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Abstract 

The epilepsies encompass a constellation of syndromes that possess the cardinal 

feature of spontaneous recurrent seizures. Epilepsy etiologies are classified in part based 

on two broad categories: acquired and genetic. Acquired epilepsies often arise as a result 

of a previous neurological insult while genetic epilepsies arise from gene mutations that 

affect the brain. While the two are causally distinct, both acquired and genetic epilepsies 

often involve abnormal neural development, whether during adulthood or embryonically, 

as an underlying component of epileptogenesis. 

This dissertation aims to explore how alterations in embryonic and adult 

neurogenesis lead to morphological and functional changes that may underlie the 

development of seizures. We utilize a rat pilocarpine-induced status epilepticus (SE) 

model of temporal lobe epilepsy (TLE), an acquired epilepsy, to ask how adult-born 

dentate granule cells (DGCs) differentially integrate into the chronically epileptic brain. By 

employing a dual-virus tracing strategy combining retroviral-birthdating with rabies virus-

mediated retrograde trans-synaptic spread, we explore how first-order presynaptic inputs 

onto adult-born DGCs in the epileptic brain differ from those in the intact brain. 

Furthermore, we compare the presynaptic inputs onto adult-born DGCs with those onto 

early-born DGCs that were mature at the time of SE. 

Our results demonstrate that both adult- and early-born DGCs in the epileptic brain 

receive recurrent excitatory inputs from normotopic DGCs while adult-born DGCs are 
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preferentially targeted by hilar ectopic DGCs. We also show that other regions of the 

hippocampus that normally do not project to the dentate gyrus, such as CA3 and CA1, 

sprout axon collaterals after SE that preferentially synapse onto adult- and early-born 

DGCs, respectively. Finally, we describe changes in the hippocampal inhibitory 

interneuron network with differential sprouting by both parvalbumin and somatostatin 

interneurons onto different age-defined DGC populations. 

In addition to modeling an acquired epilepsy, we also employ an induced 

pluripotent stem cell (iPSC) model of protocadherin-19 (PCDH19) female-limited epilepsy 

(FLE), a genetic epilepsy. Female patients with heterozygous mutations in the X-linked 

PCDH19 gene develop the disease while mutation carrying males are asymptomatic. 

Interestingly, there are several cases of affected males who have somatic mosaicism for 

the PCDH19 gene. We generate iPSCs from female FLE patients with pathogenic 

mutations in PCDH19 and address the hypothesis that FLE arises from cellular 

interference during development between wildtype and mutant PCDH19-expressing 

neurons. We find that cortical-like excitatory and inhibitory neurons derived from FLE 

patient-derived iPSCs have aberrant morphologies and increased excitability. We also 

use the clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR 

associated protein 9 (Cas9) gene editing technology to generate PCDH19-null male 

iPSCs. We mix the PCDH19-null iPSCs with their isogenic control iPSCs to mimic disease 

phenotype in affected mosaic males. This approach recapitulates some of the 

morphological and functional changes found in female FLE patient-iPSC derived neurons, 

further lending support to the idea that altered cell-cell interactions contribute to the 

disease pathogenesis. 



 xiv 

The work presented in this dissertation gives new insights into how the adult neural 

circuitry remodels after epileptic seizures, as well as how deviations in embryonic 

development can mediate hyperexcitability. However, these two processes are not 

mutually exclusive and understanding both should better inform our knowledge of the 

mechanisms of epileptogenesis and uncover future therapeutic strategies. 
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Chapter 1 

Introduction 

The epilepsies encompass a diverse set of disorders that affect an estimated 50 

million people worldwide (Banerjee et al., 2009). Despite their high prevalence, we 

understand very little of the basic cellular and molecular mechanisms that underlie the 

development of seizures. The hallmark of all epilepsies is spontaneous recurrent seizures 

yet their underlying pathophysiology can be diverse and complex. We can classify their 

etiology in part based on two broad categories: acquired and genetic. Acquired epilepsies 

often arise as a result of a previous neurological injury including but not limited to brain 

trauma, stroke, central nervous system (CNS) tumors and infections. However, not every 

person that experiences a brain insult will go on to develop epilepsy. On the other hand, 

genetic epilepsies arise from gene mutations that affect the brain and often occur in the 

pediatric population. These disorders generally include seizures as a component of a 

syndrome that often presents with other neurodevelopmental changes such as intellectual 

disability and autism as well as behavioral and psychiatric symptoms. The distinction 

between acquired and genetic epilepsy can often be blurred as underlying genetics can 

predispose a person to the development of epilepsy after brain insults. 



 2 

Epileptogenesis is the process by which a gene mutation, brain malformation or 

acquired brain insult leads to the development of spontaneous recurrent seizures (i.e., 

epilepsy). To understand epileptogenesis, the epilepsy research field relies on model 

systems to recapitulate the fundamental features of disease. Unfortunately, no model 

system can perfectly reproduce the full spectrum of abnormalities that occur in human 

disease, hence the need to rely on several systems. As pathogenic insults can be difficult 

to replicate in cell culture systems, we frequently turn to animal studies to understand 

acquired neurological disorders. Genetic neurological disorders are also frequently 

modeled with transgenic animals, predominantly mice. However, using mouse models 

often has its own drawbacks particularly when there is no overt phenotype or the 

phenotype does not correlate with human disease. In these instances, human cell culture 

models are now available using state-of-the-art technologies such as induced pluripotent 

stem cells (iPSCs) and genome editing with clustered regularly interspaced short 

palindromic repeats (CRISPR)/CRISPR associated protein 9 (Cas9). While they are 

causally distinct, both acquired and genetic epilepsies often involve abnormal 

neurodevelopment, whether during adulthood in regions where neurogenesis persists or 

during early development, as an underlying component of epileptogenesis. 

Adult neurogenesis 

In mammals, neurogenesis progressing beyond the early developmental period 

was first demonstrated in rodents (Altman and Das, 1965) and subsequently in humans 

(Eriksson et al., 1998). The vast majority of adult neurogenesis occurs in two distinct 

areas in the brain: the subventricular zone (SVZ) of the lateral ventricle and the 

subgranular zone (SGZ) of the hippocampal dentate gyrus. New neurons departing the 
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SVZ migrate through the rostral migratory stream to the olfactory bulb and become 

interneurons while those in the SGZ become dentate granule cells (DGCs). The general 

consensus is that postnatal neurogenesis in other brain regions is rare or only occurs in 

the presence of injury (reviewed in Gould, 2007). 

