memory. We characterized the time course and specificity of single seizure-

induced memory impairments and found a progressive deterioration of 

hippocampal-dependent memory. We found that a single seizure results in 

anterograde amnesia of a trace fear conditioning memory, which degrades over 

time. The anterograde amnesia appears to be specific for hippocampal-dependent 

memory considering that we did not detect learning deficits in a more global type 

of learning in the NOR test, or in cerebellar motor function in the rotarod task.  

 Our results indicating progressive deterioration of hippocampal-

dependent trace memory complement studies that have found impairments in 

contextual memory, amygdala-dependent memory, and spatial memory following 

an acute seizure (Carter et al., 2017; Holley & Lugo, 2016; Mao et al., 2009; 

Mares et al., 2012).  Mao and colleagues (2009) reported contextual fear deficits 

in rats when a PTZ-induced seizure was experienced 30 minutes prior to, but not 

following contextual fear conditioning. Additionally, spatial learning and memory 

impairments in the MWM were also present after a seizure induced 30 minutes 
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before training (Mao et al., 2009). Similarly, Mareš and colleagues (2012) 

induced a single flurothyl seizure in rats 24 hours prior to training in the MWM 

and found spatial memory impairment (Mares et al., 2012). Additionally, Holley 

and Lugo (2016) found that a flurothyl seizure induced one hour, but not six 

hours, prior to delay fear conditioning leads to an impairment in amygdala-

dependent auditory memory in mice. 

 With regard to locomotion, we replicated our previous finding of seizure-

induced reductions in locomotion at 24 hours, but not at one-week post-seizure 

in the open field test (Holley & Lugo, 2016). In the current study, we also found 

lower exploration during the sample phase of NOR one hour after a seizure. The 

differences in the NOR sample phase were not present during testing at 24 hours 

or one week later. Our results from the open field test and the sample phase of 

NOR taken together indicate that after a seizure there is a temporary reduction in 

overall locomotion for at least 24 hours that returns to normal by one week. 

 Importantly, the temporary reduction in locomotor activity we observed 

24 hours following a seizure could have exaggerated any differences in freezing 

behavior during the cued-recall test for trace fear memory at 24 hours. Despite 

this concern, there was not a difference between groups in baseline freezing 

behavior during the trace fear tests we ran 24 hours or one week after a seizure. 

The lack of baseline difference indicates that our 24 hour fear conditioning 

results were not affected by a reduction in locomotor activity.  In contrast, in the 

follow-up fear conditioning experiments there was a difference between control 

and seizure groups in baseline freezing levels two weeks following a seizure. In 

both two week tests, the seizure group froze significantly less during the baseline 
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interval in the new context. The difference in baseline freezing was most 

pronounced in the two-week-only test  

 Baseline freezing differences during the two weeks tests may indicate 

incubation and generalization of fear in the control group that is impaired after a 

seizure. One study has reported that after receiving five shocks during contextual 

fear conditioning, rats show a time- and age-dependent incubation of contextual 

fear memory that generalizes to a novel context (Houston, Stevenson, 

McNaughton, & Barnes, 1999). Another study that examined the time course of 

fear memory retention in C57BL/6J mice found that a great degree of contextual 

fear generalization to a novel context occurs 14 days after two pairings of a clicker 

conditioned stimulus (CS) and a foot shock unconditioned stimulus (US) during 

delay fear conditioning (Balogh, Radcliffe, Logue, & Wehner, 2002). This 

contextual fear generalization at 14 days was subsequently shown in five other 

commonly used mouse strains (Balogh & Wehner, 2003). The increase in fear 

expression was, in part, a result of the greater interval between training and 

testing, as well as the intensity of the training protocol. Mice tested at earlier time 

points did not show the same level of fear enhancement, nor did mice trained 

with a single CS-US pairing (Balogh & Wehner, 2003). Considering that in our 

experiments mice received 6 tone-shock presentations, it is not surprising that 

we found increased freezing in our control mice during the baseline two weeks 

after training. Additionally, while we endeavored to alter the testing context from 

the training context, some similarity remained. During trace fear conditioning, 

our mice likely developed some level of contextual fear which the control group 
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later generalized to the new context two weeks later during the baseline period of 

the memory test.  

