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ABSTRACT 

 

ACTIVITY LEVELS OF DIFFERENT CELL TYPES IN AN EPILEPTOGENIC MODEL 

OF CORTICAL MICROGYRIA: A cFOS INVESTIGATION  

 

By Peter Francis Lamothe 

 

A thesis submitted in partial fulfillment of the requirements for the degree of Master of Science 

in Anatomy and Neurobiology at Virginia Commonwealth University 

 

Virginia Commonwealth University, 2023. 

 

Advisor: Kimberle M Jacobs, Ph.D. 

Associate Professor, Department of Anatomy and Neurobiology 

 

 

A large percentage of individuals with intractable epilepsies have an accompanying 

cortical malformation, the underlying cellular mechanisms of which are not fully understood. In 

an animal model for one such malformation, polymicrogyria, epileptogenesis occurs most easily 

in a region of tissue just adjacent to the microgyria termed the paramicrogyral region (PMR). 

Previous studies implicate somatostatin containing interneurons (SOM) as a potential contributor 

to this pathology, and show increased excitation of SOM in the PMR. We hypothesis that SOM 

are more active in the PMR when compared to SOM within the homologous region of the control 

cortex. In addition to this parvalbumin containing interneurons (PV) are less active than SOM in 

the PMR.  

Using a freeze-lesion model for polymicrogyria in transgenic mice that express green 

fluorescent protein (GFP) under the control of the cFOS promoter we assessed the activity levels 

of SOM and PV in the PMR and control cortex. A Kainic Acid (KA) injection was used to 

induce a seizure in the mice. The difference in activity levels of SOM and PV were measured 

with and without KA injection. These studies did not support our hypothesis. The measured 

activity of the cortex, as assayed by GFP expression, did not change in the PMR when compared 



2 
 

to a control cortex, even after KA injection. In contrast to previous findings the population of PV 

did not decrease in the PMR when compared to a homologous region in a control cortex. SOM 

were more active than PV across subject group and condition. Both interneuron populations were 

found to be less active after KA injection.   

The lack of change in cortical activity is due to a high signal to noise ratio which was 

produced by not suppressing the social and neural activity of the mice before they were perfused 

by socially isolating the animals for 1-7 days before perfusing, and perfusing the mice before 

peak protein expression, which occurs 90 minutes after the stimulation of neural activity. The 

decrease in PV population has been observed in layer V, this investigation imaged the whole 

somatosensory cortex not just layer V, any change in neuronal population in layer V was masked 

by imaging a larger sample of the cortex. SOM were more active than PV across subject group 

and condition, this stands in contrast to the mixed evidence in the literature that PV has a higher 

spontaneous firing rate than SOM. The reduced activity in PV interneurons is in line with our 

hypothesis that SOM disinhibit pyramidal cells by inhibiting the activity of PV during the onset 

of a seizure. The reduced activity of SOM in this model is believed to be a product of SOM’s 

sensitivity to excitotoxicity in the cortex and a product of SOM experiencing depolarization 

block coincident with ictal activity in pyramidal cells.  
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Chapter 1 

 

 

Introduction to Epilepsy, Interneurons, Cortical Malformations and cFOS Expression  

 

The goal of this work was to test the hypothesis that the activity level of somatostatin-

containing inhibitory interneurons (SOM) is high and above normal within the epileptogenic 

region of a cortical developmental malformation when compared to the homologous region of 

the control cortex. The rodent neonatal transcranial FL model of microgyria associated with 

epilepsy was utilized here. Previous work in this model has shown that SOM fire at a higher rate 

when intracellularly depolarized and that they produce larger optogentically-activated inhibitory 

postsynaptic currents within pyramidal neurons adjacent to the malformation. The increased 

output from SOM is suspected to be pro-epileptogenic due disinhibition via the synaptic 

connections between SOM and the powerful parvalbumin-containing (PV) inhibitory 

interneurons. The PV interneurons that normally suppress horizontally propagating activity are 

weaker than normal in this model. Even further direct evidence for this theory was found when 

optogenetic stimulation of SOM produced epileptogenic field potentials in the cortex of the 

microgyria model but not sham controls (with a low level of GABA-A antagonist present in the 

slice bath). Together these previous findings suggested that increased activity of SOM may either 

increase the likelihood of epileptiform events or may in fact initiate them. Here to test that idea, 

cFOS expression was used as an assay for activity level, and combined with 

immunohistochemistry to identify cell type. 

 

 



4 
 

In this Introduction I will detail the following key background concepts:  

• Epilepsy, defined as the propensity for recurring seizures, is the most common neurological 

abnormality worldwide; 

• 1/3 of patients have intractable seizures even after seeking treatment, which means there is a 

significant need for a greater understanding of the underlying neurological mechanisms; 

• Developmental cortical malformations are a common cause of intractable seizures; 

• Polymicrogyria is one of the most common cortical malformations and also sometimes occurs 

concurrently with other malformations, and is highly associated with seizures;  

• The rodent freeze-lesion model of cortical microgyria replicates the human condition of 

polymicrogyria associated with epileptiform activity;  

• Several pro-epileptogenic mechanisms have been identified in the freeze-lesion model, many 

of which are associated with glutamatergic receptors and connections, however the timing 

of the physiological changes in those excitatory connections suggests that other 

mechanisms are required for the onset of epileptiform activity in this model; 

• Alterations in inhibitory neurons, receptors, connections and intrinsic properties also occur in 

the FL model and may also promote epileptiform activity;  

• There is evidence that the activity of SOM neurons can initiate epileptiform activity in ex vivo 

slices under conditions of a low level of GABA-A receptor blockade; 

•  Within our microgyria model, PV interneurons are reduced in number and efficacy while SOM 

neurons are enhanced in efficacy;  
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1.1 Epilepsy 

 

The earliest known reference to what we know understand to be epilepsy was recorded in 

the ancient Babylonian medical text, Sakikku (Eadie and Bladin, 2001). As is the same with most 

natural yet phantastic phenomena, before the emergency of modern medical science epilepsy has 

long been viewed as and understood as a supernatural or religious phenomena. Through the slow 

and steady process of scientific discovery modern neuroscience has stripped epilepsy of its ‘sacred 

quality’ and revealed its causational and clinical nature (Eadie and Bladin, 2001). Our modern 

understanding of epilepsy emerged in John Hughlings Jackson’s research conducted in the 1800’s 

(Balcells, 1999), where he defined epilepsy as a grouping of neurological disorders which present 

themselves by recurrent and spontaneous epileptic seizures. Many etiologies both genetic and 

acquired have been identified and characterized (Bladin et al., 2000; Frey, 2003; Hayashi et al., 

2002; Sedel et al., 2007). However, despite diagnostic and treatment advances not every cause of 

epilepsy has been defined let alone understood, and as a result of this one third of patients with 

epilepsy cannot control their symptoms with antiepileptic drugs (Schmidt and Loscher, 2005). In 

addition to this, 20-30% of patients do not respond to either medical or surgical treatments (Schuele 

and Luders, 2008). There is much more to be understood about this condition and its primary 

mechanisms.  

The symptoms of epilepsy can be and are often debilitating. Untreated individuals suffer 

from repeated and spontaneous seizures. These seizures are the clinical emergence of excessive 

and hypersynchronous neuronal firing. An epileptic seizure can take many forms, the intensity and 

type of seizure is dependent on the location of the excited and synchronous firing neurons and how 

that activity spreads to different regions. The Commission on the Classification and Terminology 

of the International League against Epilepsy has identified two categories of seizure, Partial and 
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General (Fisher et al., 2014). Current guidelines define seizures as either focal onset or generalized 

onset. A Focal seizure is a result of the abnormal activity being restricted, at onset, to one specific 

region of the brain in one hemisphere of the brain. The result of specific focal abnormal activity is 

specific motor or sensory experiences that occur absent of an external stimulus and is associated 

with that motor or sensory experience. A generalized seizure is a result of aberrant neural activation 

across both hemispheres or in multiple regions. Individuals experiencing a generalized seizure 

typically experience a loss of consciousness, and abnormal postural muscle tone, patients will 

collapse under when experiencing this type of seizure. Epilepsy is identified as either focal 

epilepsy, wherein a patient has focal seizures, and generalized epilepsy, wherein a patient has 

generalized seizures, and combined generalized and focal epilepsy, wherein a patient suffers from 

both focal and generalized seizures (Fisher et al., 2017). 

 Epilepsy is relatively common, affecting approximately 50 million people world-wide 

prevalence (World Health Organization website: WHO 2023), it is most prevalent during the 

extremes of life, those being the neonatal phase of life and after 70 years of age. Clinical and 

research science in this field is of critical importance. It is because of modern diagnostic techniques 

that numerous and diverse etiologies for this condition have been identified. There are genetic 

predispositions, traumatic brain injury, tumor, congenital disease, infectious disease of the central 

nervous system (CNS) and developmental malformations (Bladin et al., 2000; Berkovic et al., 

2006; Jallon et al., 2001; Leventer et al., 2008; Mirski and Varelas, 2008). Developmental 

malformations typically result in abnormal cortical lamination, also called cortical dysplasia, and 

are associated with high incidence of intractable seizures. Before the development of modern 

imagining techniques these malformations went unrecognized and only now can we begin study 

the mechanics and effects of these malformations (Barkovich et al., 1999a; Hayashi et al., 2002; 
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Lim et al., 2005; Takanashi et al., 2006). These malformations, that can only now be studied 

properly, are not just associated with epilepsy but are associated with a high incidence of 

intractable seizures.  

1.2 Intractable epilepsies and cortical malformations 

 Antiepileptic drugs (AEDs) are available and a viable treatment option as they are 

sufficient to alleviate symptoms for the majority of patients with epilepsy. Unfortunately, AEDs 

do not offer relief for 30-40% of total patients, who have intractable epilepsy (IE) (Kwan and 

Brodie, 2006). Many of the patients with IE developed epilepsy as a result of cortical malformation 

(Guerrini and Carrozzo, 2002). There are non-pharmacological interventions, such as vagal nerve 

stimulation and ketogenic diets, but they are only effective in a minority of patients (Dua et al., 

2005). Surgery is an option for individuals in this clinical group, specifically when the seizure 

origin is focally restricted to one hemisphere, clearly differentiated from eloquent cortex, and not 

complicated by additional factors (Blumcke et al., 2009; Sisodiya, 2000). Even in cases when 

surgery is an option there is a return of symptoms in 40% of the patients (Sisodiya, 2000).  The 

return of symptoms is likely a result of the neurosurgeon being unable to identify the epileptogenic, 

seizure originating region. Which is caused not by a lack of skill on the part of the surgeon but can 

be due to the limited spatial resolution provided by electroencephalography (EEG) and 

electrocorticography (ECoG, intracranial EEG). There is also a potential of widespread, epilepsy-

promoting abnormalities extending beyond one locus (Sisodiya, 2000). One example of an 

epilepsy-promoting cortical malformation with limited potential for symptom amelioration by both 

AED and surgical intervention is the Polymicrogyria (Sisodiya, 2004).  

 A common cause of IE, especially in children, are developmental malformations. (Flint 

and Kriegstein 1997; Wyllie, 2000). These abnormities can be a result of errors that occur any time 

during the development of the Central Nervous System (CNS). Errors that happen early in 



8 
 

development can inhibit the generation of cells, or cause too many cells to die, while errors that 

occur later in development can result in the inappropriate migration and organization of cells 

(Barkovich and Kjos 1992a; Guerrini et al., 2003). The focus of this writing will be the 

developmental malformation, polymicrogyria, and its epilepsy-promoting characteristics. 

1.3 Polymicrogyria 

1.3.1 Natural Polymicrogyria  

One of the most common cortical malformations, a polymicrogyria is characterized by 

abnormally small cortical gyrations on the surface of the brain, which leads to an irregular, 

bumpy appearance one of the most common cortical malformations, and it can be identified 

through magnetic resonance imaging (MRI) (Barkovich 2010; Sisodiya, 2004). A specifically 

timed disruption in the development of the cortex will produce these abnormally small cortical 

gyrations. A variety of disruptions can could be the cause, it could be a genetic mutation (lee et 

al., 1997), it can be acquired in utero via ischemic (Barkovich 2010; Dvorak and Feit, 1977), it 

can be acquired by an infection, by physical trauma during pregnancy, or by fetal stroke 

(Montenegro et al., 2002; Elovitz et al., 2011). Epilepsies that in past have been thought to 

appear spontaneously have now been linked with these malformations (Barkovich and Kjos, 

1992b; Hauser, 1998; Lim et al., 2005; Takanashi et al., 2006). 

There are two histological presentations of this dysplasia, the unlayered microgyria and 

the four-layered histological type. The unlayered polymicrogyria is caused by disruption of 

neural migration and presents with an external molecular layer that does not follow the normal 

pattern of convolutions on top of a region of neurons that lack laminar organization. The 

disruption that causes the first histological type occurs earlier than the disruption that causes the 

second histological type which in humans occurs between the 20th and the 24th week of gestation 

(Guerrini and Carrozzo, 2002).  The four layered polymicrogyria presents as a focal four-layer 
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region as opposed to the neurotypical 6-layered neocortex (Guerrini and Filippi, 2005). It has 

been inferred that an in-utero ischemia during the defined time windows will cause these 

dysplasias via the death of deep cortical layers due to the presence of intracortical laminar 

necrosis within these malformations (Guerrini and Filippi, 2005; Montenegro et al., 2002). In the 

brain layers deep relative to the pia form before the more superficial layers, it follows that an 

insult during neural migration will remove deep layers and allow superficially directed layers to 

migrate into that space heterotopically (Rakic and Lombroso, 1998). 