Adult hippocampal neurogenesis 

Under basal conditions, approximately 9,000 new neurons are generated in the rat 

hippocampal dentate gyrus each day (Cameron and McKay, 2001) (Figure 1.1). The 

stem cells of the dentate gyrus are the radial glia-like cells (RGLs) that reside in the SGZ 

between the hilus and the granule cell layer. RGLs express nestin, glial fibrillary acidic 

protein (GFAP) as well as SRY-box 2 (SOX2) and are generally quiescent but can 

become activated under various physiological and environmental conditions. When 

activated, RGLs can divide symmetrically to self-renew or asymmetrically to self-renew 

and give rise to daughter cells, the transit amplifying progenitors. Transit amplifying 

progenitors are highly proliferative but only a small proportion of precursors survive and 

subsequently exit the cell cycle (Kempermann et al., 2003). These immature neurons 

ultimately mature into DGCs that send dendrites into the molecular layer and extend 

axons into the hilus towards CA3. While it is generally accepted that a fully mature adult-

born DGC is functionally and anatomically indistinguishable from its neonatally-born 

counterpart in the intact brain (van Praag et al., 2002; Laplagne et al., 2006; Ge et al., 

2007), the work presented in this dissertation and other recent evidence (Vivar et al., 

2016) suggest specific intrinsic differences between these two populations. 
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Function and regulation of adult-born neurons 

The exact role and function of newborn neurons in the intact or pathologic adult 

brain is still not well understood. The dentate gyrus has been implicated in learning and 

memory and there is evidence to suggest that adult-born neurons play a role in both 

functions (reviewed in Deng et al., 2010). Enhancing dentate gyrus neurogenesis in mice 

improves performance in the water maze (Kempermann et al., 1997; van Praag et al., 

1999b) while reducing neurogenesis disrupts performance (Lemaire et al., 2000; Koo et 

al., 2003). Although a causal relationship between neurogenesis and learning remains 

uncertain, mounting evidence suggests that immature adult-born DGCs have unique 

intrinsic and synaptic properties that are distinct from their mature counterparts. For 

instance, young adult-born DGCs are hyperexcitable (Couillard-Despres et al., 2006) and 

have enhanced synaptic plasticity (Snyder et al., 2001; Schmidt-Hieber et al., 2004). In 

nestin-thymidine kinase (tk) transgenic mice, the temporary reduction of adult DGC 

neurogenesis using ganciclovir leads to deficiencies in long-term spatial memory (Deng 

et al., 2009). 

Many environmental and physiological stimuli can influence adult neurogenesis. 

For instance, aging leads to a decline in both the progenitor population as well as the 

proliferative capacity of the neurogenic niche (Kuhn et al., 1996; Drapeau et al., 2003; 

Driscoll et al., 2006). On the other hand, running has been demonstrated to potentiate 

SGZ progenitor proliferation (van Praag et al., 1999a; Kronenberg et al., 2003) and 

environmental enrichment promotes neuronal survival (Kempermann et al., 1997; 

Kempermann et al., 2002). 
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Pathological influences on adult neurogenesis 

Various pathological states have differential effects on adult neurogenesis. For 

example, cell proliferation in the dentate gyrus SGZ decreases in several stress models 

in multiple species (Gould et al., 1997; Malberg and Duman, 2003; Pham et al., 2003; 

Heine et al., 2004). On the other hand, experimental models of stroke have been shown 

to increase proliferation and neurogenesis in both the SVZ and SGZ (Jin et al., 2001; 

Arvidsson et al., 2002; Parent et al., 2002). Another well-characterized and potent 

stimulator of adult neurogenesis is seizures (Bengzon et al., 1997; Parent et al., 1997; 

Gray and Sundstrom, 1998). Seizures have also been shown to increase survival of 

newborn DGCs and accelerate their development (Mohapel et al., 2004; Overstreet-

Wadiche et al., 2006). In addition to developmental changes, DGCs in human and 

experimental models of epilepsy display characteristic structural abnormalities (described 

in detail below) such as mossy fiber sprouting, persistent hilar basal dendrites, ectopic 

soma placement, and granule cell layer dispersion (Houser, 1990; Houser et al., 1990; 

Parent et al., 1997; Kron et al., 2010).  

Mesial temporal lobe epilepsy 

One of the most common acquired epilepsies is mesial temporal lobe epilepsy 

(TLE), a disorder that has been estimated to comprise 25 percent of adult epilepsies 

(Asadi-Pooya et al., 2016). As the name suggests, seizures arise from the temporal lobe 

and despite its prevalence, many patients with TLE have medically intractable seizures 

that fail to respond to anti-epileptic drugs (AEDs) (Engel et al., 2012). Furthermore, a 

diagnosis of TLE often is accompanied by cognitive and psychiatric co-morbidities that 
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may be a result of the underlying brain insult or abnormality, the seizures themselves or 

from AED therapy (Carreno et al., 2008). 

The pathogenesis of TLE is not well understood and likely varies amongst patients. 

For many, there is an initial precipitating injury followed by a latent period before the onset 

of spontaneous recurrent seizures. The duration of the latent period is highly variable. 

Most people who experience a brain injury do not go on to develop TLE and it remains 

unclear what additional factors contribute to epileptogenesis. As a last resort for patients 

who have poorly-controlled seizures, surgical resection of the temporal lobe is an option 

but not every patient is eligible and brain surgery presents its own set of risks and 

challenges. In resected tissue from TLE patients, the hippocampus often displays the 

pathological hallmark of this syndrome, hippocampal sclerosis presenting with 

characteristic neuronal cell loss, gliosis and structural reorganization of the dentate gyrus. 

Animal models of TLE 

As humans with TLE often present with an initial precipitating injury, this paradigm 

is generally utilized when devising experimental models of TLE. Several established 

animal models of TLE utilize a range of neurological insults and faithfully recapitulate the 

most important aspects of disease. The less severe insults, such as tetanus toxin injection 

and electrical kindling, evoke acute seizures but rarely lead to the development of 

epilepsy (spontaneous recurrent seizures). The more severe injuries, such as electrical 

and chemical induction of status epilepticus (SE), lead to spontaneous recurrent seizures 

and hippocampal sclerosis.  

The rodent work presented in Chapter 2 of this dissertation was based upon the 

pilocarpine-induced SE model of TLE, a widely-used and well-established TLE model. 
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Pilocarpine is a muscarinic acetylcholine receptor agonist and acts as a chemoconvulsant 

in the brain to increase neuronal excitability and induce SE. After receiving a high dose 

of pilocarpine, animals are maintained in SE for 90 minutes and then the seizures are 

terminated with diazepam. After a latent period of days to approximately 2-4 weeks, over 

90% of rats display spontaneous recurrent seizures that continue throughout their lifetime 

(Buckmaster, 2004). Accompanying the seizures, the hippocampus develops overt 

pathologies including characteristic sclerosis and dentate gyrus reorganization that 

recapitulate those seen in human disease. For these reasons, this model was chosen for 

our studies. However, there are several limitations to the SE experimental paradigm worth 

mentioning. First, the hippocampal cell loss is much more bilateral and symmetric than in 

humans where these changes are unilateral and generally affect one temporal lobe. 

Additionally, neuronal damage in the rodent pilocarpine model is not limited to the 

hippocampus and often involves other brain regions such as the olfactory cortex and the 

thalamus (Turski et al., 1983; Clifford et al., 1987). 

Dentate gyrus reorganization in TLE 

In both human TLE and rodent experimental models, the dentate gyrus develops 

several abnormalities including massive hilar cell loss, mossy fiber sprouting, DGCs with 

persistent hilar basal dendrites, ectopic migration of DGCs, and granule cell layer 

dispersion. While the pathological consequences of these features are still largely 

debated, each display unique properties that will be described in the following sections. 
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Mossy fiber sprouting 

The axons of DGCs, collectively known as the mossy fibers, extend basally into 

the dentate hilus and then into stratum lucidum of area CA3 of the hippocampus proper. 

In the hilus, the mossy fibers synapse onto inhibitory interneurons and excitatory mossy 

cells, and in CA3 they primarily innervate pyramidal cells. Mossy fiber boutons contain a 

high concentration of zinc and can be easily visualized with Timm’s sulfide silver staining. 