 The timing of the generalized contextual fear response in our control mice 

also fits well with a study that used 2-deoxyglucose imaging to link the time 

course of spatial memory consolidation with the activation of different brain 

structures in mice. Between 5-25 days after learning a period of reorganization 

occurs in which the role of the hippocampus in memory storage and retrieval 

begins to shift to areas of neocortex that include frontal cortex, temporal cortex, 

and anterior cingulate cortex (Bontempi, Laurent-Demir, Destrade, & Jaffard, 

1999). The reduced role of the hippocampus within this time period coincides 

with the generalization we observed in our control mice and reflects the lessened 

ability to differentiate between two contexts at 14 days after memory encoding. 

Importantly, the lack of fear enhancement and generalization two weeks after a 

seizure and learning in our seizure mice may reflect the impairing effect of a 

single seizure on systems consolidation necessary for establishing permanent 

cortical memory engrams. Alternatively, or in addition to impaired systems 

consolidation, the lower freezing during the baseline in the seizure group can also 

be interpreted as evidence of impaired contextual learning and memory after a 

single seizure. If the mice had impaired contextual memory early on, the memory 

trace later established in neocortex would also be weaker. Future experiments 

could use functional imaging techniques to confirm the effect of a seizure on 

systems consolidation.  

 We also assessed anxiety-like behavior in the open field and elevated plus 

maze and found no change in mice 24 hours or one week following a seizure. 
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There were no differences between the control group and the seizure group in the 

frequency of entries and time in the open or closed arms of the EPM test. In 

addition, there were no differences between groups in the duration of time in the 

center compared to the surrounding regions of the open field test. We also 

measured the number of fecal boli produced in the open field test and EPM and 

found no difference between the control group and the seizure group. Taken 

together, our results indicate no changes in anxiety which could have impacted 

the levels of freezing in our study.  

 Our hypothesis that acute memory impairments after a seizure would be 

limited to memory modalities requiring the hippocampus was supported by our 

results in the NOR test. In comparison to trace fear memory, we found that non-

hippocampal learning and memory were unaffected in the NOR task. Mice 

displayed decreased exploration in the seizure group for both objects during the 

sample phase, but no difference in the percent of time spent investigating each of 

the objects. During the test phase at 24 hours or one week after a seizure there 

were no differences between groups in object exploration ratios. Our results from 

the NOR sample phase also showed an additional indication of reduced activity 

one hour after a seizure that complements our results from the open field. During 

the sample phase performed one hour after a seizure there was a reduction in 

overall exploration which indicated reduced locomotor activity.  

 An important distinction in our study is that hippocampal trace fear 

memory was affected after a seizure, while object recognition memory, and motor 

learning and memory were spared. The most likely reason we did not discover 

impairment in the NOR task following a seizure is that the areas of the brain 
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engaged during trace fear conditioning and NOR may be different. For NOR, the 

perirhinal cortex is important for encoding object memory until it is later 

transferred to the hippocampus (Winters, Saksida, & Bussey, 2008). If the 

transfer of the memory occurs at a later time, then the impact of the acute seizure 

may not disrupt the transfer. We previously found that a seizure did not disrupt 

memory for delay fear conditioning if the learning occurred six hours later 

(Holley & Lugo, 2016). In addition, reports have indicated the perirhinal cortex 

can support object recognition memory independent of the hippocampus when 

memory is encoded more weakly (Barnes, Floresco, Kornecook, & Pinel, 2000; 

Cohen & Stackman, 2015). It is possible that seizure activity prior to the sample 

session of NOR primarily affected the hippocampus, thus allowing the perirhinal 

cortex to play a larger role in later recognition memory recall at 24 hours and one 

week. 