As alluded to in section 1.2 and revealed by Jacobs et al. in 1999, the epileptogenic or 

seizure-initiating site in patient with a polymicrogyria will not always singularly involve the 

visibly lesioned tissue but will include the cortical area directly adjacent to the lesioned tissue 

(Chassoux et al., 2008; Jacobs et al., 1999a). This complication makes it difficult to assign 

specific boundaries to, and therefore surgically resect the seizure-initiating areas, because the 

epileptogenic portions of the cortex surrounding the lesion are otherwise eloquent cortex (Araujo 

et al., 2006; Chassoux et al., 2008). There is also quality of life concerns, if surgical resection of 

the epileptogenic seizures creates new symptoms or impairs critical mental faculties in the 

patient it is not a viable treatment. When the polymicrogyria is present in the motor strip or 

Broca’s area then the neurons in those malformations have been shown to be active during the 

induction of motor activity and language, respectively. Without careful functional planning 

surgical resection of malformations in those lesions could lead to issues that invalidate surgery as 

a treatment option (Araujo et al., 2006). 

An alternative treatment method is essential. If not, afflicted individuals will continue to 

suffer from the clinical manifestations of this condition which include: severe encephalopathy, 

cognitive impairments, spastic paresis, and intractable seizures (Symonds et al., 2021; Skarpaas 
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et al., 2019; Araujo et al., 2006; Guerrini and Carrozzo, 2002). The work described here uses a 

murine model of human polymicrogyria to study epilepsy-promoting cellular mechanisms in the 

epileptogenic areas adjacent to lesioned tissue, which to the time of writing are largely unknown. 

1.3.2 Animal model of microgyria 

 The Dvorak lab developed a rodent model that produces a similar histopathology 

expressed by human four-layered polymicrogyria in the late 70s (Dvorak and Feit, 1977; Dvorak 

et al., 1978).  In this method a freezing cold probe, -100 degrees Celsius (˚C ) is placed onto the 

skull of a neonatal rat pup for a duration of one second to two and a half seconds. This creates a 

transcranial ischemic lesion (Dvorak and Feit 1977; Dvorak et al., 1978). The developmental 

stage at which rats are born is equivalent to week 18 to week 24 gestational period in humans. 

This is the developmental phase during which cortical neuroblast migration occurs (Dvorak and 

Feit, 1977; Humphreys et al., 1991). Neuronal migration occurs in a deep to superficial 

stereotype, and is not complete at this juncture; therefore, contact freezing during this period will 

thrombose blood vessels and cause the necrosis of neurons present on the cortical plate, which at 

this period of cortical development, comprise layers IV, V, and VIa (Dvorak and Feit, 1977). The 

migration of superficially-intended neuroblasts and capillaries will continue, resulting in a focal 

microgyric region of dyslaminated cortex containing four layers, instead the six typically seen in 

neocortex (Dvorak and Feit, 1977). When induced by a 2x5 millimeter rectangular freezing 

probe the lesion occupies a 1-to-4-millimeter region of tissue. The generated ‘microgyrus’ 

possesses a laminar structure, denoted with Arabic numerals (Jacobs et al., 1999b) as layers 

1,2,3, and 4. Layers 1 and 2 are anatomically similar to normal neocortical layers I and II/III and 

are continuous with them, respectively (Crome, 1952; de Leon, 1972; Dvorak and Feit, 1977; 

Humphreys et al., 1991; Jacobs et al., 1996; Rosen et al., 1996). Layer 3 is thin with a small 

population of glia-resembling cells with small somata (Dvorak and Feit, 1977) that terminates 
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abruptly where microgyrus and adjacent six-layered cortex meet (Crome, 1952; de Leon, 1972). 

Layer 4 is similar to and often contiguous with layer IVb of normal cortex (Crome, 1952; de 

Leon, 1972; Dvorak et al., 1978; Jacobs et al., 1996). Thus, normal layers IV, V and VIa are 

absent from the focal area of the microgyrus. 

 The timing of lesion induction is critical for the maintenance of this model. Jacobs et al. 

demonstrated that rats lesioned at postnatal day (P) 1 consistently exhibit a critical component in 

epileptogenesis, hyperexcitability, throughout their adult life. Animals lesioned earlier at P0 

demonstrated a decrease on epileptiform responses post P40 (Jacobs et al., 1999a). These 

findings were repeated by Kellinghaus et al. who found no difference in the amount of cortical 

excitability in mice P60 that were lesioned at P0 when compared to non-lesioned rats of the same 

age (Kellinghaus et al., 2007). Lesions applied on P4 do not induce a microgyric malformation 

(Dvrorak et al., 1978). Taken together there is a critical period within which the anomalous 

layering can occur. If the pup is lesioned too early in cortical development the pup will be able to 

make a complete recovery and freeze lesion (FL) will not properly form; and if the pup is 

lesioned too late, a FL that correctly models the features of a polymicrogyria will not be 

produced.  

Freeze-lesioned rats have not been demonstrated to experience spontaneous seizures, 

however they do have an increased propensity for seizure when a secondary insult, such as the 

modeling of a fever occurs. In addition, ex vivo slices exhibit evoked interictal-like epileptiform 

activity associated with the induced microgyrus and adjacent cortical region (Barkovich and 

Kjos, 1992b; Jacobs et al., 1999a; Scantlebury et al., 2004) The occurrence of epileptiform 

activity within slices from these rodents has been demonstrated consistently and reproducibly at 

P12, a developmental age wherein neural development is similar to that in humans at birth; 
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correspondingly, polymicrogyria-associated seizures may begin in newborns at birth or be 

delayed for years (Fasulo et al., 2012; Pascual-Castroviejo et al., 2001). Epileptiform activity is 

most easily generated from the region directly adjacent to the microgyrus called the 

paramicrogyral region (PMR) (Jacobs et al., 1996). This hyperexcitable area presents researchers 

with an avenue to study how and why an epileptiform activity is induced. The onset timings of 

hyperexcitability and epileptogenicity within this region are delayed and staggered, in that there 

is a delay that occurs between the increase in excitatory input to PMR pyramidal cells and the 

later onset of epileptogenesis (Jacobs et al., 1999a; Zsombok and Jacobs, 2007). Researchers can 

study the PMR to reveal the specific alterations that occur before the area becomes 

hyperexcitable or before epileptogenesis. It is for this reason that this animal model, where a 

rodent receives a FL on P1, is an accepted and robust method for the study of the epileptogenic 

mechanisms that model human polymicrogyria. The studies presented here take place focus on 

the epileptogenic PMR. 

1.4 Properties of the Freeze-lesion Model  

1.4.1 Cellular and sub-cellular characteristics of freeze-lesion model 

A number of potentially pro-epileptogenic alterations have been identified in the FL 

cortex, these changes include receptor alterations, changes in anatomical connectivity and altered 

physiological functioning. The neurons within the microgyrus are not generated in response to 

the lesion, they migrate through or around the damaged tissue to their final destination (Rosen et 

al., 1996). Neurons present in cell-dense layer 2 in the microgyrus contain neurons generated 

between embryonic days 17 through 20, these neurons would normally be present in layers III 

and IV in eloquent cortex (Rosen et al., 1996). Neurons that are formed even earlier at 

embryonic day 15, which would have inhabited deep neocortical layers, are not found in the 

microgyrus. (Dvorak and Feit, 1977; Rosen et al., 1996). This is significant because it shows that 
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this model’s mechanism of ischemia-induced cell death is selective for deep-layer neurons. 

According to Nissl staining of sections taken from rats at ages P21 and P60 the laminar pattern 

adjacent to the PMR is normal, however neurofilament staining is overabundant in the PMR but 

scarce in the microgyrus proper when compared to a naïve control cortex revealing some 

aberrant neocortical architecture (Humphreys et al., 1991). This suggests that the excitatory 

inputs that were originally aimed at the lesioned tissue are preserved, even though their original 

target has been eliminated (Jacobs et al., 1999; Humphreys et al., 1991). In addition to these 

alterations in neocortical architecture it has been suggested that this region is ‘dysmature’ by the 

presence of elements that are typically eliminated early in the development of the naïve cortex 

persisting in the region containing the microgyria. (Cepeda et al., 2006). For example, transitory 

Cajal-Retzius cells are present at p12 in rat PMR cortex are absent in control tissue by p12 

(Super et al., 1997). Another example are fibers that resemble radial glia exist in the lesioned 

cortex up to the fifth postnatal week, however in the naïve cortex these fibers are not present by 

the fifth postnatal week (Rosen et al., 1992). 

 This model generates numerous subcellular alterations, primarily in the expression of 

receptor subunits. The α2 and α3 subunits of the inhibitory GABAA receptor are premature and 

get replaced by the second postnatal week with α1 or α4 (Laurie et al., 1992). 

Immunohistochemical staining for GABAA receptor subunits both medial and lateral to the 

microgyrus demonstrates a decrease in the expression of all subunits, except for α3, which is 

supposed to decreased expression over the course of development (Redecker et al., 2000). The 

expression of premature α2 and α3 subunit expression persists and the expression of α1 

decreases in the PMR (Defazio and Hablitz, 1999). The altered expression of GABAA receptor 

subunits likely contributes the decreased binding to GABAA receptors in the PMR, that is not 
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present outside the PMR in the lesioned cortex (Zilles et al., 1998). The evidence suggests that 

there is a reduction in the density of inhibitory GABAA receptor as well as an alteration in the 

expression of these receptors’ subunits in the PMR. 

Changes in excitatory glutamate receptors are also produced by this model. There is an 

increase in glutamate receptors (AMPA(R)) and kainite receptor been demonstrated as well as 

enhanced functioning of NR2B subunit containing receptor NMDA (Zilles et al., 1998; Defazio 

and Hablitz, 2000). The NR2B subunit is typically expressed in the embryonic brain but is 

expressed in the PMR which further favors the conclusion that the PMR is dysmature (Cepeda et 

al., 2006). 

1.4.2 Timing of Onset localized to the PMR  

Evoked postsynaptic currents, another type of excitatory postsynaptic current, are 

multipeaked, larger amplitudes, and have a greater area in the PMR when compared to 

homologues region in a naïve cortex, further favoring the conclusion that excitability is increased 

in the PMR. The hyperexcitability of the PMR exists has been demonstrated to be present 

through to p118, and it can be concluded that the hyperexcitability remains present throughout 

the life of the animal (Jacobs et al., 1996). Field potential studies that stimulate the cortex 0.5 

mm to 2 mm away from the microgyrus evoke epileptiform activity in the PMR demonstrating 

that the mechanisms of epileptogenesis are primarily in the PMR. (Jacobs et al., 1999; Luhmann 

et al., 1998). The epileptogenic alteration to the PMR is necessarily caused by the generation of 

the microgyria but are not dependent on the continued presence of the microgyria, as 

demonstrated by the fact that resection of the lesion does not ameliorate the epileptogenic 

qualities of the PMR (Jacobs et al., 1999a).   

1.4.3 Alterations in connectivity that lead to hyperexcitability 
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Anatomical connectivity to, within, and from microgyria and adjacent PMR have been 

demonstrated via the injection of neuronal tracers into the microgyrus proper, ipsilateral and 

contralateral homotopic regions in control brain, and thalamus 

The anatomical connectivity to, within, and from the microgyria proper and the adjacent 

PMR has been demonstrated via the injection of neuronal tracers into the microgyrus itself, 

rostrally and caudally to the microgyrus, and ipsilateral and contralateral homotopic regions in 

control brain and thalamus (Giannetti et al., 1999; Giannetti et al., 2000). From this it is shown 

that the local pyramidal cell afferents and commissural fibers are aberrantly organized in the 

micogyria and PMR (Giannetti et al., 1999). There are also significant alterations to some 

thalamic nuclei their efferent thalamocortical fibers. For example, the ventrobasal complex (VB), 

a relay of nucleus of the thalamus for nociceptive stimuli, has fewer neurons in the lesioned 

cortex, specifically in the lesioned region (Rosen et al., 2006). The microgyrus reduces the 

presence of the VB targeting area, this prompts the VB to reroute efferents to the directly 

adjacent PMR thus hyperinnervating the PMR with these excitatory cortical afferents (Rosen et 

al., 2000). This conclusion is supported by AChE staining (located in thalamocortical afferents 

early in development) that show abnormal densely stained regions adjacent to the microgyrus 

and a lack of staining within it (Jacobs et al., 1999c).    

The hyperinnervation of the PMR by thalamocortical afferents has a variety of functional 

consequences. There is an increase in the level of miniature excitatory postsynaptic currents 

(mEPSCs) in layer V pyramidal neurons in the PMR compared to a homologous region in naïve 

cortex (Jacobs and Prince, 2005). The increased frequency of mEPSCs indicates that there is not 

only an anatomical increase in excitatory afferents but a functional increase in excitatory drive to 

the pyramidal neurons as well.      
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Second, spontaneous excitatory postsynaptic current (sEPSC) and mEPSC frequencies 

have also been shown to rise incrementally within the PMR of rats aged P7 to P11 (Zsombok and 

Jacobs, 2007) and rises above control levels by P10. Since network hyperexcitability (evoked 

field epileptiform events) does not occur until P12 (Jacobs et al., 1999), this means the increased 

excitatory inputs could contribute to the onset of epileptiform activity, however the field events 

are not coincident with the increase in mEPSCs. Thus, this suggests a secondary mechanism 

likely contributes to initiating the epileptiform activity.   

In addition to the described alterations of excitatory circuitry, inhibitory function is also 

altered in the PMR. The peak conductance for both evoked inhibitory postsynaptic currents 

(eIPSCs) and spontaneous inhibitory postsynaptic currents (sIPSCs) are much larger in a subset 

of layer V pyramidal cells in a lesioned cortex, compared to the homologous region of a control 

cortex control. The increase in peak conductance returns to control levels after the application of 

APV, a NMDA receptor agonist, and DNQX, NMDA and AMPA(R) antagonists respectively 

(Jacobs and Prince, 2005). This demonstrates that the enhanced inhibitory currents are due to an 

increased excitatory drive onto inhibitory neurons. There is also a decrease in inhibitory post 

synaptic potential (IPSP) conductance in II/III pyramidal neuron in the PMR (Luhmann et al., 

1998). Based on immunohistochemical studies there are fewer parvalbumin positive neurons 

(PV), an inhibitory GABAergic interneuron, in the PMR compared to the homologous region in 

a control cortex (Jacobs and Prince, 2005). Dual whole-cell recordings in layer IV of the PMR 

showed a selective loss of inhibition from fast-spiking inhibitory interneurons (which are the 

same subtype that contain parvalbumin) to spiny neurons in the barrel circuits (Sun et al., 2005). 