Under normal conditions, Timm staining is densest in the hilus and extending into stratum 

lucidum of CA3 but also demonstrates very minor staining in the granule cell layer, 

suggesting the presence of rare mossy fiber to DGC connections (Haug, 1974). These 

minor projections have been shown to increase with physiological aging (Cassell and 

Brown, 1984; Wolfer and Lipp, 1995) but are most robustly increased with seizures in a 

well-characterized phenomenon termed mossy fiber sprouting (MFS). 

In human TLE and experimental models, MFS results in extensive axonal 

projections into the dentate granule cell layer and the supragranular inner molecular layer 

where they synapse onto DGC dendrites (Sutula et al., 1989; Houser et al., 1990; Babb 

et al., 1991; Buckmaster et al., 2002). This results in a recurrent, excitatory DGC-to-DGC 

feedback loop that has been postulated to underlie the development of seizures. Indeed, 

functional data indicate that, in hippocampal slice recordings from epileptic animals with 

MFS, stimulating DGCs generates excitatory potentials in other DGCs (Scharfman et al., 

2003). It was a long-held belief that only DGCs that were being born or still developing at 

the time of SE were capable of MFS (Parent et al., 1997; Jessberger et al., 2007) and 

older DGCs that were mature at the time of SE did not sprout (Kron et al., 2010). However, 

other work demonstrated that inhibiting DGC neurogenesis after SE did not eliminate 

MFS (Parent et al., 1999) and recent evidence suggests that DGCs that were mature at 
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the time of SE are also capable of sprouting (Althaus et al., 2016). More recent data using 

retrograde trans-synaptic tracing, discussed in Chapter 2 of this dissertation, extend these 

findings to show that neonatally-born and adult-born DGCs after SE are both capable of 

receiving recurrent excitatory innervation from other DGCs. Thus, the role of MFS in the 

pathogenesis of TLE remains controversial. 

Persistent hilar basal dendrites 

In a normal rodent hippocampus, hilar basal dendrites (HBDs) are transient 

structures on newly-generated DGCs that do not receive synaptic inputs (Shapiro and 

Ribak, 2006) and disappear with maturation (Seress and Pokorny, 1981). After SE, 

however, HBDs develop rapidly and synaptic contacts onto HBDs appear within 4 days 

(Shapiro et al., 2007). These synapses persist and the HBDs have a high density of 

spines that receive mainly excitatory inputs from their neighboring DGCs (Ribak et al., 

2000; Thind et al., 2008). Several groups have shown that only DGCs still developing at 

the time of SE or generated shortly after exhibit persistent HBDs suggesting that the adult-

born population is involved (Jessberger et al., 2007; Walter et al., 2007; Kron et al., 2010). 

This idea is supported by the finding that most DGCs with HBDs after SE are found near 

the SGZ, the neurogenic niche of the dentate gyrus (Spigelman et al., 1998). It is possible 

that persistent HBDs represent an expansion of the normal developmental process of 

DGCs. That is to say, DGCs that are developing or being born in a pathological 

environment may be unable to retract their HBDs because they receive immediate, 

excessive synapses from mossy fibers. 
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Hilar ectopic granule cells 

Most DGCs that are born in the SGZ, even after SE, migrate normally into the 

granule cell layer. A fraction of them, however, migrate aberrantly into the dentate hilus 

in both human and experimental models of TLE (Houser, 1990; Parent et al., 1997; 

Dashtipour et al., 2001; Parent et al., 2006). While the mechanism for ectopic migration 

is not well understood, altered reelin signaling has been implicated. Reelin signaling is 

important for proper migration of newly-born DGCs (Gong et al., 2007; Teixeira et al., 

2012) and loss of reelin is enough to induce ectopic migration (Teixeira et al., 2012) and 

reduce seizure threshold (Korn et al., 2016) in an otherwise normal mouse. 

Hilar ectopic DGCs have been suggested to be the population most susceptible to 

hyperexcitability in the epileptic environment (Scharfman et al., 2000; Zhan et al., 2010; 

Althaus et al., 2015) with their major innervation arising from mossy fibers (Pierce et al., 

2005; Jessberger et al., 2007) and their occurrence positively correlating with seizure 

frequency (Hester and Danzer, 2013). However, electrophysiological evidence 

demonstrates that hilar ectopic DGCs in human TLE actually contribute to a decrease in 

overall excitability, contradicting the findings in rodents (Althaus et al., 2015). One 

explanation for these results could be that the rodent data were generated during the 

early chronic phase while the human data were collected from patients who had 

experienced recurrent seizures for many years, even decades. 

Innervation of adult-born DGCs after SE 

Thus far, I have described structural abnormalities of adult-born and, to a lesser 

extent, pre-existing DGCs in experimental TLE, including changes in their axonal 

projections. However, little is known about how the inputs onto birthdated DGCs are 
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altered during epileptogenesis. Previous studies indicate that DGCs with HBDs receive 

higher amounts of excitatory inputs than inhibitory inputs (Thind et al., 2008) and also 

more mossy fiber inputs onto their apical dendrites (Murphy et al., 2011). Others have 

shown that normotopic and hilar ectopic DGCs in the epileptic brain receive increased 

excitatory inputs (Scharfman et al., 2000; Zhan et al., 2010; Zhang et al., 2012) as 

compared with those in the intact brain. Despite these findings, less is known about 

exactly what cell types are contributing to increased excitatory inputs and the age of the 

DGCs that are receiving these inputs. 

Rabies virus retrograde trans-synaptic tracing represents an ideal strategy to 

understand and quantify the changes in presynaptic inputs onto age-defined cohorts of 

DGCs in the intact brain. First introduced by Wickersham et al., the technique takes 

advantage of the unique properties of the rabies virus to travel retrogradely across 

synapses (Wickersham et al., 2007). To apply this approach for mapping inputs onto 

specific DGC cohorts, we first birthdate DGCs either neonatally or during adulthood by 

injecting a retrovirus that expresses green fluorescent protein (GFP), the avian sarcoma 

leukosis virus receptor (TVA) and the rabies glycoprotein (Rgp) (Figure 1.2). We later 

inject an avian envelope subgroup A (EnvA) pseudotyped rabies virus that expresses 

mCherry (mCh) in place of Rgp. With the recognition of EnvA with its cognate receptor, 

TVA, the rabies virus only enters cells that have previously been infected by the retrovirus 

marking them GFP+/mCh+. As the rabies virus requires Rgp to travel retrogradely across 

synapses, the virus will complement with Rgp within these dual-infected ‘starter’ cells and 

travel a single synapse back to the starter cell’s first-order presynaptic inputs and label 

them mCh+ only. In these presynaptic cells, the rabies virus no longer has access to Rgp 



 12 

and thus it cannot travel across any more synapses. This method allows us to selectively 

identify and compare presynaptic inputs onto birthdated populations of DGCs. 

The rabies virus approach has been previously used to study the monosynaptic 

inputs onto adult-born DGCs in the intact mouse brain under various physiologic stimuli 

and environmental conditions. Several studies utilized the approach to understand how 

inputs onto adult-born DGCs evolved as they progressed through development (Vivar et 

al., 2012; Deshpande et al., 2013). Others have shown that exercise increased the total 

number of afferent inputs onto adult-born DGCs (Vivar et al., 2016) while environmental 

enrichment in the early phases of their maturation promoted increased afferent inputs as 

well as the recruitment of new neuronal connections (Bergami et al., 2015). In Chapter 2 

and Appendix A, I describe how we applied this approach to examine the differences in 

first-order presynaptic inputs onto adult- and early-born DGCs in a rat SE model of TLE. 