 Studies using chronic seizure models have reported memory impairments 

in the NOR task after SE. Lima and colleagues (2016) reported that following SE 

induced by intrahippocampal injection of pilocarpine, C57BL/6 mice showed 

impairment of object recognition memory. The greater duration and/or severity 

of seizures, or damage produced by the pilocarpine model likely led to the 

impairments reported. Another study has reported impairment to recognition 

memory after PTZ kindling (Ahmadi, Dufour, Seifritz, Mirnajafi-Zadeh, & Saab, 

2017). Full PTZ kindling in that study required between seven and ten injections 

of PTZ, injected every 48 hours, before the criteria of clonic-tonic seizure was 

achieved on three consecutive injection days. Considering these results, we 

conclude that while a single seizure did not affect object recognition memory in 
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the current study, multiple or prolonged seizures can lead to recognition memory 

impairment.  Future studies could examine memory in the spatial variant of 

NOR, the novel placement recognition test. We suspect that because this version 

requires the hippocampus, impairment would be observed. 

 We included the accelerating rotarod test to examine whether a single 

seizure impacts cerebellar learning and memory. We hypothesized that a single 

seizure more directly impacts hippocampal-dependent learning and memory, 

therefore we did not expect to find differences in the rotarod task. We began 

testing on the rotarod 72 hours as opposed to the other memory tests because we 

observed deficits in locomotor activity in the open field test at 24 hours. We did 

not find any evidence that motor learning, memory, or coordination was 

impacted in the rotarod test. However, future studies may include other motor 

tests such as spontaneous activity in the cylinder test and the adhesive removal 

test (Fleming, Ekhator, & Ghisays, 2013). The spontaneous activity in the 

cylinder test measures limb-use asymmetry, coordination, rearing, and the 

duration of grooming bouts. The adhesive removal test examines the time it takes 

for a mouse to remove an adhesive sticker from its snout as a measure of forelimb 

movement coordination. Using these measures of motor behavior will help 

determine if more subtle alterations to cerebellar behavior occur following a 

seizure. 

 In our first trace fear conditioning experiment, we tested the same mice 

twice at 24 hours and one week following a seizure. One concern we had was that 

the first test at 24 hours would serve as an extinction trial for the conditioned 

stimulus and could have affected the second test performed at one week. To 
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address this, we ran two additional experiments. For the first follow-up 

experiment, we induced a seizure and trained mice in trace fear conditioning an 

hour later. We then tested mice one week later and found the learning and 

memory deficits in the seizure group were similar to the seizure mice that were 

tested at both 24 hours and one week. When we tested the same mice once more 

two weeks after the seizure and trace fear conditioning, the impairment was still 

present. For a final follow-up experiment we tested the mice two weeks following 

a seizure and learning. The two week test revealed a greater magnitude of 

impairment for mice tested only at two weeks in comparison to mice tested at one 

week and two weeks. The results of our set of fear conditioning experiments 

provides evidence that repeated testing does not appear to be responsible for the 

learning deficits at the late time points. 

 After we established that memory problems after a seizure are primarily 

limited to memory requiring the hippocampus, we next sought to investigate the 

mechanisms underlying the impairments. To characterize a potential mechanism 

for the memory impairments we observed in trace fear conditioning, we 

performed western blot analysis on tissue taken at one hour, 24 hours, and one 

week following an acute seizure. We hypothesized that a seizure leads to 

hyperactivation of mTOR signaling and results in disruption of synaptic proteins, 

as well as FMRP, which may underlie cognitive impairments. Indeed, one hour 

after a seizure we found increased levels of phospho-S6 at Ser235/236 as well as 

Ser240/244. The increases in phospho-S6 we detected at both Ser235/236 and 

Ser240/244 in the hippocampus indicates that after a single flurothyl seizure, the 

PI3K/Akt/mTOR pathway is activated. We did not detect increases in phospho-
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S6 at either 24 hours or one week following a seizure indicating the increase at 

one hour was transient. One hour following a seizure we also detected an increase 

in total FMRP (Ser499), but no significant increase in phospho-FMRP. We did 

not detect any further changes one hour after a seizure. However, in samples we 

took at 24 hours there was a significant increase in hippocampal GluA1 indicating 

increased expression of glutamatergic AMPARs, and an increase in PSD-95, 

which nearly reached statistical significant. Overall, our western blot results 

indicate that multiple translational mechanisms are temporarily disrupted after a 

seizure and that disruption may alter synaptic processes underlying memory 

formation and maintenance. 