Focal cortical injuries, such as those caused by strokes result in the death of cortical neurons and 

their efferents and in the death or damage of thalamocortical relay (TCR) neurons, while the 
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neurons of the inhibitory reticular thalamic nucleus (nRT), that inhibit TCRs cell and generate 

cerebral rhythms, survive these insults to a greater degree than TCR cells. nRT neurons in 

injured rats have decrease membrane input resistance and reduced low threshold calcium bursts 

and weaker evoked excitatory synapse response. This could lead to the loss of nRT-mediated 

inhibition in relay nuclei and therefore increased output of the surviving TCR cells and enhanced 

thalamocortical excitation, which could lead to thalamocortical epilepsies (Paz et al., 2010). In 

freeze- lesioned cortex both connectivity and glutamate metabolism are altered. Within the FL 

proper there is an increased ability to remove exogenous glutamate, while it is decreased in the 

PMR. Correlated with these changes in astrocytic density in both regions. In a non-lesioned 

cortex glutamate signals are distributed symmetrically along the medio-lateral axis and in the FL 

cortex glutamate signals were asymmetric distributed and biased towards the lesion. Taken 

together it appears that a FL the regional ability of astrocytes to remove released glutamate is 

inversely related to local excitability (Dulla et al., 2013). The evidence for what happens to 

inhibitory interneurons in the PMR is contradictory and requires more investigation. 

1.4.4 Inhibitory Network role promoting epilepsy in the PMR  

Epilepsy is the excessive and abnormally synchronous activity of neuronal circuits; it 

follows that epilepsy resulting from a hyperexcitable PMR is caused to an increase in excitatory 

afferents and in the binding and activity of glutamatergic receptor binding and functioning 

(Jacobs et al., 1999c; Jacobs and Prince, 2005; Zsombok and Jacobs, 2007). This conclusion has 

been demonstrated consistently and reproducibly over the years, however new evidence 

implicates that excitatory and inhibitory networks have a role to play in epileptogenesis (Jacobs 

et al., 1999). There is a measured increase to the excitatory input to inhibitory targets (Jacobs and 

Prince, 2005). There is also a delay between the increase in excitatory input to PMR pyramidal 

cell and the onset of epileptogenesis (Jacobs et al., 1999a; Zsombko and Jacobs, 2007). This 
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suggests that the appearance of epileptiform activity is not due singularly to glutamate receptors 

and connections. (Klaassen et al., 2006; Mann and Mody, 2008; Prince and Jacobs, 1998). The 

experiments described in this paper explore the activity of two neocortical interneuron subtypes 

to determine if or what role they have in epileptogenesis. 

1.5 Neocortical Interneurons 

1.5.1 History and Definition  

The term interneuron was originally used to categorize all neurons existing between input 

and output neurons, in invertebrates (Maccaferri and Lacaille, 2003). Once the principle of 

neural inhibition was mapped out the term interneuron came to mean an inhibitory cell that 

shares space with excitatory cells but are structurally separate and function in contrast to those 

excitatory cells (Maccaferri and Lacaille, 2003). These newly coined inhibitory interneurons 

display a variety of morphological, electrophysiological, molecular, and synaptic characteristics 

and account for 20%-30% of the total neocortical cell population (Markram et al., 2004; Houser 

et al., 1983). However, there are specific characteristics that unify and define this category, for 

example in these neurons excitatory glutamate is supplanted by inhibitory γ-aminobutyric acid 

(GABA), the primary neurotransmitter in an inhibitory interneuron. Inhibitory interneurons lack 

apical dendrites or dendritic spines characteristic of pyramidal cells (Markram et al., 2004). 

Instead, this class of neurons have short axons that tend to not project into white matter or distal 

brain regions; this class of neurons arborize vertically within a column or horizontally within 

lamina. A single inhibitory interneuron can synapse onto and alter the firing patterns of multiple 

pyramidal cells by exerting a rhythmic modulatory influence on them which induces synchrony, 

pyramidal cells firing in unison in regular intervals (Colmers and El Bahh, 2003). Frequency 

coding is the currency of cortical activity, in a non-impaired cortex synchrony is critical for the 

induction of sensory perception, information processing, the formation of representative maps, 
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motor activity, attention, consciousness, and more (Fricker and Miles, 2001; Singer, 1999). 

Unchecked activity of inhibitory interneurons can cause excessive synchronization and can 

induce an epileptic seizure (Van Quyen et al., 2003).  

In impaired brains alterations to these local inhibitory circuits disrupt the balance 

between excitation and inhibition (E/I). Many psychological disorders including: schizophrenia, 

autism spectrum disorder, and intellectual disability are a consequence of this E/I imbalance 

(Dichter and Ayala, 1987; Marin, 2012). How an interneuron contributes to its local modulatory 

network is a result of its morphological, intrinsic, molecular, and synaptic characteristics. 

Interneurons are classified by combinations of these characteristics, and these classifications 

allow researchers to map out their functional relationships and potential pathologies. 

1.5.2 Interneuron subtype morphology, electrophysiology and molecular markers 

 Interneurons present many different morphologies, they differ across the dimensions their 

axonal arbors, the shape and laminar positions of the somata, and the shape of their dendritic 

trees (Cerebral Cortex, 1984). Groupings can be made more precise by examining arbor 

orientations, cells can have arbors are with intracolumnar, vertically-spanning, dendrites or 

interlaminar, horizontally-spanning dendrites. As arbor orientation is different so is their 

influence and their function. The Martinotti cell’s, a vertically-oriented interneuron, somata 

originates in layers II through VI, its axons ascend to layer I and arborize horizontally and 

synapse onto the distal tuft dendrites of pyramidal cells (Wang et al., 2004; Fairen et al., 1984; 

Markram et al., 2004). Bitufted, bipolar, and double-bouquet are all oriented vertically but differ 

across, cellular targets, somata size, cortical distribution, and arbor densities (Fairen et al., 1984; 

Markram et al., 2004). Vertically-oriented cells can simultaneously inhibit multiple neurons in 

one column and across cortical lamina. Horizontally-oriented cells synapse on flanking cell 

bodies in the same layer, inhibiting cells within a layer and across columns. Chandelier cells, so 
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named for their characteristic spray of horizontal axons branches that selectively synapse on 

axon initial segments (AIS) of pyramidal cell, provide inhibition in this manner (Somogyi, 

1977). Basket cells present as two subtypes, large basket cells and small basket cells. Large 

basket cells send axons into bordering columns and synapse onto the somata of pyramidal cells. 

Small basket cells are densely arborized and only synapse with the somata of pyramidal cells 

they are direct neighbors with (Markram et al., 2004; Wang et al., 2002).  

 Intrinsic membrane properties can be used to classify these cells because these cells fire 

action potentials in distinctive and predictable patterns (Markram et al., 2004). In this study 

focus is held on two firing configurations, low threshold-spiking (LTS) and fast-spiking (FS). 

LTS interneurons respond to the injection of a depolarized current with an attenuating 

progression of action potentials and FS interneurons respond to the injection of a depolarized 

current with a rapid progression of action potentials with little to no adaptation. The half -widths 

of the action potentials of LTS cells last longer than one millisecond, the half widths of the 

action potentials of FS cells last less than one millisecond (Kawaguchi, 1993). The maximum 

firing frequency of LTS cells is lower than the maximum firing frequency of FS cells 

(Kawaguchi and Kondo, 2002). The action potential afterhyperpolarization period is longer LTS 

cells than FS cells (Kawaguchi, 1993). Following the application of a hyperpolarizing current 

LTS cells fire rebound action potentials once returning to a resting membrane potential 

(Kawaguchi, 1993). Inhibitory post synaptic currents (IPSCs) recorded from LTS cells display 

shorter kinetics and smaller amplitudes when compared to FS cells (Bacci et al., 2003).               

 Molecular markers can be used to classify and distinguish interneuron subtypes. 

Researchers can identify molecular characteristics unique to certain cells, which in turn identifies 

distinct, non-overlapping cell populations. Interneurons selectively express specific proteins and 
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peptides (Kawaguchi and Kubota, 1997). Three molecular markers are Parvalbumin (PV), a 

calcium-binding protein, Somatostatin (SOM) and Vasoactive Intestinal Peptide (VIP). The 

molecular markers SOM and PV are both expressed in cortical layers II/III, V, and VI and they 

do not overlap which means these molecular markers correspond to distinct cell groups. Cellular 

categories based on molecular markers, in particular SOM and PV, map on to cellular categories 

based on morphology and intrinsic membrane properties. SOM cells correlate with Martinotti 

cells (Kawaguchi and Kubota, 1997; Markram et al., 2004). The presence of molecular marker 

SOM also correlates with LTS electrophysiology (Gibson et al., 1999). The presence of 

molecular marker PV cells correlates with FS electrophysiology (Cauli et al., 1997; Kawaguchi 

and Kubota, 1993; Kawaguchi and Kubota, 1997). The presence of VIP does not correlate with 

either LTS or FS electrophysiology, this indicates that VIP cell is a distinct interneuron subtype 

(Markram et al., 2004). 

1.5.3 Interneuron circuitry 

PV-positive FS cells tend to be horizontally-oriented basket cells that synapse onto the 

soma, while SOM positive LTS cells are vertically-oriented bipolar or bitufted cells that synapse 

onto dendrites. The difference in where these two sub populations synapse has significant 

implications for the function of these cells. PV-positive interneurons are effectively more 

powerful due to their synapse location closer to the site of the decision point for action potential 

generation. SOM positive interneurons by synapsing onto dendrites further from the soma are 

more modulatory (McBain and Fisahn, 2001; Miles and Poncer, 1993). It has been demonstrated 

experimentally that LTS cells are more modulatory, while FS offer a stronger degree of 

inhibition, based on IPSCs recorded in pyramidal cells are typically larger when produced by FS 

interneurons than they are if produced by LTS interneurons (Xiang et al., 2002). Inhibitory 

interneurons do not only synapse on to excitatory neurons. Inhibitory interneurons project onto 
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other inhibitory interneurons, SOM and PV inhibitory interneurons can have paired chemical 

connections (Gibson et al., 1999). SOM inhibitory neurons synapse on to and inhibit the activity 

of PV inhibitory interneurons in the visual and somatosensory cortex implying a general 

mechanism across sensory cortices (Richter and Gjorgjieva, 2022; Rikhye et al., 2021). An 

interneuron can also self-synapse and modulate its own activity. PV positive cell GABAergic 

autaptic transmission produces its characteristic precise, rapid, and non-adapting action potential 

progression in response to an injected depolarizing current (Bacci Huguenard, 2006). SOM 

positive inhibitory interneurons modulate self-activity in the long-term by the production of 

autocrine endocannabinoids (Bacci et al., 2004).    

Interneurons receive input from both excitatory principal neurons and inhibitory 

GABAergic interneurons (Kawaguchi and Kubota, 1993; Markram et al., 2004; Somogyi et al., 

1998). The excitation of inhibitory neurons produces feed-forward inhibition or to complete a 

feedback loop. Excitatory postsynaptic currents (EPSCs) recorded from inhibitory interneurons 

are faster compared EPSCs in adjacent pyramidal cells, this can be explained by inhibitory 

interneurons receiving excitatory signals first and then in some way modulating pyramidal cell 

reactivity (Buhl et al., 1997; Geiger et al., 1997; Hestrin, 1993). There are key differences in the 

way PV and SOM interneurons receive excitatory inputs. SOM positive inhibitory interneurons 

tend to receive more synapses from a single pyramidal cell (Buhl et al., 1997). Whereas, PV 

positive inhibitory interneurons are preferentially innervated by thalamocortical afferents 

(Gibson et al., 1999). There is a link between the target domain of an interneuron and whether it 

responds to excitatory inputs with paired-pulse depression or paired pulse facilitation. 

Interneurons that target somatic and perisomatic domains respond to excitatory inputs with 

paired-pulse depression, while interneurons that target dendrites respond to excitatory inputs 
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with paired-pulse facilitation; multiple pulses are depressing for excitatory inputs onto FS and 

facilitating for excitatory inputs onto SOM, there is a high probability rate for the excitatory 

connections onto FS connection meaning it is less likely to fail and there is a lower probability 

for excitatory connections on to SOM, not all transmitter released right away so calcium can 

build up and more transmitter gets released with each stim (Reyes et al., 1998). Bitufted SOM 

positive inhibitory interneurons target dendritic domains demonstrate facilitated EPSCs and 

multipolar PV positive inhibitory neurons target somatic domains and demonstrate a depressive 

response (Reyes et al., 1998). One pyramidal cell can innervate both a SOM positive and PV 

positive interneuron and can elicit these opposing responses from their respective neurons (Reyes 

et al., 1998; Wang et al., 2002). A single interneuron innervated by multiple pyramidal cells will 

produce their characteristic response regardless of the differing time course of the multiple 

pyramidal cells (Markram et al., 1998.)      

1.6 Interneurons in the PMR can be a Source of Epileptiform activity  

1.6.1 Microgyral effect on LTS and FS-Expression   

The alterations interneurons undergo in a malformed cortex may be responsible for the 

generation of the epileptiform activity itself. By the second postnatal week in the lesioned cortex 

altered function of inhibitory interneurons may enable unchecked excitation and destabilize the 

E/I balance. (Jacobs and Prince, 2005) The interneurons themselves undergo subtype-specific 

alteration, that do not alter the identity of these cells, that encourage these functional changes in 

the PMR. Immunohistochemical studies demonstrate subtype-specific alteration in the numbers 

of SOM positive and PV positive inhibitory interneurons. PV-immunostaining, which 

corresponds to FS cells, decreases in the infragranular layers V and VI (Rosen et al., 1998). At 

p14-15, concurrent with the decrease of PV-immunostaining interneurons, there is no measured 

change in the SOM-immunostaining interneurons in the PMR (Patrick et al., 2006). This 
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reduction of PV interneuron density, and consequentially activity, greatly diminishes 

horizontally-rectified inhibition. However overall function in unchanged, there must be other 

forms of inhibition increasing in efficacy to compensate for the weakened FS inhibition. This 

compensation could be provided by the relative strengthening of vertical intracolumnar 

inhibitory component via LTS, SOM positive inhibitory interneurons. Increased synchrony can 

result from strong intracolumnar inhibition (Bush and Sejnowski, 1996). In addition to this, with 

no horizontal component inhibiting the spread of synchrony to neighboring columns, the strong 

SOM induced synchronous activity can propagate   rapidly and promote epileptiform activity. 