We compare differences in presynaptic inputs from the dentate gyrus itself as well as 

extra-dentate areas to determine whether adult- and early-born DGCs integrate differently 

after SE as compared with those in the intact brain. 

Consequences of seizure-induced hippocampal reorganization 

The increase in hippocampal neurogenesis after SE also leads to accelerated 

maturation and integration of DGCs (Overstreet-Wadiche et al., 2006). There is debate 

on the overall effect of this faster differentiation on the hippocampal network, but some 

recent studies may shed light on this important question. Eliminating adult-born DGCs 

shortly before SE (Cho et al., 2015; Hosford et al., 2016) and immediately after (Jung et 

al., 2004) reduces seizure frequency, suggesting that the adult-born population plays an 

integral role in the development of the pro-seizure network. However, others have found 
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that adult-born DGCs may mitigate excitability (Jakubs et al., 2006) and that hilar ectopic 

DGCs have increased tonic gamma-aminobutyric acid (GABA) inhibition (Zhan and 

Nadler, 2009). These differing findings suggest that there are subpopulations of adult-

born DGCs of which some are pro-excitatory and others pro-inhibitory. 

Several recent studies have demonstrated that relatively small populations of 

highly-innervated cells are capable of exerting powerful influences on the hippocampal 

network. These cells were first termed ‘hub cells’ by Morgan and Soltesz who 

demonstrated with computational modeling that as few as 5 percent of highly 

interconnected DGCs were enough to induce seizure activity (Morgan and Soltesz, 2008). 

Hilar ectopic DGCs in particular have a high capacity for sprouting and receiving 

synapses (Cameron et al., 2011; Scharfman and Pierce, 2012), potentially giving them 

the ability to orchestrate large-scale changes in network excitability. 

In addition to DGCs, other cell types in the dentate gyrus are also capable of 

sprouting after SE. An important population is the somatostatin-positive hilar perforant 

path-associated interneurons that have been shown to sprout axons in human TLE 

(Mathern et al., 1995) and in rodent experimental models where they synapse onto DGCs 

(Zhang et al., 2009; Thind et al., 2010). The mechanism of this sprouting remains unclear. 

One possibility is that, because somatostatin interneurons are especially vulnerable to 

SE-induced death in both TLE patients and experimental models (de Lanerolle et al., 

1989; Buckmaster and Dudek, 1997), the surviving population sprouts to compensate for 

the loss of GABAergic cells and synapses. Another hypothesis is that inhibitory sprouting 

occurs to target the increased numbers of excitatory DGCs arising from seizure-induced 

neurogenesis. The teleological conclusion is that inhibitory sprouting may serve to 
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mitigate the pro-excitatory environment in the dentate gyrus after SE, but recent evidence 

demonstrates that it might not be sufficient to overcome the hyperexcitability (Hofmann 

et al., 2016). 

Beyond DGC-to-DGC connections, other areas of the hippocampus have been 

shown to participate in sprouting, particularly towards the dentate gyrus. Under basal 

conditions, CA3 neurons send backprojections to the dentate gyrus, mostly arising from 

inhibitory interneurons (Li et al., 1994; Bergami et al., 2015; Vivar et al., 2016). However, 

after SE, functional evidence suggests that axonal projections to the dentate gyrus from 

CA3 pyramidal cells increase dramatically (Scharfman et al., 2000; Zhang et al., 2012) 

which may enhance recurrent excitation. Similar to the results in CA3, CA1 pyramidal 

cells axons also sprout in various epilepsy models (Perez et al., 1996; Esclapez et al., 

1999; Bausch and McNamara, 2000, 2004). Remarkably, Peng et al. recently showed 

that CA1 somatostatin interneurons are capable of sprouting axon collaterals across the 

hippocampal fissure into the dentate gyrus where they inhibit DGCs (Peng et al., 2013). 

These findings suggest that several areas of the hippocampus demonstrate extensive 

remodeling after SE to create a multiplicity of coordinated, recurrent excitatory and 

inhibitory loops, some of which may contribute to seizure activity. 

Embryonic cortical development 

Abnormalities in adult neurogenesis appear to play a critical role in the 

development of experimental TLE. In contrast, genetic epilepsies usually present in the 

pediatric population and their pathophysiological processes often involve changes during 

embryonic or early postnatal development. During development of the mammalian 

neocortex, the neuroepithelium adjacent to the lateral ventricle expands and becomes the 
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ventricular zone (VZ). As neurogenesis continues, a secondary layer, the SVZ, grows 

above the VZ. The VZ-SVZ contain the neural progenitor population, radial glia cells, that 

are responsible for generating a significant proportion of the post-mitotic neurons in the 

neocortex (Noctor et al., 2004). The cortex develops in an inside-out manner where the 

deep layer VI neurons are born first and subsequent layers migrate past them with layer 

I being the last to develop (Angevine and Sidman, 1961). While both contain a proliferative 

VZ (Hockfield and McKay, 1985), the developing primate and rodent neocortex differ in 

that primates also demonstrate the presence of an outer SVZ (oSVZ) (Smart et al., 2002; 

Zecevic et al., 2005), a neurogenic zone that is largely absent in rodents. Recent evidence 

suggests that outer radial glia cells (oRGs), the progenitor population in the oSVZ, 

contribute significantly to human cortical expansion and may be responsible for the 

increased brain surface area and gyrification (Fietz et al., 2010; Hansen et al., 2010; Reillo 

et al., 2011). 

Understanding neurodevelopmental disease mechanisms has traditionally 

involved the use of animal models or studies of postmortem human tissue. For 

neurogenetic disorders in particular, genetically modified mice have been useful. For 

genetic disorders that impact neurodevelopment, however, these mouse models often fail 

to recapitulate critical aspects of the human development, such as expansion of the oSVZ 

that may influence disease phenotypes. Postmortem human tissues may be difficult to 

acquire and generally represent late stages of disease that offer limited mechanistic 

information in many instances. The advent of the iPSC method by Yamanaka and 

colleagues in 2006 (Takahashi and Yamanaka, 2006) redefined the field of translational 

research by providing access to patient-derived cells for clinical disease studies 



 16 

(Takahashi et al., 2007; Yu et al., 2007). The iPSC approach not only enables the study 

of neural development and function in neurogenetic disorders using patient-specific 

neurons (Dolmetsch and Geschwind, 2011; Marchetto et al., 2011; Pasca et al., 2014; 

Parent and Anderson, 2015), but the neurons also harbor both the mutant gene of interest 

as well as other potential modifier genes within the patient’s specific genomic background. 

The iPSC method 

Generating iPSCs from somatic cells involves introducing specific transcription 

factors — the most common being Oct3/4, Klf4, Sox2, and c-Myc — into the cells to 

reprogram them into a pluripotent state. Initially, Yamanaka and colleagues introduced 

the transcription factors using retroviral vectors (Takahashi et al., 2007); however, 

concerns regarding the genomic integration of these vectors, particularly if iPSCs would 

ultimately be used in a clinical setting, quickly drove the field towards non-integrating 

approaches such as episomal vectors (Yu et al., 2009) or Sendai viral vectors (Fusaki et 

al., 2009). The somatic cell source used most often is dermal fibroblasts, although recent 

studies have demonstrated the feasibility of using less invasive sources such as 

hematopoietic cells or kidney epithelial cells derived from urine (Zhou et al., 2011; Wang 

et al., 2013). After introduction of the reprogramming factors, fibroblasts are maintained 

in a reprogramming media that is similar to pluripotent stem cell maintenance media. 

Within a period of 2-4 weeks, granular colonies begin to appear within the fibroblasts. 