 One well-known role for the PI3K/Akt/mTOR pathway is the regulation of 

activity-dependent protein translation involved in the consolidation of new 

learning and memory (Santini et al., 2014). Previous studies have shown that 

Inhibiting the mTOR kinase using rapamycin or an analog prior to learning is 

sufficient to block new memories from being formed (Dash et al., 2006; Parsons 

et al., 2006). Similarly, hyperactivation of mTOR caused by the genetic deletion 

of Pten can also lead to memory impairment (Sperow et al., 2012). Beyond new 

learning and memory, other memory processes requiring new protein synthesis 

such as memory reconsolidation, a process in which older permanent memories 

are made labile to change, may also involve similar translational mechanisms. At 

least two studies have specifically implicated mTORC1-dependent protein 

synthesis (Lin et al., 2014; Roesler, 2017) in the disruption of older memories 

during reconsolidation. Because our data indicates mTORC1 is affected after a 

seizure, we suggest that reconsolidation may also be susceptible to seizures.  
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 Our results showing hyperactivation of mTOR signaling only acutely after 

a seizure fits well with a previous study which reported a transient activation of 

PI3K/Akt/mTOR signaling in rats after a brief PTZ-induced seizure (B. Zhang & 

Wong, 2012). Specifically, this study indicated that the increase in hippocampal 

mTOR occurred by one hour and persisted for between 3-6 hours. B. Zhang and 

Wong (2012) also found increased PI3K/Akt/mTOR activation in cortex 

following a single seizure, however, our results did not indicate such a change in 

cortex. The difference may be due to the use of mice versus rats, or alternatively, 

due to differences in activation of the pathway after the use of PTZ seizures 

compared to flurothyl seizure. Future studies could compare the activation 

patterns of the PI3K/Akt/mTOR signaling pathway resulting from the use of 

different chemoconvulsants.  

 Our western blot data also corroborates another recent study in which a 

PTZ seizure was induced before learning in contextual and cued fear conditioning 

in rats. One hour after a seizure this study reported increased phospho-S6 at 

Ser240/244, which had returned to baseline by 16 hours post-seizure (Carter et 

al., 2017). Carter and colleagues (2017) showed that inhibition with the PI3K 

inhibitor wortmannin prevents this increase. Preventing the increase in phospo-

S6 also helped ameliorate contextual STM deficits but had no effect on contextual 

LTM. In contrast, wortmannin treatment partially rescued cued STM and LTM. 

The 2017 study also reported an increase in phospo-Akt one hour following a 

seizure. We did not find an increase in phospo-Akt, but we probed phospo-Akt at 

residue Ser474, while Carter and colleagues examined residue Thr308.  
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 Another protein we found to be involved in seizure-induced memory 

impairment is FMRP, which acts as a translational repressor, and is believed to 

engage in crosstalk with the PI3K/Akt/mTOR pathway. The increase in total 

FMRP we detected suggests the possibility that a seizure can lead to decreased 

translational repression that may have disrupted synaptic plasticity necessary for 

new memory formation in our mice. FMRP has been shown to associate with the 

mRNAs of at least 842 targets including Pten, TSC2, MAPK1, and PIKE, which 

are all involved in PI3K/Akt/mTOR signaling (Darnell et al., 2011). Additionally, 

studies examining synaptic plasticity and memory in Fmr1 KO mice (Nolan et al., 

2017; Pfeiffer & Huber, 2009) and drosophila (Bolduc, Bell, Cox, Broadie, & 

Tully, 2008) have shown that FMRP is crucial for normal synaptic plasticity 

important for long-term memory formation and maintenance. A FMRP-

associated disruption of synaptic plasticity after a single seizure, could underlie 