The Jacobs’ lab has demonstrated that SOM cells in the PMR have three times the excitatory 

input compared to SOM cells in a control cortex. Metabotropic glutamate receptors (mGluR), 

specifically group 1 metabotropic glutamate receptors (mGluR1) selectively excite SOM positive 

interneurons and not PV positive interneurons and they demonstrate increased excitation in 

PMR, as well as anomalous activity and western blot expression of group 5 mGluR (mGluR5), in 

the malformed cortex compared to the control cortex (Ekanem et al., 2019). 

1.6.2 SOM Activity as Trigger for Epilepsy 

GABAergic inhibition failure is common hypothesis of the underlying mechanism 

underlying seizure disorder. However, in a model of temporal lobe epilepsy seizures were 

triggered by the injection of the chemoconvulsant kaintante, the synaptic inhibition from 

GABAergic cells remained intact throughout preictal period and early ictal phase (Krook-

Magnuson et al., 2013). Substantial activity of interneurons in the hippocampus preceded 

seizures in rats induced by pilocarpine (Grasse et al., 2013). This calls into question that the 

induction of seizure is a directly triggered only by a loss of inhibition. A previous publication 

looked at single-nucleus transcriptomes analysis of over 110,000 neuronal transcriptomes 

derived from the temporal cortex of subjects both with and without temporal lobe epilepsy, the 
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largest transcriptional changes occurred in distinct neuronal subtypes including SOM positive 

and PV positive interneurons. Specifically, there was an upregulation of the genes for AMPA(R) 

auxiliary subunits in SST_Nos1 SST_Tac3 (Pfisterer et al., 2020). This is indicative of an 

increase in the activity in SOM positive cells being coincident with incidence of epilepsy. 

Combining calcium imaging with optogenetic seizure induction it was found that seizure 

onset rapidly recruits additional neurons to be active (Ekanem et al., 2019). Excitatory neurons 

are recruited several seconds after PV and SOM positive interneurons which are recruited rapidly 

after the onset of epilepsy. Ontogenetical inhibiting VIP interneurons consistently increases 

seizure threshold and reduced seizure duration, whereas inhibiting PV+ and SOM+ interneurons 

consistently reduced seizure duration. These results indicate that the inhibitory neurons help 

maintain ongoing seizures (Khoshkoo et al., 2017).  

Single-unit recordings from ontogenetically activated SOM+ neurons in the barrel cortex 

demonstrated that when instantaneous firing rates are high (>12 Hz) SOM+ neurons promote the 

synchronization of activity across cortical layers (Jang et al., 2020). Dual-color calcium imaging 

was used to simultaneously monitor PV+ and SOM+ neurons, SOM+ neurons were found to be 

more active during periods of reliable pyramidal neurons firing and PV+ neurons were found to 

be more active during periods of unreliable pyramidal neurons firing. Optogenetic activation of 

PV+ and SOM+ neurons showed that the activity of SOM+ neurons increased the reliability of 

pyramidal cell firing by suppressing PV+ neurons, demonstrating that SOM+ activity can 

disinhibit pyramidal cell activity (Rikhye et al., 2021). There is evidence that the activity of 

SOM positive interneurons directly contributes to the generation of epileptic activity. In a mouse 

model of SCN8A epileptic encephalopathy, wherein R1872W SCN8A was selectively expressed 

in SOM positive neurons was sufficient to make the mouse susceptible to audiogenic seizures 
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(Wengert et al., 2021). In the same study GqDREADD-mediated activation of wild type SOM 

neurons resulted in prolonged electrographic seizures and was accompanied by SOM 

hyperexcitability. Taken together this indicates that an increased activity of SOM interneurons 

can contribute to the generation of seizures not only in SCN8A epileptic encephalopathy but 

even within an otherwise normal brain. 

1.7 Immediate Early Genes as a Measuring of Cellular Activity   

 Immediate early genes are defined as genes that are transcribed quickly, on the order of 

minutes, and transient in response or cellular stimulus. They are also undetectable in quiescent 

cells (Sheng and Greenberg, 1990). The immediate early gene cFOS is frequently used as a 

reporter. The transcription of cFOS mRNA and cFOS protein is transiently expressed in neruons 

after synaptic stimulation (Sagar and Curran, 1988). The transcription of the immediate early 

gene known as cFOS is triggered by the depolarization of the cell. More specifically membrane 

depolarization triggers the calcium influx signal. A calcium response element that is 

indistinguishable from cAMP response element CRE mediates the induction of transcription by 

depolarization. CREB is the target for both calcium and cAMP signals and is rapidly 

phosphorylated in response to depolarization of cAMP. Thus, the convergent effects of calcium 

and cAMP on CREB trigger this transcription factor to produce cFOS (Sheng and Greenberg, 

1990; Chen, 2015). Calcium influx can activate multiple kinases, including Calcium/calmodulin-

dependent protein kinase II (CaMKII), CaMKIV, and MAPK. cFOS expression is largely 

mediated by MAPK activation, compared to the CaMKIV, is relatively slow and requires more 

calcium (Chaudhuri et al., 2000; Chen, 2015). Meaning MAPK activity, ergo cFOS expression 

reports strong and continued neural activity caused by phenotypic reprogramming as a result of 
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afferent inputs or external stimuli and not the result of normal neuronal depolarization in an 

intact brain (Deisseroth et al., 2003; Murphy et al., 2002; Luckman and Lang, 1994). 

 Neuronal excitation by the experimental induction of seizures elicits the rapid expression 

of IEGs such as FOS, FUN and KROX. This expression occurs in the limbic systems and non-

limbic areas including the cortex (Kiessling and Gass, 1993) Detection of IEG expression by 

fluorescent In-Situ Hybridirzation yields single cell and temporal resolution of subnetwork 

activity by a single or multiple behavioral events in one animal (Sauvage et al., 2019). The cFOS 

protein can be readily detected with immunohistochemical techniques, ergo cFOS detection can 

be used to measure changes in neural activity. Animals are exposed to hypercapnic or hypoxic 

conditions, the brain stems were collected, fixed and sliced into sections and 

immunohistochemical detection of cFOS protein was performed to identify the groups of cells in 

the brain stem that was activated by the stimulation (Perrin-Terrin et al., 2016). In this 

investigation we used a strain of transgenic mice acquired from The Jackson Laboratory, ID 

IMSR_JAX:018306, more commonly referred as cFOS-HTA. These mice express green 

fluorescent protein (GFP) under the control of the cFOS promoter. The expression of cFOS 

begins within 15 minutes of stimulation, the peak expression of cFOS mRNA occurs 

approximately 30 minutes post stimulation, and the peak expression of cFOS protein occurs 

approximately 90-120 minutes post stimulation (Kovacs, 1998; Kovacs, 2008). cFOS protein 

immunocytochemistry has been used to map the activation of brain structures during the 

development of seizure. During a seizure triggered by repeated administration of pentylenetrazol 

cFOS labeling was used to map out what structures are activated in what order; cFOS labeling 

was first reported in the nucleus accumbens shell, piriform cortex, prefrontal cortex, and 

striatum; and finally, cFOS labeling in the dentate gyrus of the hippocampus once fully 
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developed tonic-clonic convulsions were presented (Szyndler et al., 2009). After the in vivo 

administration of Metrazole, a convulsant, there was a time and dose dependent expression of 

cFOS throughout the cortex, hippocampus and limbic system with cFOS expressing the dentate 

gyrus last (Morgan et al., 1987). All of this taken together shows that immunohistochemical 

detection of the cFOS protein is an effect assay for the activation of single neurons in the cortex, 

during a seizure.    
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Chapter 2 

The Effects of a Freeze Lesion and Seizure Induction on the Expression of cFOS in SOM+ 

and PV+ Interneurons  

 

 

2.1: Hypothesis and objectives 

 Polymicrogyria, a developmental cortical malformation, can cause intractable epileptic 

seizures in inflicted individuals. These studies utilize a freeze-lesion model for polymicrogyria in 

transgenic mice that GFP in under the control of the cFOS promoter. These cells, within an 

epileptogenic area adjacent to the malformation proper, termed the paramicrogyral region 

(PMR), are thought to be functionally altered, as compared to their state in homologous control 

cortex, and potentially contribute to the pathological generation of epileptiform activity within 

malformed cortex.  

Previous work in this model has shown that SOM fire at a higher rate when 

intracellularly depolarized and that they produce larger optogentically-activated inhibitory 

postsynaptic currents within pyramidal neurons adjacent to the malformation. The increased 

output from SOM is suspected to be pro-epileptogenic due disinhibition via the synaptic 

connections between SOM and the powerful parvalbumin-containing (PV) inhibitory 

interneurons. The PV interneurons that normally suppress horizontally propagating activity are 

weaker than normal in this model. Even further direct evidence for this theory was found when 

optogenetic stimulation of SOM produced epileptogenic field potentials in the cortex of the 

microgyria model but not sham controls (with a low level of GABA-A antagonist present in the 

slice bath). Together these previous findings suggested that increased activity of SOM may either 

increase the likelihood of epileptiform events or may in fact initiate them.  
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We hypothesize that the activity level of SOM neurons is high and above normal within 

the epileptogenic region of a cortical developmental malformation when compared to the 

homologous region of the control cortex. Furthermore, the increased output from SOM would be 

as suspected to be pro-epileptogenic due to the disinhibition of pyramidal cells via the synaptic 

connections between SOM and the powerful PV. With the following series of experiments, we 

assessed this by: 

1. Use cFOS as measure for activity by using mice that express GFP under control of 

the cFOS promoter 

2. Labeling neurons in the cortex for PV or SOM reactivity  

3. Counting incidence of cross over between PV or SOM labeled cells and GFP 

expression.   

All images were taken from the somatosensory cortex of either the FL or SL cortex. 

Figure 2.1 is a schematic illustrating our hypothesis.   
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2.2: Materials and Methods 

Mouse Strains 

For these experiments, cFOS-HTA were acquired from The Jackson Laboratory, global 

reference ID IMSR_JAX:018306. These mice express two-hour half-life green fluorescent 

protein directed to activated neurons by the cFOS promoter.     

Pups Given Freeze Lesion 

Mice were maintained in an inverted day-night cycle, specifically the colony room was 

kept in darkness from 10:00 am to 10:00 pm, experiments were performed during the dark cycle 

when pups were active. Pups were group housed with birth litter; aseptic surgery techniques were 

followed to induce bilateral FLs in mice on postnatal day 1. The mouse pups were anesthetized 

via induced hypothermia achieved placing mice under ice for 4 minutes. A coronal incision was 

made on the scalp to expose the skull. A freezing probe, comprising of a copper bar with a 0.1 mm 

blunted tip cooled to -55 ˚C was applied directly onto the skull approximately 0.5mm lateral to the 

midline sagittal suture and equidistant between the coronal and lambdoid suture corresponding to 

the somatosensory cortex on both hemispheres of the brain. If the pup was given FL the probe was 

applied for five seconds. If the pups were given a sham lesion (SL) the probe was held near but 

not on to the skull. The skin was then sutured, the pups were warmed by a heating blanket for 10 

minutes and then returned to the dam. Animals were weighed once a day for five days immediately 

following the surgery. Then checked once the following week to ensure good health.  

Induction of seizure through Intraperitoneal Injection of Kainic Acid 

For a subgroup of mice, seizures were induced with intraperitoneal (IP) kainic acid (KA) 

injections. Kainic Acid solution was prepared as follows. 18 mg of NaCl was diluted in 2 ml of 
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Millipore water to create 2 ml of 0.9% saline. Then 2 mg of KA acid are added to the 2 ml of 

0.9% saline to create 1 g/ml kainic acid solution.  

At p18 both SL and FL pups were removed from their cage, the pup was restrained and 

receives an intraperitoneal injection of kainic acid, the pup receives 5mg for 1 kg of body mass. 

The pup was then returned to its cage and allowed to wander undisturbed for 20 minutes. After 

20 minutes the pup was then removed from the cage once again restrained and receives a second 

dose of kainic acid of 2.5 mg for 1 kg of body mass. The pup was then returned to its cage for 

another 20 minutes then received a third and final dose kainic acid of 2.5 mg for 1 kg of body 

mass. The pup was returned to its cage once more for 20 minutes and then perfused.      