These colonies are manually isolated and maintained in pluripotent stem cell media for 

expansion. After reprogramming, iPSCs share remarkable similarities to human 

embryonic stem cells (hESCs). They have similar morphologies to hESCs and express 

pluripotency markers such as OCT3/4, NANOG and SSEA4 (Figure 1.3A-A′′). They also 
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can be differentiated in vitro to generate all three germ cell layers and are capable of 

forming teratomas after injection into immunocompromised mice (Takahashi et al., 2007). 

Directed neuronal differentiation 

Based upon increasing knowledge of the molecular cues that underlie embryonic 

brain development, various protocols have been developed to direct pluripotent stem cells 

towards specific neuronal cell fates such as cortical-like excitatory neurons (Figure 1.3B, 

C) (Chambers et al., 2009; Shi et al., 2012), cortical-like medial ganglionic eminence 

(MGE)-derived inhibitory interneurons (Liu et al., 2013a; Maroof et al., 2013), astrocytes 

(Krencik and Zhang, 2011; Juopperi et al., 2012) and many other cell types. To date, 

iPSCs have been generated for over 20 different CNS disorders, ranging from 

neurodevelopmental to neurodegenerative diseases (Reviewed in Marchetto et al., 2011; 

Srikanth and Young-Pearse, 2014), and this number is growing rapidly. Additionally, new 

gene editing technologies such as CRISPR/Cas9 now allow for the generation of ‘virtual 

patients’ using control iPSCs and for correcting disease-causing mutations in patient cells 

to produce isogenic controls (Cong et al., 2013). 

Organoid technology 

Adherent cultures offer important insight into cellular and molecular mechanisms 

of disease but are incapable of mimicking the expansive three-dimensional (3D) 

architecture of normal neuronal circuitry in vivo. The first 3D neuronal culturing techniques 

took advantage of the self-aggregating properties of pluripotent stem cells to generate 

polarized neural tissue (Eiraku et al., 2008; Gaspard et al., 2008; Danjo et al., 2011). 

However, these cultures lacked the organization and complexity of the human neocortex. 
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The advent of cerebral organoid technology (Lancaster et al., 2013) offered the ability to 

probe disease mechanisms and understand human neural development by allowing for 

studies in a system that is more anatomically relevant in its spatial organization. By relying 

on fluid dynamic principles, these cerebral organoids were constantly spun in a bioreactor 

and share many features of the human brain including progenitor zones that variably 

recapitulate the dorsal cortical VZs, laminar cortical structures, primitive regional 

specifications, as well as an enlarged SVZ with oRGs. Since then, the technology has 

been honed by several groups to create brain region-specific organoids, particularly 

cortical organoids (Mariani et al., 2012; Kadoshima et al., 2013; Pasca et al., 2015; Qian 

et al., 2016). 

Paşca et al. developed laminar cortical spheroids that were electrophysiologically 

active (Pasca et al., 2015), while Mariani et al. reported an alternative cortical organoid 

strategy that generates neurons of both dorsal and ventral telencephalic origins (Mariani 

et al., 2012). However, the feasibility of using these organoids in biological applications, 

particularly disease modeling and drug discovery, is limited by factors such as the inability 

to generate all six cortical layers, disorganization of structures, and concerns regarding 

reproducibility and heterogeneity. Qian et al. recently pioneered a miniature bioreactor 

(SpinΩ) (Figure 1.3D) accompanied by an innovative protocol utilizing Wnt agonists and 

SMAD inhibitors to generate highly organized cortical tissue (Figure 1.3E-G) that 

assembles into six cortical layers with a distinct oRG layer — both critical components in 

the developing human neocortex (Qian et al., 2016). The brain organoid approach holds 

great promise for studying human brain developmental changes underlying 

epileptogenesis and as a drug-screening platform for personalized therapies. 



 19 

Disadvantages of iPSCs 

It is important to note that despite certain advantages over rodents, human iPSC 

disease models have their own disadvantages. For one, patient iPSCs have a limited, if 

any, role for the investigation of acquired epilepsies. Another critical issue is the difficulty 

of generating fully mature cell types, including neurons, from iPSCs. Functional studies 

of iPSC-derived neurons demonstrate an immature electrophysiological profile that more 

closely mimics neurons within the developing embryonic brain rather than those of the 

adult brain. This hurdle is significant particularly for studies of late-onset neurological 

disorders such as Parkinson’s and Alzheimer’s diseases. However, many groups are 

working to overcome this obstacle by creative measures such as prematurely aging cells 

(Miller et al., 2013) as well as deriving new culture conditions to promote neuronal 

maturation and the acquisition of mature electrophysiological properties (Bardy et al., 

2015). Lastly, as a result of erosion of X-inactivation, concerns exist regarding variability 

when using female iPSCs. Studies have demonstrated that derivation conditions, 

passage number, and feeder cells all heavily impact the X-inactivation status of female 

iPSCs (Tchieu et al., 2010; Tomoda et al., 2012). Work in the field has shown that the 

inactive X-chromosome can reactivate in female iPSCs and remain active despite 

neuronal differentiation, leading cells to aberrantly express some genes through active 

transcription from both X-chromosomes (Mekhoubad et al., 2012). These findings point 

to a need to carefully monitor the X-inactivation status in female iPSCs and their terminally 

differentiated progeny, particularly in X-linked disorders. 

iPSC modeling of genetic epilepsies 

In the 25 years since the first gene linked to a clinical seizure phenotype was 
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discovered (Shoffner et al., 1990), there has been an explosion in the number of genetic 

loci that are reported to be important in epilepsy. To date, over 500 genes are listed and 

this number is rising rapidly (Noebels, 2015; Ran et al., 2015). Using iPSCs to model 

genetic epilepsies with early childhood or infantile onset is currently favored by many 

groups owing to the ease of modeling early development with iPSCs. Disorders with 

complete or near complete epilepsy penetrance that have been modeled to date include 

Dravet syndrome (Higurashi et al., 2013; Jiao et al., 2013; Liu et al., 2013b), Angelman 

syndrome (Chamberlain et al., 2010), and a Rett syndrome variant caused by cyclin-

dependent kinase-like 5 (CDKL5) mutations (Ricciardi et al., 2012; Livide et al., 2015). 

Modeling epileptic syndromes 

Beyond “pure” genetic epilepsy syndromes, several other neurodevelopmental 

disorders with seizures as a manifestation have been studied using iPSCs. These include 

Rett syndrome, fragile X syndrome (Urbach et al., 2010; Sheridan et al., 2011; Bar-Nur 

et al., 2012; Liu et al., 2012; Telias et al., 2013), Timothy Syndrome (Pasca et al., 2011; 

Yazawa et al., 2011; Krey et al., 2013), 15q11.2 deletion syndrome (Yoon et al., 2014) 

and Phelan-McDermid syndrome (Shcheglovitov et al., 2013). Several studies have 

utilized iPSCs to explore the mechanisms of Rett syndrome, an autism spectrum disorder 

(ASD) caused by mutations in the X-linked methyl-CpG-binding protein 2 (MeCP2) gene. 