the memory impairment we observed. Importantly, beyond an increase in total 

hippocampal FMRP one hour following a seizure, 24 hours later we found an 

increase in hippocampal GluA1 and PSD-95 indicating that some synaptic 

elements were disrupted after a seizure. Future studies will need to include 

additional time points between one hour and 24 hours to more specifically 

elucidate the link between FMRP and altered synaptic proteins that may underlie 

the cognitive impairments we observed.   

 We used H&E staining to examine for overt damage that could have 

contributed to the memory impairments we observed. We found no indication of 

lesions or necrotic cell death which fit well with the lack of change in GFAP we 

detected in all but the cerebellum at one week. Carter and colleagues (2017) 
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report that dendritic spine morphology is altered in the hippocampus after a 

single PTZ seizure in rats. They used Golgi-staining to examine dendritic spines 

of hippocampal field CA1 and found a reduction in spine protrusions, increased 

length-to-width ratio, increased frequency of immature spines, and reduced 

quantity of mature spines. The changes to dendritic spines are partially prevented 

by inhibition of PI3K using wortmannin (Carter et al., 2017). The lack of full 

rescue likely indicates that another signaling cascade is involved in causing 

memory deficits after a seizure. One possibility could involve FMRP as we found 

an increase in total FMRP at one hour following a seizure in our mice. Future 

work should investigate the relationship between seizure-induced memory 

impairments and FMRP. Future studies could further characterize dendritic 

fields after a single flurothyl seizure. This may better direct investigations of 

synaptic elements that may be involved in seizure-induced memory impairment. 

 The data we reported above represents cognitive impairments induced by 

a single seizure and differs from more general memory problems in epilepsy. The 

cognitive impairment that we observed is limited to new hippocampal memories 

encoded shortly after a seizure and did not affect more global learning and 

memory in the NOR test or cerebellar learning in the accelerating rotarod. In 

addition, the impairments appear to be unrelated to lesions or cell death reported 

in chronic seizure models. Instead, the impairment appears related to changes in 

mTOR and FMRP signaling and suggests that protein synthesis-sensitive 

processes involved in memory consolidation are temporarily disrupted after a 

seizure. Importantly, the impairment we observed was milder at 24 hours than at 
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one or two weeks after a seizure. Thus, memory impairment related to a single 

seizure appears to progressively worsen over time.  

 The progressive nature of the impairment in our mice bears a striking 

resemblance to another phenomenon first described in temporal lobe epilepsy 

patients with transient epileptic amnesia, called accelerated long-term forgetting 

(ALTF). ALTF has been associated with everyday memory complaints in patients 

with epilepsy. Recently ATLF has also been described in other disorders involving 

trauma to the brain (Geurts, van der Werf, & Kessels, 2015). In ALTF, new 

memories are encoded and can be initially recalled after standard delays used in 

neuropsychological assessments (i.e. 30 minutes), but then over hours, days, or 

weeks, the memory rapidly deteriorates (Audrain & McAndrews, 2018; 

Fitzgerald, Mohamed, Ricci, Thayer, & Miller, 2013). The forgetting in ALTF 

appears to differ from general memory impairment in epilepsy which is detected 

at shorter delay intervals and is correlated with the extent and location of 

epilepsy pathology, hippocampal volume, and overall a longer history of seizures 

(C. Butler et al., 2013; C. R. Butler et al., 2009; C. R. Butler & Zeman, 2008). 

ALTF also appears to be independent from problems with sleep-related 

consolidation as studies have indicated that impairment can become apparent 

within 3-8 hours after learning before sleep has occurred (Hoefeijzers, Dewar, 

Della Sala, Butler, & Zeman, 2015).  