The dosages for the three injections by mass of kainic acid and volume of kainic acid 

solution used on are listed in Table 2.1. This table includes the 18 mice that were positive for the 

reporter gene and expressed GFP and the 23 mice that did not have the reporter gene and did not 

express GFP. 
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Table 2.1 Mass of Mice, Dosage of KA Injections, Subject Group and Reporter Gene  

Mouse Mass 

(g) 

Dose 1 

mg 

Dose 1 

ml 

Dose 2,3 

mg 

Dose 2,3 ml FL/SL GFP 

cFos1221.p2M 7.81 N/A N/A N/A N/A SL + 

cFos1221.p3F 7.62 N/A N/A N/A N/A SL + 

cFos1221.p4F 7.43 N/A N/A N/A N/A  SL + 

cFos1221.p5M 6.98 N/A N/A N/A N/A SL + 

cFos0120.p1M 5.68 N/A N/A N/A N/A FL - 

cFos0120.p2M 4.93 N/A N/A N/A N/A FL + 

cFos0214.p1M 7.08 N/A N/A N/A N/A FL - 

cFos0214.p2F 6.9 N/A N/A N/A N/A SL - 

cFos0214.p3F 6.87 N/A N/A N/A N/A FL - 

cFos0214.p4F 4.95 N/A N/A N/A N/A SL - 

cFos0214.p5M 2.57 N/A N/A N/A N/A FL - 

cFos0304.p1F 6.96 N/A N/A N/A N/A FL - 

cFos0304.p2M 5.95 N/A N/A N/A N/A FL + 

cFos0304.p3M 5.45 N/A N/A N/A N/A FL + 

cFos0304.p4M 5.85 N/A  N/A N/A N/A FL + 

cFos0304.p5M 6.87 N/A N/A N/A N/A FL - 

cFos0329.p1F 8.29 .04 .04 .02 .02 FL + 

cFos0329.p2F 7.79 .04 .04 .02 .02 FL - 

cFos0329.p3M 5.44 .025 .025 .0125 .0125 FL - 

cFos0329.p4M 6.54 .035 .035 .0175 .0175 FL + 
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cFos0525.p1F 7.8 .040 .040 .020 .020 SL - 

cFos0525.p2M 7.8 .040 .040 .020 .020 FL - 

cFos0525.p3M 7.50 .040 .040 .020 .020 SL + 

cFos0525.p4M 8.4 .040 .040 .020 .020 SL - 

cFos0525.p5M 8.07 .040 .040 .020 .020 FL - 

cFos0525.p6M 7.08 .035 .035 .0175 .0175 SL - 

cFos0525.P7F 6.89 .045 .045 .0225 .0225 FL + 

cFos0618.p1M 9.6 .050 .050 .0250 .025 SL - 

cFos0618.p2F 7.8 .040 .040 .020 .020 SL - 

cFos0618.p3F 6.87 .035 .035 .0175 .0175 SL + 

cFos0618.p4M 8.7 .045 .045 .0225 .0225 SL + 

cFos0709.p4M 8.38 .040 .040 .020 .020 SL + 

cFos0709.p5M 8.06 .040 .040 .020 .020 FL - 

cFos0709.p6M 8.57 .045 .045 .0225 .0225 FL - 

cFos0709.p7M 7.79 .040 .040 .020 .020 SL + 

cFos0709.p8M 7.04 .035 .035 .0175 .0175 SL + 

cFos0718.p1 8.17 N/A N/A N/A N/A SL - 

cFos0718.p3 8.15 N/A N/A N/A N/A SL + 

cFos0718.p4 8.46 .040 .040 .020 .020 FL - 

cFos0718.p5 8.45 .040 .040 .020 .020 FL - 

cFos0718.p6 8.03 .040 .040 .020 .020 FL - 
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Harvesting the Brain and collecting Cortical Slices   

At p18, both sham and FL pups were removed from their cage. The pup was anesthetized 

by exposure to isoflurane. After the pup was determined to be fully anesthetized by lack of 

response to a toe pinch test, the pup was weighed and placed under a fume hood. The pup’s chest 

cavity was opened up so that both the heart and liver are fully exposed. An incision was made on 

the right atrium and a 20-gauge needle was inserted into the left atrium into the ascending aorta. 

A solution of 0.9% saline was pushed through the needle until all of the blood is pushed through 

pup’s circulatory system, as indicated by the liver losing its color. After all the blood was 

removed 4% paraformaldehyde (pfa) is run through the pup until the pup was fully rigid. The 

pup was then decapitated the brain harvested and stored in 4% pfa overnight. The following day 

80 micrometer (µm) coronal sections containing the somatosensory cortex were collected using a 

vibratome. The slices were examined for the presence of GFP under a fluorescent scope and then 

stored in pbs in a in a 4x6 well plate.   

Immunohistochemistry  

For each series 4 sections of coronal slices were used. Immunohistochemistry was done 

over 2 days. Sections were washed in in .01 Molar Phosphate Buffered Saline (PBS) and then .05 

Molar Tris Buffered Saline (TBS).  The sections were blocked in a serum made of 50% NSS, 

2.5% triton X-100 and TBS. Sections were bathed in blocking solution on a shaker for 2 hours. 

Sections are then washed in a solution of 2.5% Triton diluted in TBS, following this the sections 

were incubated in anti-PV antibody made in mouse and anti-SOM primary antibody made in 

rabbit. The result was cFOS expression was labeled with a green fluorescent marker, PV + 

neurons was labeled with a blue fluorescent marker, and SOM positive neurons was labeled with 

a red fluorescent marker, antibodies listed in Table 2.2. Representative images of 
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immunostaining and negative controls of immune staining are show in Figure 2.3. The following 

morning the sections were washed in TBST and then incubated in anti-mouse-405 and anti-

rabbit-568 secondary antibodies for 3 hours. Sections were then washed in TBS and then TB. 

The full 4 section series was mounted on to an unsubbed glass slide with Vectashield anti-fade 

mounting medium (H-1000-10) and a glass cover slip was sealed over the sections using nail 

polish.  

  

Table 2.2 Antibodies  

Antibodies Primary or 

Secondary 

Manufacturer Catalog # Concentration  

Anti-SS14, made in 

Rabbit 

Primary Invitrogen  PA5-

82678 

1:1000 

Anit-Parv, made in 

mouse 

Primary Sigma P3088 1:2000 

Alexa Fluor 568, goat 

anti-rabbit 

Secondary Molecular 

Probes  

A11034 1:200 

Alexa Fluor 405, goat 

anti-mouse 

Secondary Molecular 

Probes  

A31553 1:200 

 

Image Collection 

Within 48 hours of completing immunohistochemical stanning images stacks of one 

section per series were taken on a spinning disc microscope. To visualize the PV positive 

neurons, Alexa fluor 405 (blue) was excited with a 405nm laser set to 10% power. The GFP 
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(green) is excited with a 488nm laser set to 30% power. Alexa flour 568 (red) is excited with a 

561nm laser set to 7.0% power. The section is imaged in tiles from pia surface to white matter 

and approx. 2mm wide. Once the full stack was imaged a second image was taken just proximal 

to the larger image. Rank order filtration was performed on this second image to define the 

average intensity per pixel. Low pass filtration was performed on the rank order image to create 

a model of light refraction produced the tissue. This model was used to perform a shading 

correction which virtually corrects for the light refractions produced by the tissue and is 

demonstrated in Figure 2.4. The software Huygens was used to deconvolve the images and 

virtually correct for convolutions produced by the optics of the microscope in Figure 2.5.  

Data Analysis 

A novel matlab script written by VCU microscopy core director, Tytus Bernas, was used 

to filter the images and count for incidence of overlap. The investigator defined the threshold for 

background noise vs labeled fluoresce signal in each channel of the deconvolved images. All 

fluorescent objects were identified in the images, identified objects in the blue and red channel, 

which label for PV+ neurons and SOM+ neurons respectively, were filtered out if they were less 

than 1250 voxels as these objects are too small to be the somata of neurons. Objects in the green 

channel which measures for cFOS expression were filtered out if they were less than 450 voxels 

as these objects were deemed to small be representative a neuronal nucleus. In addition to this, in 

each fluorescent channel the fluorescent intensity of the labeled signal and background noise was 

defined in Arbitrary Digital Units (ADU) by measuring the intensity of pixels within a labeled 

cell body measuring the intensity of pixels within the background of the image. In the blue 

channel measuring PV positive neurons, the threshold of signal versus noise was defined as 3500 

ADU. In the green channel measuring cFOS expression the threshold of signal versus noise was 
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defined as 750 ADU. In the red channel, measuring SOM positive neurons, of the threshold of 

signal versus was defined as 35000 ADU. Staining pattern were transformed into cellular masks 

representative of somata and nuclei through 19 serial dilations and contractions of voxels. 

Parameters were defined by manual recursion until the cell masks were appropriately 

representative of labeled shown in original files, as demonstrated in figure 2.5.   

The script defined each object in the images corresponding to one channel above the 

defined threshold as a cell then measured the intensity of the pixels within the defined cell in the 

other two channels. The intensity of fluorescents in the green channel was measured for objects 

that were defined as either a PV positive neuron or a SOM positive neuron and if the intensity 

was above 750 ADU this was counted as incidence of overlap between a cFOS expression and a 

SOM or PV positive neuron. An example of overlap between cFOS expression and a PV positive 

neuron was demonstrated in Figure 2.6. An example of overlap between cFOS expression and 

SOM positive neuron was demonstrated in Figure 2.7.  

Statistical Analysis  

  Data was presented as mean ±SEM.  A 2-way ANOVA, in one instance a 3-way 

AONVA was performed using SPSS software version 26 from IBM, with a significance set at p 

<0.05, to compare the effect of a freeze lesion versus a sham lesion or the injection of kainic acid 

or no injection of kainic acid had on the expression of cFOS ergo activity in SOM+ and PV+ 

interneurons. In two instances t-tests were performed to compare the difference between two 

subject groups, Microsoft Excel, with a significance set at p <0.05, was used to performed t-tests. 

Figure 2.2 illustrates the time line of the protocols described above.    
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Chapter 3 

Results 

 

 

3.1 Global Activity of the Cortex  

When examining the number of cells labeled for cFOS expression, across all 

experimental conditions we found there is a substantial number of cells labeled for cFOS 

expression. In the SL cortex with no injection 5047 cells are labeled for cFOS, in the FL cortex 

with no injection 3918 cells are labeled for cFOS. In the SL cortex with KA injection 4153 cells 

are labeled for cFOS, and in the FL cortex with KA injection 2195 cells are labeled for cFOS 

(Figure 3.1). According a 2-way ANOVA test there was no statistical difference in the number of 

cFOS labeled neurons between the subject group (Sham vs FL) (p = 0.177); the condition (No 

KA vs KA) (p = 0.248) and the interaction between the subject group and condition (p = 0.708). 

This indicates that neither the presence of FL nor the induction of a seizure increased the global 

activity of the cortex.  

3.2 Population of PV+ Neurons  

When examining the number of PV positive neurons in the cortex, the sham cortex with 

no KA injection had 242 PV positive neurons, the FL cortex with no KA injection had 329 PV 

positive neurons. The sham cortex with KA injection had 132 PV positive neurons, the FL cortex 

with KA injection had 190 PV positive neurons (Figure 3.2). According to a 2-way ANOVA test 

there was no significant difference between the subject group (p = 0.111); the condition (p = 

0.375) and the interaction between the subject group and condition (p = 0.708). This means that 
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neither an induction of a seizure by KA nor the presence of a FL had any effect on the population 

of PV neurons in the cortex.  

3.3 Number of PV+ Neurons Labeled for cFOS 

When examining the number of PV+ neurons that are also cFOS+ the sham cortex with 

no KA injection had 46 PV+ neurons labeled for cFOS, the FL cortex with no KA injection had 

18 PV+ neurons labeled for cFOS. The sham cortex with KA injection had 39 PV+ neurons that 

are also cFOS+, the FL cortex with KA injection had 14 PV+ neurons labeled for cFOS (Figure 

3.3). According to a 2-way ANOVA test there was no significant difference between the subject 

group (p = 0.258); the condition (p = 0.795) and the interaction between the subject group and 

condition (p = 0.934). Consistently there are PV+ neurons active in the cortex but neither the 

presence of the FL nor the induction of a seizure changed the number of activated PV+ neurons.  

3.4 Percent of PV+ Neurons Labeled for cFOS 

When examining the percentage of PV+ neurons that are also cFOS+ the sham cortex 

with no KA injection had 16% of PV+ neurons labeled for cFOS, the FL cortex with no KA 

injection had 17% PV+ neurons labeled for cFOS. The sham cortex with KA injection had 10% 

PV+ neurons that are also cFOS+, the FL cortex with KA injection had 8% PV+ neurons labeled 

for cFOS (Figure 3.4). According to a 2-way ANOVA test there was no significant difference 

between the subject group (p = 0.258); the condition (p = 0.795) and the interaction between 

subject group and condition (p = 0.934). Neither the presence of the FL nor the induction of a 

seizure changed the percentage of activated PV+ neurons.  

3.5 Population of SOM+ Neurons 

When examining the number of SOM + neurons in the cortex, in the sham cortex with no 

KA injection had 286 SOM + neurons, the FL cortex with no KA injection had 257 SOM + 
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neurons. The sham cortex with KA injection had 227 SOM positive neurons, the FL cortex with 

KA injection had 270 SOM positive neurons (Figure 3.5). According to a 2-way ANOVA test 

there was no significant difference between the subject group (p = 0.830); the condition (p = 

0.656) and the interaction between subject group and condition (p = 0.471). Neither an induction 

of a seizure by KA nor the presence of a FL had any effect on the population of SOM neurons in 

the cortex.  

3.6 Number of SOM+ Neurons Labeled for cFOS 

When examining the number of SOM+ neurons that are also cFOS+ the sham cortex with 

no KA injection had 159 SOM+ neurons labeled for cFOS, the FL cortex with no KA injection 

had 132 SOM+ neurons labeled for cFOS. The sham cortex with KA injection had 114 SOM+ 

neurons that are also cFOS+, the FL cortex with KA injection had 77 SOM+ neurons labeled for 

cFOS (Figure 3.6). According to a 2-way ANOVA test there was no significant difference 

between the subject group (p = 0.253); the condition (p = 0.075) and the interaction between 

subject group and condition (p = 0.826). While many SOM+ are active in the cortex neither the 

presence of the FL nor the induction of a seizure changed the number of activated SOM+ 

neurons.  

3.7 Percent of SOM+ Neurons Labeled for cFOS 

When examining the percentage of SOM+ neurons that are also cFOS+ the sham cortex 

with no KA injection had 54% of SOM+ neurons labeled for cFOS, the FL cortex with no KA 

injection had 54% SOM+ neurons labeled for cFOS. The sham cortex with KA injection had 

51% SOM+ neurons labeled for cFOS, the FL cortex with KA injection had 30% SOM+ neurons 

labeled for cFOS (Figure 3.7). According to a 2-way ANOVA test there is no significant 

difference in the subject group (p = 0.135); there is a trend towards a smaller percentage of 
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SOM+ neurons that are labeled for cFOS in KA condition when compared to the no KA injection 

(p = 0.059), and no significant difference in the interaction between subject group and condition 

(p = 0.135). The was a statically significant decrease in the raito of %  SOM+ neurons that are 

cFOS+ comparing no KA to KA injection, specifically. In the freeze lesion cortex, according to a 

t-test (p = 0.004). The presence of a SL or FL did not affect the percent of SOM+ neurons 

labeled for cFOS but a KA injection did decrease the percent of SOM+ neurons labeled for cFOS 

when compared to a cortex with no KA injection. The interaction of a KA injection and the 

presence of a FL or SL did not affect the percent of SOM+ neurons labeled for cFOS.    