Various groups reported that Rett syndrome patient iPSC-derived cortical-like excitatory 

neurons have decreased synapses, smaller somas and altered electrophysiological 

properties (Marchetto et al., 2010; Ananiev et al., 2011; Cheung et al., 2011). Another 

study using Rett syndrome iPSCs found that patient iPSCs have similar neural progenitor 

formation as compared with controls but have alterations in neuronal maturation (Kim et 
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al., 2011a). This defect may be a result of a downstream target of MeCP2 that is critical 

for the proper maturation of neurons. Indeed, Tang et al. recently found that a neuron-

specific K+-Cl− cotransporter 2 (KCC2) is decreased in Rett syndrome iPSC-derived 

neurons, leading to a defect in GABA functional switching (Tang et al., 2016). 

Overexpression of KCC2 was able to rescue the impairment in Rett syndrome neurons. 

The functional switch of GABA from excitation to inhibition is a crucial part of excitatory 

neuron development and may partially explain the synaptic transmission and maturation 

defects found by other groups. 

Using organoids to model neurological disorders 

Modeling neurological diseases in 3D culture is a relatively new field and thus 

studies using it to model neurodevelopmental disorders are few. The ability to more 

faithfully recapture the progress of human neurodevelopment, however, makes organoid 

technology an attractive system for future studies that aim to understand disease 

mechanisms in a more spatially relevant system. A landmark paper from Lancaster et al. 

demonstrated that human pluripotent stem cells can organize into cerebral organoid 

structures (Lancaster et al., 2013). In the same report, they also described the generation 

of organoids from iPSCs derived from a patient with autosomal recessive primary 

microcephaly due to a truncation mutation of cyclin-dependent kinase 6 regulatory 

subunit-associated protein 2 (CDK5RAP2). They found that patient-derived organoids 

have premature neuronal maturation, smaller progenitor zones and fewer neurons as 

compared with control organoids, phenotypes that could be partially rescued by restoring 

the missing protein. Others have used cerebral organoids to model ASD, demonstrating 

that organoids derived from ASD-patient iPSCs have an overproduction of GABAergic 
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interneurons (Mariani et al., 2015). Lastly, Bershteyn et al. harnessed organoid 

technology to model Miller-Dieker syndrome (MDS), a severe form of lissencephaly that 

presents with intractable seizures. They report that MDS patient iPSC-derived organoids 

had defects in neural stem cell migration, oRG mitotic defects and premature apoptosis 

of neuroepithelial cells (Bershteyn et al., 2017).  

An important area of organoid research is understanding how external 

perturbations may affect the development of the early human embryonic brain. Much work 

has been done to understand how the Zika virus (ZKV) causes one of the most 

devastating consequences of its infection, microcephaly. Several groups have utilized the 

organoid technology to probe this question and the unifying theme has emerged that 

organoids infected with ZKV show depletion, apoptosis and premature differentiation of 

neural progenitor cells (Cugola et al., 2016; Garcez et al., 2016; Qian et al., 2016; Wells 

et al., 2016; Gabriel et al., 2017), potentially as the underlying cause of infantile 

microcephaly. Of note, Li et al. highlighted the unique capability of organoids when they 

generated organoids from hESCs with a phosphatase and tensin homolog (PTEN) 

knockout. The group found that PTEN mutant human organoids, but not PTEN mutant 

mouse organoids, demonstrated surface expansion and folding, giving an important clue 

into gyrification of the human brain. In the same study, surface folding could be impaired 

with the introduction of ZKV, providing further evidence that ZKV impairs expansion of 

neural stem cells (Li et al., 2016). These studies point to the utility of organoid technology 

for disease modeling, particularly when there are aspects of the disease, such as oRG 

defects or SVZ organizational changes, that are subtle and more difficult to capture in 

adherent cultures. 
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Protocadherin-19 female limited epilepsy 

Protocadherin-19 (PCDH19) female limited epilepsy (FLE), also known as early 

infantile epileptic encephalopathy type 9 (EIEE9), is a condition first described by Juberg 

and Hellman in 1971 (Juberg and Hellman, 1971). The clinical presentation is highly 

variable but the hallmark findings are early onset seizures, cognitive impairment and 

psychiatric features (Ryan et al., 1997; Scheffer et al., 2008; Depienne et al., 2009). The 

range of cognitive impairment varies from normal intellect to mental retardation within 

families. Upon imaging, magnetic resonance images (MRIs) of FLE patient brains showed 

no structural abnormalities or morphological differences as compared with normal, 

healthy controls (Scheffer et al., 2008). There has been a single report, however, of a 

patient whose postmortem surgical frontal lobe specimen demonstrated cortical 

dysplasia, abnormal neurons in the white matter and abnormal morphology of individual 

cortical neurons (Ryan et al., 1997). 

Inheritance pattern of PCDH19 FLE 

A cardinal feature of PCDH19 FLE is its remarkable inheritance pattern. The 

condition is X-linked with the phenotype only affecting females (Juberg and Hellman, 

1971; Ryan et al., 1997). Males carrying disease mutations are spared with normal 

cognitive development and no evidence of seizures. Recently, sequencing analysis 

uncovered that the disorder is attributable to mutations in the X-linked PCDH19 gene 

encoding the PCDH19 protein (Dibbens et al., 2008). Most of the reported pathogenic 

mutations in PCDH19 to date are inherited (typically from the father) or de novo loss-of-

function mutations in exon 1 of the gene (Dibbens et al., 2008; Depienne et al., 2009; van 

Harssel et al., 2013) with sporadic reports of other exons also being affected. In addition, 
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some patients carry large gene deletions that encompass the entire PCDH19 gene 

(Depienne et al., 2011). This inheritance pattern differs from the classical X-linked modes 

of inheritance in which males are generally affected more severely than females. While 

many FLE patients carry de novo mutations, within a family, most female offspring of 

carrier males are affected while male-to-male inheritance does not occur (Scheffer et al., 

2008). Disease-causing mutations are highly (>90%) penetrant (Dibbens et al., 2008). 

Currently, mutations in PCDH19 are recognized as the second leading cause of 

monogenic epilepsies (Depienne and LeGuern, 2012). 

Postulated mechanisms of disease 

Perhaps the most widely accepted theory of how FLE develops is the cellular 

interference hypothesis (Johnson, 1980; Wieland et al., 2004). In heterozygously affected 

females, the cellular interference model posits that random X-inactivation creates a state 

of tissue mosaicism. The coexistence of both wildtype and mutant PCDH19-expressing 

cells causes abnormal neural development through aberrant interactions between these 

two cell populations (Figure 1.4B). Normal males and females have one and two copies 

of wildtype PCDH19, respectively, and thus have a homogeneous cell population without 

disease. Similarly, males who are affected hemizygously by a mutant copy of PCDH19 

would also have a homogeneous cell population and thus would not develop the disease. 

In addition to males with germline PCDH19 mutations being unaffected carriers, the 

cellular interference theory is supported by several reported cases of EIEE9 in males with 

somatic mosaicism who express wildtype PCDH19 in some cells and mutant PCDH19 in 

others (Depienne et al., 2009; Terracciano et al., 2016; Thiffault et al., 2016). Further 

support is found in a different disorder with a similar inheritance pattern, craniofrontonasal 
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syndrome (CFNS). CFNS is also an X-linked developmental disorder that results in 

multiple skeletal abnormalities in females with no or very mild abnormalities in males 

(Saavedra et al., 1996). The disease has been mapped to mutations in Ephrin-B1 

(EFNB1) (Wieland et al., 2004), a ligand for the Eph class of receptor tyrosine kinases, 

postulated to be important in skeletal development and patterning. Studies of an Efnb1+/- 

mouse model show that ephrin-B1-positive and ephrin-B1-negative cells segregate into 

separate compartments after random X-inactivation, leading to various skeletal 

abnormalities (Compagni et al., 2003). Importantly, polydactyly was exclusively found in 

the heterozygous female mice, suggesting that ectopic interactions between ephrin-B1-

positive and negative cells mediate boundary formation. Taken together, these data 

support the cellular interference hypothesis for the inheritance of PCDH19 FLE, yet its 

exact mechanism remains elusive. 