 While a definitive mechanism has not been identified for ALTF, it has been 

suggested to involve impaired memory consolidation (Cassel, Morris, 

Koutroumanidis, & Kopelman, 2016; Hoefeijzers, Dewar, Della Sala, Zeman, & 

Butler, 2013). The memory impairments in ALTF may not have been specifically 
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associated with seizure occurrence per say, however interictal spikes occurring 

between seizures may serve to impair memory similarly to the seizures in our 

study and may underlie ALTF in most cases. One study using ambulatory EEG 

has been able to associate subclinical discharges with ALTF memory impairments 

(Fitzgerald, Thayer, Mohamed, & Miller, 2013). Indeed, interictal spikes have 

been shown in both animal models (Kleen, Scott, Holmes, & Lenck-Santini, 

2010) and humans with epilepsy (Kleen et al., 2013) to disrupt cognition. Based 

on the results of our western blot analysis, it appears that seizure activity, absent 

of damage, is sufficient to disrupt multiple cellular signaling mechanisms known 

to be involved in synaptic changes and protein synthesis-dependent late-phase 

LTP. We suggest that ALTF and the impairments we observe are a similar 

phenomenon. If we are correct, future research could use the single seizure 

animal model to probe the mechanisms underlying memory impairments in 

ALTF and explore potential therapeutic approaches to address the issue. 

Conclusion 

Based on our experimental data, we suggest that at least two modes of 

memory impairment exist in epilepsy. One driven by temporary seizure-driven 

disruption of cellular signaling and protein synthesis necessary for the 

permanence of memory. The other caused by more permanent pathological 

alterations following repeated seizure-induced brain damage. More work remains 

until we can fully understand the mechanisms by which altered mTOR and FMRP 

signaling produce memory impairments. However, further work into the more 

acute seizure-driven memory impairments could help alleviate the burden of 
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memory problems in those with epilepsy. Moreover, appropriately aimed 

interventions may help to prevent the problems caused directly by seizures. 



 

89 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

APPENDIX 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

90 

 
 
 

APPENDIX 
 
 

Table A.1 Antibodies Used for Western Blotting 
  

Primary 
Antibody  

Sample  
Type Conc. Supplier 

Loading 
Control Pairing  

Secondary 
Antibody  

AKT Homogenate 1:500 Cell Signaling Technology Actin Together Rabbit 
pAKT (s473) Homogenate 1:500 Cell Signaling Technology Actin Together Rabbit/mouse 
S6 Homogenate 1:500 Cell Signaling Technology Actin Together Rabbit 
pS6 
(s235/236) Homogenate 1:500 Cell Signaling Technology Actin Separate Rabbit 
pS6 
(s240/244) Homogenate 1:500 Cell Signaling Technology Actin Separate Rabbit 
p70S6K Homogenate 1:500 Cell Signaling Technology Actin Separate Rabbit/mouse 
FMRP Synaptosome 1:500 Cell Signaling Technology Actin Separate Rabbit/mouse 
pFMRP (s499) Synaptosome 1:500 PhosphoSolutions Actin Separate Rabbit 
GFAP Synaptosome 1:500 Cell Signaling Technology Actin Together Rabbit/mouse 
GluA1 Synaptosome 1:500 NeuroMab Actin Together Rabbit/mouse 
mGluR 1/5 Synaptosome 1:500 NeuroMab Actin Together Rabbit/mouse 
NR2A Synaptosome 1:500 Merck Millipore Actin Together Rabbit 
NR2B Synaptosome 1:500 Merck Millipore Actin Together Rabbit 
Pan-Shank Synaptosome 1:500 NeuroMab Actin Together Rabbit/mouse 
PSD-95 Synaptosome 1:500 NeuroMab Actin Together Rabbit/mouse 
Actin  1:1000 Cell Signaling Technology     
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Figure A.1. Hematoxylin and eosin stained brain regions 24-hour and one week post-seizure. A. 
Hippocampus (granule cell layer), B. Cortex, and C. Cerebellum (molecular layer, Purkinje cell 
layer, and granule cell layer). There were no necrotic lesions detected in the seizure group. 
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