3.8 Percent of PV+ and SOM+ Neurons Labeled for cFOS 

When examining the percentage of PV+ neurons that are cFOS+ and the percentage of 

SOM+ neurons are cFOS+, the sham cortex with no KA injection had 16% of PV+ neurons 

labeled for cFOS and had 54% of SOM+ neurons labeled for cFOS; in the FL cortex with no KA 

injection had 17% PV+ neurons labeled for cFOS, and had had 54% SOM+ neurons labeled for 

cFOS. The sham cortex with KA injection had 10% PV+ neurons that are also cFOS and had 

51% SOM+ neurons that are labeled for cFOS, the FL cortex with KA injection had 8% PV+ 

neurons labeled for cFOS and injection had 30% SOM+ neurons labeled for cFOS (Figure 3.8). 

According to a 3-way ANOVA test, when comparing the percent of both PV+ and SOM+ that 

are labeled for cFOS, the percent of SOM+ neurons that are labeled for cFOS was significantly 

higher than the percent of PV+ neurons that are labeled for cFOS (p = 1.90e-9). When 

comparing the subject group there was no significant change (p = 0.172).  There is also a 

statistically significant decrease in the interneurons labeled for cFOS when comparing the 

condition, No KA vs KA (p = 0.011). There is no significant difference in the interaction 

between, condition vs subject group (p = 0.136); condition vs interneuron subtype (p = 0.476); 
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subject group vs interneuron subtype (p = 0.218); and the interaction between condition vs 

subject group and interneuron subtype (p = 0.269). The percent of SOM+ neurons that a labeled 

for cFOS is higher than the percent of PV+ neurons labeled for cFOS regardless of the presence 

of a SL or a FL and the injection of KA. SOM+ neurons are more active in the cortex than PV+ 

neurons in all cases. The percent of interneurons labeled for cFOS decreases in a cortex with a 

KA injection when compared to a cortex with no KA injection. Therefore, interneurons are less 

active after the injection of KA.      

3.9 Ratio of SOM+ to PV+ Neurons labeled for cFOS 

When measuring the ratio of SOM+ population labeled with cFOS to PV+ population 

labeled with cFOS remains consistent across all experimental across conditions. In a sham cortex 

that received no KA injection the ratio was 6.0, in a FL cortex that received no KA injection the 

ratio was 3.6. In a sham cortex that has had a KA injection the ratio is 6.1, in a FL cortex that has 

not had KA injection the ratio 4.5 (Figure 3.8). According to a 2-way ANOVA test there was no 

significant difference between the subject group (p = 0.255); the condition (p = 0.819) and the 

interaction between subject group and condition (p = 0.859). Across all conditions more SOM+ 

neurons are labeled with cFOS than PV+ neurons labeled with cFOS, SOM+ are more active 

than PV+ neurons across all conditions and neither the presence of a FL nor the induction of a 

seizure changes the ratio of SOM+ and PV+ activation.       

3.10 Percentage of cFOS+ Neurons that are PV+ 

When measuring the percentage of cFOS+ neurons that are also PV+ neurons the sham 

cortex with no KA injection had 0.8% of cFOS+ neurons are PV+ neurons, the FL cortex with no 

KA injection had 0.5% of cFOS+ neurons are PV+ neurons. The sham cortex with KA injection 

had 0.9% of cFOS+ neurons are PV+ neurons, the FL cortex with KA injection had 0.7% of 



51 
 

cFOS+ neurons are PV+ neurons (Figure 3.9). According to a 2-way ANOVA test there was no 

significant difference between the subject group (p = 0.382); the condition (p = 0.656) and the 

interaction between subject group and condition (p = 0.887). Across all conditions there was 

incredibly small minority of cFOS+ neurons are PV+ neurons, and there was no statistical 

change in the percentage of cFOS+ neurons that are PV+. These results show that the majority of 

active cells in the cortex were not PV+ neurons and the presence of a FL nor the induction of a 

seizure changed the percent of activated neurons were PV+ neurons in the cortex.  

3.11 Percentage of cFOS+ Neurons that are SOM+ 

When measuring the percentage of cFOS+ neurons that are also SOM+ neurons the sham 

cortex with no KA injection had 3.2% of cFOS+ neurons are SOM+ neurons, the FL cortex with 

no KA injection had 3.4% of cFOS+ neurons are SOM+ neurons. The sham cortex with KA 

injection had 3.1% of cFOS+ neurons are SOM+ neurons, the FL cortex with KA injection had 

4.1% of cFOS+ neurons are SOM+ neurons (Figure 3.11). According to a 2-way ANOVA test 

there was no significant difference between the subject group (p = 0.247); the condition (p = 

0.495) and the interaction between subject group and condition (p = 0.447). Across all conditions 

there was a small minority of cFOS+ neurons were SOMV+ neurons, and there was no statistical 

change in the percentage of cFOS+ neurons that were SOM+. According to t-test, there was a 

non-significant trend in the decrease the ratio of cFOS+ cells that are SOM in the FL cortex, (p = 

0.056). These results show that the majority of active cells in the cortex are not SOM+ neurons 

and the presence of a FL nor the induction of a seizure changed the percent of activated neurons 

were SOM+ neurons in the cortex. 

3.12 Number of Non-PV+ or Non-SOM+ cFOS+ Neurons 
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When examining the number of non-PV+ or SOM + neurons that are cFOS+ in the cortex 

we found that the sham cortex with no KA injection had 4841 non-PV+ or SOM+  cFOS+ 

neurons, in the FL cortex with no KA injection had 3768 non-PV+ or SOM+  cFOS+. The sham 

cortex with KA injection had 4000 non-PV+ or SOM+  cFOS+ neurons, the FL cortex with KA 

injection had 2105 non-PV+ or SOM+  cFOS+ neurons (Figure 3.11). According to a 2-way 

ANOVA test there was no significant difference between the subject group (p = 0.180); the 

condition (p = 0.254) and the interaction between subject group and condition (p = 0.702). 

Across all conditions that majority of cFOS+ neurons are neither PV+ or SOM+ neurons and 

there was no statistical change in the number of cFOS+ neurons are neither PV+ or SOM+ 

neurons. These results show that the majority of activated neurons are neither PV+ or SOM+ 

neurons and neither the presence of a FL nor the induction of a seizure changed the number of 

activated non-PV+ or SOM+ neurons.    

3.13 Summary  

 There were a substantial number of cells labeled for cFOS in the somatosensory cortex. 

Interneurons subtypes PV and SOM do show cFOS labeling in the sham cortex with no KA 

injection during the light cycle. When looking at all cFOS positive cells these two inhibitory 

subtypes made up a small percentage of the cFOS labeled cells. A substantial percent of SOM 

neurons was cFOS labeled in the sham cortex with no KA injection. Larger proportion of SOM 

neurons were cFOS labeled relative to the proportion of PV neurons in this condition. 

 Within the FL cortex there was also a significant number of cFOS+ cells and while the 

number was less than in the sham cortex it did not reach significance. There was also a similar 

number of PV and SOM neurons in the FL cortex compared to the sham cortex. There was also a 

similar percent of PV and SOM neurons with cFOS labeling in the FL cortex compared to sham 
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cortex. This was true from the perspective of the percent of cFOS that are either inhibitory 

subtype or the percent of either inhibitory subtype that are cFOS+. 

 The mean number of cFOS+ neurons after kainic acid in the sham cortex was lower than 

the sham cortex with no KA injection, but not significantly less. The mean number of cFOS+ 

neurons after kainic acid in the FL cortex was lower than the FL cortex with no KA injection, but 

not significantly less. The number and percentage of PV+ neurons that were cFOS+ after KA 

injection was not statistically significantly different from the cortex with no kainic acid nor 

between the sham cortex and the FL cortex that have received KA injection.  Witihn the 

condition. There was a trend towards significance in the observed decrease in the percent of 

SOM+ neurons that are cFOS labeled, ergo an observed decrease in the activity of SOM+ 

neurons, as shown by a 2-way ANOVA test (p= 0.059). There was always a greater percent of 

SOM+ neurons labeled with cFOS when compared to PV+ neurons, meaning SOM+ were more 

active than PV+, regardless of subject group or condition, according to a 3-way ANOVA test (p 

= 1.90e-9). There was a statically significant decrease in the percent of PV+ and SOM+ 

interneurons labeled for cFOS in the cortex with KA injection when compared to the cortex 

without KA injection, according to a 3-way ANOVA test (p = 0.011).     

 In short, there was no statistically significant change in the population of either SOM+ or 

PV+ neurons across all subject groups and conditions. Nor was there a statistically significant 

change in the expression of cFOS in the cortex globally or in the rate of cFOS labeling occurring 

in non-PV and non-SOM neuron populations, across all subject groups and conditions.  SOM+ 

neurons were more active than PV+ neurons across all subject groups and conditions. There was 

a statically significant decrease in the percent of PV+ and SOM+ neurons labeled for cFOS, a 

decrease in activity. There was no statistically significant change in the percent of PV+ neurons 



54 
 

labeled for cFOS, the activity of PV+ neurons. However, there was a trend towards significance 

in the measured decrease in the percent of SOM+ neurons labeled for cFOS, a decrease in the 

activity of SOM+ neurons.      
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Figure 3.1 Number of Cells Labeled for cFOS without and with Kainic Acid 

Intraperitoneal Injection with one 5mg/1kg then after 20 minutes a 2.5mg/1kg 

does then after 20 minutes another 2.5mg/1kg   

N= 5 Sham mice and 4 Freeze Lesion mice without Kainic Acid and 6 Sham 

mice and 3 Freeze Lesion mice with Kainic acid Injection 

Sham No Kainic Acid, 5047 neurons, Sham Kainic Acid, 3918 neurons, 

Freeze Lesion No Kainic Acid 4153 neurons, Freeze Lesion Kainic Acid 2195 

neurons  

No significant difference. 2-way ANOVA: Subject Group (Sham vs FL) = 

0.177; Condition (No KA vs KA) = 0.248; Interaction = 0.708.     
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Figure 3.2 Number of PV Neurons without and with Kainic Acid Intraperitoneal 

Injection with one 5mg/1kg then after 20 minutes a 2.5mg/1kg does then after 20 

minutes another 2.5mg/1kg   

N= 5 Sham mice and 4 Freeze Lesion mice without Kainic Acid and 6 Sham mice 

and 3 Freeze Lesion mice with Kainic acid Injection 

Sham No Kainic Acid, 242 neurons, Sham Kainic Acid, 132 neurons, Freeze 

Lesion No Kainic Acid 329 neurons, Freeze Lesion Kainic Acid 190 neurons  

No significant difference. 2-way ANOVA: Subject Group (Sham vs FL) = 0.111; 

Condition (No KA vs KA) = 0.375; Interaction = 0.854.     

 

 

0

50

100

150

200

250

300

350

400

450

Sham FL

N
u

m
b

er
 o

f 
C

el
ls

No Change in # of PV+  Neurons

No Kainic Acid Kainic Acid



57 
 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

Figure 3.3 Number of PV+ Neurons that are cFOS+ without and with Kainic Acid 

Intraperitoneal Injection with one 5mg/1kg then after 20 minutes a 2.5mg/1kg 

does then after 20 minutes another 2.5mg/1kg   

N= 5 Sham mice and 4 Freeze Lesion mice without Kainic Acid and 6 Sham mice 

and 3 Freeze Lesion mice with Kainic acid Injection 

Sham No Kainic Acid, 46 neurons, Sham Kainic Acid, 18 neurons, Freeze Lesion 

No Kainic Acid 39 neurons, Freeze Lesion Kainic Acid 14 neurons  

No significant difference. 2-way ANOVA: Subject Group (Sham vs FL) = 0.258; 

Condition (No KA vs KA) = 0.795; Interaction = 0.934.     
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Figure 3.4 Percentage of PV+ Neurons that are cFOS+ without and with Kainic 

Acid Intraperitoneal Injection with one 5mg/1kg then after 20 minutes a 

2.5mg/1kg does then after 20 minutes another 2.5mg/1kg   

N= 5 Sham mice and 4 Freeze Lesion mice without Kainic Acid and 6 Sham mice 

and 3 Freeze Lesion mice with Kainic acid Injection 

N= 5 Sham and 4 Freeze Lesion without Kainic Acid and 6 Sham and 3 Freeze 

Lesion with Kainic acid Injection  

Sham No Kainic Acid, 16% neurons, Sham Kainic Acid, 17% neurons, Freeze 

Lesion No Kainic Acid 10% neurons, Freeze Lesion Kainic Acid 8% neurons  

No significant difference. 2-way ANOVA: Subject Group (Sham vs FL) = 0.258; 

Condition (No KA vs KA) = 0.795; Interaction = 0.934.     
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Figure 3.5 Number of SOM+ Neurons with and without Kainic Acid Injection  

N= 5 Sham mice and 4 Freeze Lesion mice without Kainic Acid and 6 Sham 

mice and 3 Freeze Lesion mice with Kainic acid Injection 

Sham No Kainic Acid, 286 neurons, Sham Kainic Acid, 257 neurons, Freeze 

Lesion No Kainic Acid 227 neurons, Freeze Lesion Kainic Acid 270 neurons  

No significant difference. 2-way ANOVA: Subject Group (Sham vs FL) = 

0.830; Condition (No KA vs KA) = 0.656; Interaction = 0.471.     
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Figure 3.6 Number of SOM+ Neurons that are cFOS+ without and with Kainic 

Acid Intraperitoneal Injection with one 5mg/1kg then after 20 minutes a 

2.5mg/1kg does then after 20 minutes another 2.5mg/1kg   

N= 5 Sham mice and 4 Freeze Lesion mice without Kainic Acid and 6 Sham mice 

and 3 Freeze Lesion mice with Kainic acid Injection 

Sham No Kainic Acid, 159 neurons, Sham Kainic Acid, 132 neurons, Freeze 

Lesion No Kainic Acid 114 neurons, Freeze Lesion Kainic Acid 77 neurons  

No significant difference. 2-way ANOVA: Subject Group (Sham vs FL) = 0.253; 

Condition (No KA vs KA) = 0.075; Interaction = 0.826.     
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Figure 3.7 Percentage of SOM+ Neurons that are cFOS+ without and with Kainic Acid 

Intraperitoneal Injection with one 5mg/1kg then after 20 minutes a 2.5mg/1kg does then after 20 

minutes another 2.5mg/1kg   

A. N= 5 Sham Mice and 4 Freeze Lesion Mice without Kainic Acid and 6 Sham Mice and 3 

Freeze Lesion Mice with Kainic acid Injection 

Sham No Kainic Acid, 54%, Sham Kainic Acid, 54%, Freeze Lesion No Kainic Acid 51%, 

Freeze Lesion Kainic Acid 30%  

Trend towards smaller percent of SOM+ neurons that are cFOS+ in KA injection compared to 

no KA injection. 2-way ANOVA: Subject Group (Sham vs FL) = 0.135; Condition * (No KA vs 

KA) = 0.059; Interaction = 0.135.  