Several other hypotheses have been proposed for the mechanism of PCDH19 FLE 

with less evidence than the cellular interference theory. One thought is that PCDH19 is 

dispensable for the development of the male brain and that the male brain could be 

protected from the adverse effects of PCDH19 mutations by fetal androgens (Ryan et al., 

1997). A second theory is that there is a functional homologue of the PCDH19 gene on 

the Y-chromosome that is protective in males. Indeed, a protocadherin gene is found on 

the Y-chromosome, PCDH11Y. It is plausible that in the absence of a functional copy of 

PCDH19, PCDH11Y compensates. This hypothesis is supported by evidence of a 

functional paralogue of PCDH11Y on the X-chromosome, PCDH11X. These two genes 

have strong sequences similarities but different brain expression patterns (Dibbens et al., 

2008). The differences in expression may explain the different abilities of the two sexes 
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to compensate for a PCDH19 mutation. However, this theory does not explain the 

presence of affected males with mosaic mutations. A final theory is that there is regional 

interference of PCDH19 mutations with the X-inactivation process downstream of the X-

inactive specific transcript (XIST). Escape from X-inactivation requires region-specific 

signaling and mutations interfering with this process could result in gene-specific failure 

of X-inactivation. It is possible that the mutant PCDH19 gene in FLE fails to inactivate and 

causes the disease through functional disomy. There have, in fact, been several reports 

of patients with functional disomy of the Xq28 chromosome region that present clinically 

with epilepsy and cognitive impairment (Sanlaville et al., 2005; Sanlaville et al., 2009). 

The role of PCDH19 in development 

PCDH19 belongs to the δ2 non-clustered protocadherin subclass of the cadherin 

superfamily of cell-cell adhesion molecules (Wolverton and Lalande, 2001) and is widely 

expressed throughout the embryonic and adult CNS in mammals (Gaitan and Bouchard, 

2006; Dibbens et al., 2008; Kim et al., 2010; Kim et al., 2011b). The PCDH19 protein has 

six extracellular domains that are responsible for its adhesive function (Figure 1.4A). 

While its biological role is still debated, previous studies indicate that PCDH19 interacts 

with N-cadherin and the WAVE complex (Figure 1.4A) and that these interactions are 

important for cellular migration as well as formation and maintenance of cell-cell junctions, 

respectively, during brain development (Biswas et al., 2010; Emond et al., 2011). How 

PCDH19 mediates neural development remains largely unknown, but evidence in the 

zebrafish may shed some light on its function. Morpholino knockdown of pcdh19 in the 

zebrafish embryo results in a disruption of brain morphogenesis and anterior neurulation 

(Emond et al., 2009; Biswas et al., 2010). In another study, deletion of pcdh19 in zebrafish 
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using transcription activator-like effector nucleases (TALENs) disrupts the axonal 

arborization and columnar organization of the zebrafish optic tectum (Cooper et al., 2015). 

In the Pcdh19 knockout mouse, Pederick et al. observed no gross morphological, 

structural or functional abnormalities in the brains of Pcdh19+/- females. However, they 

did notice subtle regional differences and clonal cortical columns that were either Pcdh19-

expressing or null, but not both (Pederick et al., 2016). The lack of an overt phenotype in 

the Pcdh19-mutant mouse is not surprising as human and murine X-inactivation are very 

different (Goto et al., 1998) and protocadherins have redundant functions in the mouse 

brain (Lefebvre et al., 2012). These features highlight the importance of selecting specific 

models for diseases that may not manifest in all experimental systems. 

Other protocadherins have been shown to play important roles in early neural 

development such as cellular migration, axon outgrowth, dendritic patterning and 

synaptogenesis. For instance, in the zebrafish, overexpression of protocadherin-18a 

results in splitting of the neural tube, diminished cell migration and increased cell 

aggregation (Aamar and Dawid, 2008). In mice, protocadherin-17 is important for 

determining the quantity and docking of synaptic vesicles in the basal ganglia (Hoshina 

et al., 2013) while protocadherin-10 functions in synaptic pruning by aiding in postsynaptic 

degradation and elimination (Tsai et al., 2012). Lefebvre et al. knocked out all 22 genes 

of the mouse γ-subcluster protocadherins (Pcdhg) and found that it disrupted dendritic 

tiling and self-avoidance in starburst amacrine cells and cerebellar Purkinje cells. In the 

same study, simply restoring one isoform of the 22 deleted Pcdhg genes was able to 

reverse the dendritic phenotype suggesting that redundancies exist in the mouse 

protocadherins (Lefebvre et al., 2012). Nonetheless, others have found that several of the 
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individual protocadherins are required for axonal outgrowth and fiber tract formation in 

both mammals and zebrafish (Uemura et al., 2007; Piper et al., 2008; Biswas et al., 2014; 

Hayashi et al., 2014). 

Questions addressed in this dissertation 

This dissertation aims to explore how alterations in neurodevelopment, both during 

adulthood and embryonically, can lead to morphological and functional changes that may 

underlie epileptogenesis. In Chapter 2, the question of how adult-born DGCs differentially 

integrate into the chronically epileptic brain is addressed. The first-order presynaptic 

inputs onto adult-born DGCs in the epileptic brain are compared to those in the intact 

brain as well as presynaptic inputs onto early-born DGCs that were mature at the time of 

SE. The results indicate that both adult- and early-born DGCs receive excessive 

recurrent, excitatory inputs from various areas of the hippocampus in distinct patterns, 

highlighting that both populations of DGCs may play a role in the changes that lead to 

chronic seizures. 

Chapter 3 describes an investigation into how mutations in the PCDH19 gene 

leads to PCDH19 FLE using an iPSC model. We use patient-derived iPSCs to generate 

both cortical-like excitatory and inhibitory neurons in adherent cultures and show that the 

neurons have morphological and functional changes as compared with controls. Finally, 

we also utilize 3D culturing techniques to generate cortical organoids to explore defects 

in corticogenesis and lamination. 
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Notes to Chapter 1 

Parts of this chapter were published in modified form as: 