B. N= 11 Sham Mice, N= 7 Freeze Lesion Mice. The effect of kainic acid is a significant 

reduction in the % of SOM that are cFOS+, the reduction occurs in only in FL not in SL. In SL 

the ratio is 1.06 in the FL the ratio is 1.82 sham comparing % of SOM that are cFOS in in No 

KA vs KA. Results is significant via t-test p = 0.004  
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Figure 3.8 Percentage of Interneuron population that is cFOS+ without and with Kainic Acid 

Intraperitoneal Injection with one 5mg/1kg then after 20 minutes a 2.5mg/1kg does then after 20 

minutes another 2.5mg/1kg   

N= 5 Sham Mice and 4 Freeze Lesion Mice without Kainic Acid and 6 Sham Mice and 3 Freeze 

Lesion Mice with Kainic acid Injection 

Shame No Kainic Acid, 16% PV 54% SOM, Sham Kainic Acid, 17% PV 54% SOM,  

Freeze Lesion No Kainic Acid, 10% PV 51% SOM, Freeze Lesion Kainic Acid 8% PV 30% SOM  

3-way ANOVA: Interneuron Subtype *(PV vs SOM) = 1.90e-9; Subject Group (Sham vs FL) = 

0.172; Condition **(No KA vs KA) = 0.011; Interaction (Condition vs Subject Group) = 0.136; 

Interaction (Condition vs Interneuron Subtype) = 0.476; Interaction (Subject Group vs Interneuron 

Subtype) = 0.218; Interaction (Condition vs Subject Group vs Interneuron Subtype) = 0.269.     
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Figure 3.9 Ratio of [SOM+ Neurons with cFOS+] : [PV+ Neurons with cFOS]  

without and with Kainic Acid Intraperitoneal Injection with one 5mg/1kg then 

after 20 minutes a 2.5mg/1kg does then after 20 minutes another 2.5mg/1kg    

N= 5 Sham Mice and 4 Freeze Lesion Mice without Kainic Acid and 6 Sham 

Mice and 3 Freeze Lesion Mice with Kainic acid Injection  

Sham No Kainic Acid, 6.0, Sham Kainic Acid, 3.6, Freeze Lesion No Kainic 

Acid 6.1, Freeze Lesion Kainic Acid 4.5  

No significant difference. 2-way ANOVA: Subject Group (Sham vs FL) = 0.255; 

Condition (No KA vs KA) = 0.819; Interaction = 0.859.     
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Figure 3.10 Percentage of cFOS+ Neurons that are PV+ without and with Kainic 

Acid Intraperitoneal Injection with one 5mg/1kg then after 20 minutes a 2.5mg/1kg 

does then after 20 minutes another 2.5mg/1kg   

N= 5 Sham Mice and 4 Freeze Lesion Mice without Kainic Acid and 6 Sham Mice 

and 3 Freeze Lesion Mice with Kainic acid Injection  

Sham No Kainic Acid, 0.8%, Sham Kainic Acid, 0.5%, Freeze Lesion No Kainic 

Acid 0.9%, Freeze Lesion Kainic Acid 0.7%  

No significant difference. 2-way ANOVA: Subject Group (Sham vs FL) = 0.382; 

Condition (No KA vs KA) = 0.656; Interaction = 0.887.     
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Figure 3.11 Percentage of cFOS+ Neurons that are SOM+ without and with 

Kainic Acid Intraperitoneal Injection with one 5mg/1kg then after 20 minutes a 

2.5mg/1kg does then after 20 minutes another 2.5mg/1kg   

A. N= 5 Sham Mice and 4 Freeze Lesion Mice without Kainic Acid and 6 Sham 

Mice and 3 Freeze Lesion Mice with Kainic acid Injection 

Sham No Kainic Acid, 3.2%, Sham Kainic Acid, 3.4%, Freeze Lesion No Kainic 

Acid 3.1%, Freeze Lesion Kainic Acid 4.1% 

No significant difference .2-way ANOVA: Subject Group (Sham vs FL) = 0.247; 

Condition (No KA vs KA) p = 0.495; Interaction = 0.447.       

B. N = 11 Sham and 7 Freeze lesion 

With kainic acid there is a decrease in the % of cFOS+ neurons that are SOM this 

no significant statistical trend according to a t-test p = 0.056 
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Figure 3.12 Number of Non-PV+ or SOM+ cFOS+ Neurons without and with 

Kainic Acid Intraperitoneal Injection with one 5mg/1kg then after 20 minutes a 

2.5mg/1kg does then after 20 minutes another 2.5mg/1kg   

N = 5 Sham Mice and 4 Freeze Lesion Mice without Kainic Acid and 6 Sham 

Mice and 3 Freeze Lesion Mice with Kainic acid Injection 

Sham No Kainic Acid, 4841 neurons, Sham Kainic Acid, 37683.3 neurons, 

Freeze Lesion No Kainic Acid 4000 neurons, Freeze Lesion Kainic Acid 2105 

neurons  

No significant difference. 2-way ANOVA: Subject Group (Sham vs FL) = 0.180; 

Condition (No KA vs KA) = 0.254; Interaction = 0.702.     
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Chapter 4: 

Discussion 

 

 

Mapping out the Difference Between The Results We expected and the actual Results  

The results we got during this investigation were not at all what we expected or had 

hoped to see. We expected to see minimal cFOS labeling in the sham cortex, perhaps more cFOS 

labeling in the FL cortex. Certainly, we should have seen a maximal increase in cFOS labeling in 

the cortex after the induction of a seizure via the injection of kainic acid. We had expected to see 

a change in the population of PV+ neurons within the FL cortex, specifically we expected to see 

a decrease in the population of PV+ neurons in layer V of the FL cortex. This is based on 

previous work done in our lab. PV-immunostaining, which corresponds to FS cells, decreases in 

the infragranular layers V and VI (Rosen et al., 1998). In addition, we expected to see was cFOS 

labeling ergo activity to change in the SOM+ and PV+ neurons in the FL cortex compared to the 

sham cortex and for that pattern to continue as a seizure is induced by KA injection. Specifically, 

we expected that the activity of SOM would increase in the FL cortex and the activity to increase 

further during the onset of a seizure as induced by a KA injection. In PV+ we had expected to 

see the opposite occur. We had expected to see a decrease in the activity of PV+ neurons in the 

FL cortex and for there to be a further decrease in the activity PV+ during the onset of a seizure. 

This is because SOM+ neurons synapse on to PV+ neurons (Gibson et al., 1999; Richter and 

Gjorgjieva, 2022; Rikhye et al., 2021). We had expected the increased activity of SOM+ to act 

on PV+ neurons and that this process of disinhibition would be what causes a seizure. This 

would have been in line with our labs previous findings that there is a 3-fold increase in the 

activity of SOM+ neurons in the PMR and a decrease in the activity of PV+ neurons (Ekanem et 
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al. 2019). However, if we had only seen an increase in the activity of SOM+ neurons this would 

not be counter to out hypothesis that SOM+ activity is a trigger for a seizure. This is because 

SOM+ neurons project vertically across cortical columns (McBain and Fisahn, 2001; Miles and 

Poncer, 1993). The strengthening of vertical intracolumnar inhibition could generate abnormal 

synchronicity in the cortex and beget a seizure. So, if as long as we had seen an increase in the 

activity of SOM+ neurons our results would still be broadly in line with our hypothesis that 

aberrant inhibitory SOM+ activity can lead to the induction of a seizure. 

Unfortunately, the results we saw were not in line with our hypothesis. We found was 

that there was no statistically significant change in the expression of cFOS, ergo activity, 

throughout the cortex between every experimental condition. Nor was there any change in cFOS 

expression in PV+ and SOM+ neurons vs non-PV+ and non-SOM+ neurons. There was no 

statically significant change in the population of PV+ neurons in the FL cortex as compared to 

the SL cortex. There was no statistically significant change in the percent of PV neurons labeled 

with cFOS between any experimental condition.  There was no change in the percent of SOM+ 

labeled with cFOS between a sham cortex and a lesioned cortex, nor between sham cortex with 

and without kainic acid injection, nor between a sham cortex and a FL cortex with the injection 

of kainic acid. The only statistically significant change in the percent of SOM neurons labeled 

with cFOS was a decrease in the percent of SOM+ cells labeled with cFOS in the FL cortex 

injected with kainic compared to a FL without kainic acid or compared to sham cortex with no 

kainic acid injection. This result indicates that the activity of SOM neurons is decreasing in the 

FL cortex during a seizure in our epilepsy model and strongly disfavors our hypothesis that an 

increase in SOM+ neuron inhibitory activity is triggering a seizure. 

Explaining the lack of Change in cFOS Expression 



69 
 

Our results indicate that there was no change in cFOS labeling in a FL cortex when 

compared to a SL cortex even with KA injection. This means that the activity in the cortex did 

not increase with the presence of a FL nor the induction of a seizure. The claim that there was no 

increase in neuronal activity during a seizure is in direct contrast to the definition of a seizure. In 

addition to this, the threshold between the GFP signal and the background noise in the collected 

image was several orders of magnitude lesser than the threshold between the labeling of either 

PV+ or SOM+ as compared to the background. The threshold for GFP was 750 ADU, the 

threshold of the PV signal was 3500 ADU, and the threshold for SOM signal was 35000 ADU. 

In addition to this there was lots of low GFP expression in many cells, and the proportion of 

what cells were labeled with GFP did not change across any experimental conditions. This 

indicates that what was measured in this investigation was the expression of the low constitutive 

levels of cFOS expressed in basal conditions. Or at least the signal to noise ratio in our results 

was so low a meaningful pattern was not presented. Due to the instability of cFOS mRNA and 

auto-repression of cFOS transcription by the FOS protein at basal activity levels low constitutive 

levels of cFOS are maintained  (Lucibello et al., 1989; Morgan and Curran, 1991). This also 

means that low levels of cFOS expression are maintained at all times. However, the expression 

of cFOS in GABAergic neurons has been shown to be decreased when their social activity was 

suppressed by being raised in social isolation (Lukkes et al., 2013). This is because the levels of 

IEG expression does not correlate with the magnitude of evoked intracellular Ca, rather it is 

inversely correlated with the interval of time between bursts of action potentials (Fields et al., 

1997). Specifically, a series of single action potentials can drive the expression of cFOS if they 

are delivered in 10 second intervals (Sheng and Nelson, 1993). This is why it recommended to 

suppress the social activity of animals before cFOS is used an assay for neuronal activity.  

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4801051/?fbclid=IwAR09wB7IoBfBL3u5w3cZKgWDgpODH6Y0Wjq4xH2ysw5rOKDAolK_3wLpwCg#R25
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4801051/?fbclid=IwAR09wB7IoBfBL3u5w3cZKgWDgpODH6Y0Wjq4xH2ysw5rOKDAolK_3wLpwCg#R28
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  Before an experiment, using a cFOS as an assay of neuronal activity the subject’s social 

behavior should be surpassed by social isolation. It is recommended that animals are single 

housed for at least 1 and up to 7 days before an experiment.  This All of this is to say cFOS 

expression can be easily evoked by social behavior, before an experiment the animal’s 

behavioral activity should be suppressed. For example, animals should be social isolated by 

being singly housed for 1 to 7 days. For example, when measuring the neuronal activity in the 

nucleus accumbens after a cocaine induced seizure using cFOS-GFP-mice Koya et al would 

single housed before their experiment (Koya et al., 2012). When using the cFOS expression to 

map the evolution of a pentylenetetrazol induced seizure Szyndler et al would house their rats in 

a maximum of two per cage prior to the experiment (Szyndler et al., 2009). Our mice were 

housed with their both their dam and sire in a litter up to 8 pups large. In addition to this to 

encourage cFOS expression and we intentionally housed our mice in an inverted day night cycle 

so that experiments would be done during the mouse’s dark cycle because we believed that 

experiment during the mouse’s active cycle would prompt a robust cFOS signal. However, given 

the importance of suppressing the subject’s activity before an experiment this should not have 

been done. In fact, in both Szyndler et al and Koya et al the subjects were housed in a normal day 

night cycle, lights went on at 7am and went off at 7pm, and the experiments were done during 

the light cycle, from 9am to 3pm (Koya et al., 2012; Szyndler et al., 2009). 

As stated early in this work, the expression of cFOS begins within 15 minutes of 

stimulation, the peak expression of cFOS mRNA occurs approximately 30 minutes post 

stimulation, and the peak expression of cFOS protein occurs approximately 90-120 minutes post 

stimulation (Kovacs, 1998; Kovacs, 2008). Both Barth et al and Koya et al used mice that 

expressed GFP under the control of the cFOS promoter to report alterations to neuronal firing 
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patterns after a behavioral of pharmacological manipulation, both experiments  harvested the 

brains 90-120 minutes after the administration of the agent hypothesized to elicit a change in the 

cortex (Koya et al., 2012; Barth et al, 2004). In our experimental paradigm the mouse brain was 

harvested 60 minutes after the first injection of kainic acid. The mice consistently would first 

have a seizure after the second injection. This means the brains were collected less than 40 

minutes after the onset of aberrant neural activity, this precedes the window of peak protein 

expression.  

Explaining the lack of Decrease in PV+ Population 

 Our results showed no change in the PV+ neurons in the FL cortex when compared to a 

SL cortex. However previous work shows that, PV-immunostaining, which corresponds to FS 

cells, decreases in the infragranular layers V and VI in the PMR compared to the homologous 

region in a control cortex (Rosen et al. 1998). However, this investigation did not focus on layer 

V. When taking images of the FL cortex and the SL cortex images were taken of the 

somatosensory cortex from the layer VI to layer I. A decrease in the number of PV+ neurons in 

layer V could have been masked by capturing the entire cortex. To properly measure a decrease 

of a cell population in layer V a region of interest (ROI) capturing only that layer should be 

established.   

Explaining SOM being consistently more active than PV 

  Our results showed that SOM+ interneurons were consistently more active than PV+ 

interneurons and this remained true across all subject groups and conditions. This was the 

strongest and most significant finding in our entire investigation. This contrast with the mixed 

results in the literature. Whole cell recordings of PV+ and SOM+ neurons in ex vivo slices show 

that SOM+ neurons have a higher firing rate than PV+ neurons, but not significantly higher. The 
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median firing rate of SOM+ is 17 interquartile range (IQR) = 14.8 hertz and the median firing 

rate of PV+ is 14 IQR = 8.55 hertz (Romero-Sosa et al., 2021). However other investigations 

demonstrate that spontaneous SOM+ neurons firing is less frequent that PV+ neurons. Cell 

attached recordings of PV+ and SOM+ neurons showed that PV+ had significantly higher 

spontaneous firing rate than SOM+ (Ma et al., 2010). While whole cell recordings of PV+ and 

SOM+ neurons showed that the spontaneous firing rate of PV+ neurons are significantly higher 

than that of SOM+ neurons (Li et al., 2014). The broader corpus on spontaneous firing rates of 

SOM+ and PV+ neurons is inconsistent, our data strongly favors the conclusion that SOM+ 

neurons have a higher spontaneous firing rate than PV+ neurons.    

Explaining the Measured Decrease in PV and SOM activity 

We found a statistically significant decrease in the measured activity of PV+ and SOM+ 

interneurons after the injection of KA, and a statistical trend in the decrease of SOM+ activity. 

The finding that there is a decrease in PV and SOM activity in FL cortex with KA injection 

compared to a FL cortex with no KA injection activity is in line with the broadly accepted 

paradigm that seizures are triggered by the E/I balance being tipped towards excitation (Dichter 

and Ayala 1987; Marin 2012). It does make intuitive sense that a decrease in inhibitory activity 

precedes the triggering of a seizure. These results are consistent with the broad corpus 

surrounding the neural mechanism of epilepsy. However, these results are in direct contrast 

without labs previous findings that there is an increase in the output of SOM+ neurons in the and 

a decrease in the output of PV+ neurons in the PMG when compared to the homologous region 

in the control cortex (Ekanem et al., 2019). For our results to be consistent with our hypothesis 

and our previous findings there must be some mechanism that will result in a decrease in SOM+ 

expression or cFOS labeling in active SOM+ neurons in response to increased activation of 
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SOM+ neurons. There are two possible mechanism that could achieve this, SOM+ neurons 

maybe particularly sensitive to excitotoxicity or SOM+ neurons may be experiencing 

depolarization block. 

 Excitotoxicity is the ability of glutamate or other related excitatory amino acids to 

mediate cell death. Both SOM and PV neurons in the cortex have been found to be atypically 

sensitive to excitotoxic injury in vitro (Weiss et al., 1990). This suggests that cortical PV+ and 

SOM+ interneurons in the cortex may be sensitive to excitotoxicity, ergo likely to die if they 

significantly increase in activity. If our hypothesis is correct that in our epilepsy model SOM+ 

cell will be significantly more activity during the onset of a seizure, and it is also true that SOM+ 

cells will quickly die in response to significantly increased activity we expect to see a decrease in 

the percent of SOM+ cell labeled for cFOS in the FL cortex with a KA injection. It is not clear if 

the death of activated SOM+ would result in statistically significant decrease in the total 

population of SOM+ neurons because activated SOM+ are only a portion of the total population 

of SOM+ neurons. However, if we saw a statistically significant change in the population of 

SOM+ neurons in the FL cortex that received KA injection compared to other conditions that 

would be stronger evidence for this explanation.      

In addition to this, in wild type mice when SOM+ neurons are chemogenetically activated 

by GqDreadd SOM+ neurons experience hyperexcitability and depolarization block. In fact, 

instances of SOM+ depolarization block were completely concomitant with seizure-like ictal 

discharges of nearby layer V pyramidal neurons. Meaning that SOM+ neurons entering 

depolarization block is a feature of epileptiform activity, and that SOM+ hyperactivity is directly 

followed by depolarization block (Wengert et al., 2021). If our hypothesis is correct that SOM+ 

neurons are more active during the onset of seizure in the PMR, this theory explains why we 
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would see a decrease in the activity of SOM+ neurons in the FL cortex after a KA injection but 

not the SL cortex after a KA injection. We hypothesis that SOM+ neuron hyperexcitability is a 

feature of the PMR, so we would not except to see depolarization block in SOM+ neurons in 

response to the induction of a seizure in the SL cortex.  

This theory explains why we would see a decrease in activity on the FL cortex but not the 

sham cortex. is further supported by the fact that we did not see a decrease in the activity of 

SOM+ neurons in the sham cortex with KA injection when compared to the sham cortex with no 

KA injection. This indicates hyperexcitability in SOM+ neurons is a feature of the FL cortex.  If 

our hypothesis is correct that in our epilepsy model SOM+ neurons will be significantly more 

activity during the onset of a seizure, and it is also true that SOM+ neurons act on and inhibit 

other SOM+ neurons downstream we would expect to see a decrease in the percent of SOM+ 

cell labeled for cFOS in the FL cortex with a KA injection. 

These results cannot be taken as evidence in favor of our hypothesis. However, taken in 

the broader context of the literature our results did not necessarily disfavor our hypothesis and 

was consistent with what we would expect to see in our model if SOM+ neurons are sensitive to 

excitotoxicity, experience depolarization block or producing feed forward inhibition on 

downstream SOM+ neurons, or in fact if a combination of all three mechanisms occurred. These 

results suggests that future investigations should focus on more precise or attenuated activation 

of SOM+ neurons.  

Future Investigations  

In future investigations that continue to use cFOS-HTA mice the following changes 

should be made. Mice would be housed and breed, in a normal day night cycle, otherwise cFOS 

mice would be breed and as with our current methodology. On P1 the 9 pups would be given a 
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FL and 9 pups would be given a SL, and the pups would be marked with ink to record what pup 

had received which lesion. The pups would then be returned to their cages with their Dam, Sire 

and litter. Health checks were performed and pups were allowed to mature until P21 when the 

pups can be separated from their dam. The mice would then be singly housed for 3 days. 3 SL 

pups and 3 FL pups would be given whisker stimulation across the three days. At p24 all mice 

would be removed from their cage, perfused and brains are collected. Of the mice that did not 

receive whisker stimulation 3 SL and 3 FL mice would receive KA injection, however it would 

only receive 2 injections instead of the 3 injections given in this investigation and mice brains 

should be harvested 90 minutes after the second injection. When imaging the cortex, a 

standardized (ROI) would be established. This would guarantee each image would captures an 

equal space across each slice of each cortex and exclude the FL by only sampling from the PMG. 

In the future we should also consider raising the threshold of ADU for the green channel.     

All of this will be done to increase the contrast between the noise produced by transient 

expression of cFOS in basal conditions and the cFOS signal produced in response to our 

experimental model.  In addition, by scaling back the stimulation being used to evoke a seizure 

will not evoke an excitotoxicity and avoid killing off any SOM+ neurons or evoke a 

depolarization block. This will avoid producing ‘false negative’ results. By improve the contrast 

between the noise and the evoked signal, and by acting to limit false negative results we will be 

able to see a clearer image of the activity of SOM and PV neurons during the onset of a seizure. 

Future investigations should compare the expression of cFOS in a given neuronal population to 

the spontaneous firing rate in the same neuronal population in a homologous region of the cortex. 

For example, we could assay the percent of SOM neurons that are labeled for cFOS in the 

somatosensory cortex and then measure the spontaneous firing rate of SOM in the 
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somatosensory cortex to draw an association between the percent of cFOS expression to firing 

frequency of a certain kind of cell. Then do the same process with mice after whisker stimulation 

so we could more definitively say what a percent increase of cFOS expression means in terms of 

an increase in firing rates.   

Issues with cFOS-HTA mice 

 As stated in chapter 2 only 18 of the 41 mice expressed GFP, only 44% of the mice that 

received either a SL or a FL actually had the reporter gene needed to conduct this investigation. 

It is possible to perform rapid genetic testing on an animal to determine if they have the reporter 

gene needed. However, a transcranial FL must be performed on P1 (Dvrorak et al., 1978; 

Kellinghaus et al., 2007). It is not possible perform these genetic tests on an animal and receive 

accurate results before P1. Nor was it possible to get accurate results before p18 when the 

animals were perfused. The lack of a reporter gene could not be determined until after the brain 

had been harvested and sliced. This means a significant amount of time and resources was spent 

work on animals from which no data could be derived. This also made it difficult to balance the 

N of each experimental condition. For example, it is was possible for in a litter of 8 pups, where 

4 were given a SL and 4 were given a FL, but only 1 SL pup but 4 FL pups had the reporter 

gene. This is an inefficient experimental paradigm and alternatives should be considered.    

Future investigations using different Assays for Activity 

Future investigations should consider using alternative methods to measure neural 

activity Instead of using mice that express GFP under the control of the cFOS promoter. 

Targeted Recombination in Active Populations (TRAP) is a novel method to obtain permeant 

genetic access to neurons that were activated by defined stimuli. This method utilizes mice that 

express tamoxifen-dependent recombinase CreER in an activity dependent manner from the loci 
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form either the IEG Arc or Fos, giving the investigator genetic access to active neurons during a 

time window less than 12 hours. By linking the expression of an effector protein, such as 

TdTomato, to tamoxifen-dependent recombinase activated cells can be labeled red and easily 

identified. The TRAP method is affective for measuring the activity of neurons elicited by 

specific somatosensory, visual, and auditory stimuli, as well as experiencing a new environment 

(Guenthner et al., 2013). There are several advantages to TRAP when compared to using 

endogenous GFP labeling. Other methods can have poor temporal resolution, transience of 

effector protein, and low signal-to-noise ratio. The increase in temporal flexibility can be utilized 

to allow the fluorescent marker to diffuse throughout the cell to reveal both the morphology and 

the distribution of synapses. In this investigation this would help us identify if the SOM neurons 

that are more activated in our epilepsy model are projecting on to PV neurons. This data could 

directly confirm or disprove our hypothesis that SOM activity is producing epileptiform activity 

by strengthening activity on PV. The distribution of synapses made by TRAPed cell can be 

visualized using synoptically localized fluorescent probes (Li et al., 2010). Our results suffered 

from a high signal to noise ratio. To the point that no change in neural activity was detected in 

the cortex after the induction of a seizure. One feature of our method that leads to a high signal to 

noise ratio is that IEG expression is graded (Schoenenberger et al., 2009; Worley et al., 1993) 

whereas TRAPed cells are binary, they either are TRAPed and expressing an effector protein or 

they are not. This assures an investigator will record a distinct signal in representing neural 

activity.    

Future investigations could also use a fundamentally different method of measuring the 

activity of different subpopulations of neurons in the brain. Instead of looking an indirect 

measurement of the expressions of IEG we could directly look at what is triggering the 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3782391/#R16
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3782391/#R36
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3782391/#R48
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expression of IEG, the activity of calcium by using a Genetically Encoded Calcium Indicator 

(GECI) which is a fusion between an endogenous calcium-binding protein and a fluorescent 

protein (Mao et al., 2008). Specifically, we could use GCaMP6 which fusion between GFP and 

the calcium binding protein calmodulin. When calmodulin binds to Ca a conformational change 

occurs which causes an increase in GFP fluorescence. GCaMP6 has been shown to reliably 

detect single action potentials in neural somata. An advantage GCaMP6 has over other methods 

is that it can be genetically targeted to specific populations of neurons (Chen et al., 2013). Which 

means the activity of SOM and PV neurons can de directly and specifically measured. Somatic 

fluorescent changes in GABAergic neurons were broadly tuned to stimulus orientation, and the 

fluorescent changes in the dendrites showed pronounced orientation-tuned domains. Tuned 

dendritic domains were can be seen in SOM and PV neurons. Meaning GCaMP6 can be used 

specifically to measure the activity as well as the flow of activity in SOM and PV neurons. This 

meaning this method could be used to directly measure if SOM neural activity on PV neurons 

increases during the onset of a seizure in a malformed cortex. In addition to all of his bleaching 

of GCaMP6 is negligible, over 40 image trials of 320 seconds of continuous imaging show 

negligible change in fluorescent intensity (Chen et al., 2013). 

KA injections were given to the mice to induce a seizure so that we may analyze the 

activity of different neuronal populations during the onset. However, our hypothesis is that it is 

the activity of inhibitory neurons that illicit a seizure and kainic acid works on the AMPA(R) and 

induces excitatory activity. To measure the affect inhibitory activity has on epileptogenesis, in 

particular the affect SOM has on epileptogenesis, SOM neurons should be specifically targeted 

for activated. This could be done by chemogenetic activation of SOM neurons by GdDreadd. 

This method has in the past shown that stimulation of SOM neurons in particular can elicit 
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electrographic seizures in wild type mouse (Wengert et al., 2021). This process could be repeated 

in SL and FL cortex to see if GqDreadd-mediated SOM activity leads to increased epileptiform 

activity in the FL when compared to the SL.  
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