Du X, Parent JM (2015) Using Patient-Derived Induced Pluripotent Stem Cells to Model 
and Treat Epilepsies. Curr Neurol Neurosci Rep 15:71. 
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Figure 1.1. Adult neurogenesis in the hippocampal dentate gyrus. 
Schematic showing the process of adult neurogenesis in the dentate gyrus. An expansion 
of stratified layers of the dentate gyrus is depicted organized with the hilus at the bottom 
followed by the subgranular zone (SGZ), the granule cell layer (GCL) and the molecular 
layer (ML) at the top. Radial glia-like stem cells, the stem cell population of the dentate 
gyrus, reside in the SGZ. While they are normally quiescent, this population can become 
activated to either self-renew or generate transit amplifying progenitors. Transit amplifying 
progenitors are highly proliferative and eventually terminally differentiate into immature 
dentate granule cells (DGCs). After a period of 8-10 weeks, a fully mature DGC is formed 
that extends dendrites into the ML and sends its axon into the hilus and then to stratum 
lucidum of the hippocampal CA3 subregion (not shown). 
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Figure 1.2. Schematic of the dual-viral tracing strategy. 
We inject a retrovirus (RV-Syn-GTR) into the dentate gyrus to birthdate DGCs. RV-Syn-
GTR expresses GFP, TVA and Rgp driven by a human Synapsin1 promoter. After 8-10 
weeks, we inject a rabies virus (RbV-mCh) that is pseudotyped to EnvA thereby restricting 
its infection to cells that express EnvA’s cognate receptor, TVA. This allows for targeting 
of RbV-mCh infection selectively to cells that have previously received RV-Syn-GTR. 
RbV-mCh has also been engineered such that the gene that expresses Rgp, necessary 
for the virus’ retrograde spread but not for its replication, has been replaced by mCh. 
Within the doubly infected GFP+/mCh+ ‘starter’ cells, RbV-mCh trans-complements with 
Rgp provided by RV-Syn-GTR and travels retrogradely one synapse. In the mCh+ only 
first-order presynaptic inputs onto the starter cells, Rgp is no longer present thus RbV-
mCh cannot travel any further. This strategy allows us to identify mCh+ monosynaptic 
inputs onto GFP+/mCh+ birthdated starter DGCs. 
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Figure 1.3. The utility of iPSCs for modeling neural development. 
(A-A′′) iPSC colonies immunostained for pluripotency markers OCT3/4, NANOG and 
SSEA4. Scale bars represent 100 μm. (B) Neural rosettes derived from iPSCs are PAX6+ 
and NESTIN+. Scale bar represents 50 μm. (C) Representative image of doublecortin 
(DCX)+ cortical-like excitatory neurons derived from iPSCs. Scale bar represents 100 μm. 
(D) Image of a 12-well plate of the SpinΩ system with multiple forebrain organoids in 
individual wells. (E) Example image of a ventricular zone-like area in the forebrain 
organoid. Neural stem cells are PAX6+ surrounded by TUJ1+ neurons. Scale bar 
represents 100 μm. (F) Representative image of an organoid section stained with cortical 
deep layer marker CTIP2 and upper layer marker SATB2. Scale bar represents 200 μm. 
(G) Higher magnification of cortical mantle-like region from F with demarcation between 
the ventricular zone-like area (VZ) and the cortical mantle-like region with an abundance 
of CTIP2+ and SATB2+ neurons. Scale bar represents 50 μm. 
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Figure 1.4. Structure of the PCDH19 protein and its postulated role in PCDH19 FLE. 
(A) Schematic demonstrating the structure of the PCDH19 protein on the cell surface. 
The protein has six extracellular (EC) domains that are responsible for its adhesive 
properties, a single transmembrane domain (TM) as well as a cytoplasmic domain (CP) 
with two conserved motifs. PCDH19 has been shown to interact with N-cadherin and the 
WAVE complex. (B) Schematic of the cellular interference hypothesis, the postulated 
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mechanism of pathogenesis of PCDH19 FLE. In normal females and males, all cells 
homogeneously express wildtype (WT) PCDH19. In carrier males, all cells 
homogeneously express mutant (mut) PCDH19 with no WT PCDH19 expressed. 
However, in females with heterozygous PCDH19 mutations and mosaic males, some 
cells express WT-PCDH19 while others express mut-PCDH19. These two cell 
populations interact aberrantly to cause epilepsy and cognitive impairment. 
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Chapter 2 

Monosynaptic Tracing of Hippocampal Circuit Remodeling in Experimental 
Temporal Lobe Epilepsy 

Summary 

Many dentate granule cells (DGCs) generated after an epileptogenic insult in 

experimental temporal lobe epilepsy (TLE) develop aberrantly and are thought to 

contribute to the development of seizures. Understanding how adult-born DGCs integrate 

into the epileptic network and whether their integration differs from early-born DGCs that 

are mature at the time of an epileptogenic insult may provide insights into therapeutic 

targets. Here we use a dual-viral tracing strategy combining retroviral birthdating with 

rabies virus-mediated retrograde trans-synaptic tracing to identify and compare 

presynaptic inputs onto adult- and early-born DGCs in the rat pilocarpine model of TLE. 

Our results demonstrate that hilar ectopic DGCs preferentially synapse onto adult-born 

DGCs after status epilepticus (SE) while normotopic DGCs synapse onto both adult- and 

early-born DGCs. Additionally, as compared with those onto early-born DGCs, adult-born 

DGCs in the intact brain receive more inputs from other DGCs. We also find that 

parvalbumin and somatostatin interneuron inputs are greatly diminished onto early-born 

DGCs after pilocarpine treatment while somatostatin interneuron inputs onto adult-born 

DGCs are maintained, likely due to preferential 
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sprouting. Intriguingly, CA3 pyramidal cell backprojections that specifically target adult-

born DGCs arise in the epileptic brain, while axons of interneurons and pyramidal cells in 

CA1 likely sprout across the hippocampal fissure to preferentially synapse onto early-

born DGCs. These data support the presence of substantial hippocampal circuit 

remodeling after an epileptogenic insult that generates prominent excitatory feedback 

loops involving DGCs. Both adult- and early-born DGCs are targets for novel inputs from 

other DGCs as well as from CA3 and CA1 pyramidal cells after pilocarpine treatment, 

changes that likely contribute to epileptogenesis in experimental TLE. 

Introduction 

TLE is a common epilepsy syndrome estimated to afflict over 25 percent of adults 

diagnosed with epilepsy (Asadi-Pooya et al., 2016). The pathological hallmarks of human 

TLE are hippocampal cell loss and gliosis (de Lanerolle et al., 1989; Wolf and Wiestler, 

1993), changes that are recapitulated in the rat pilocarpine model of TLE (Cavalheiro et 

al., 1991; Mello et al., 1993). Although TLE pathogenesis remains poorly understood, 

accumulating evidence implicates aberrant plasticity within the hippocampal dentate 

gyrus in this process. In human and experimental TLE, DGCs demonstrate characteristic 

morphological abnormalities such as mossy fiber sprouting (MFS), persistent hilar basal 

dendrites (HBDs), granule cell layer dispersion and ectopic soma placement (Tauck and 

Nadler, 1985; Houser, 1990; Houser et al., 1990; Parent et al., 1997; von Campe et al., 

1997; Ribak et al., 2000; Parent et al., 2006; Murphy et al., 2012). DGCs are also the only 

hippocampal neurons that continue to be generated throughout adulthood (Eriksson et 

al., 1998). The integration of adult-born DGCs is thought to contribute to learning and 

memory (reviewed in Deng et al., 2010). Adult DGC neurogenesis is robustly potentiated 
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by seizures (Parent et al., 1997), but many DGCs born after chemoconvulsant-induced 

SE integrate aberrantly and are hypothesized to contribute to disease pathogenesis. In 

fact, dentate gyrus structural changes in experimental TLE are thought to largely arise 

from the aberrant development of the adult-born DGC population (Jessberger et al., 2007; 

Walter et al., 2007; Kron et al., 2010; Murphy et al., 2011; Hester and Danzer, 2013), 

although recent work indicates that pre-existing DGCs also contribute to MFS (Althaus et 

al., 2016). 

Adult-born DGCs are implicated as the major source of hilar ectopic DGCs and 

normotopic DGCs with HBDs, both of which have been proposed to be ‘hub cells’ with 

excitatory hyper-connectivity (Morgan and Soltesz, 2008; Thind et al., 2008; Kron et al., 

2010; Murphy et al., 2011). Previous work has largely focused on the postsynaptic targets 

of DGCs generated after SE (Scharfman et al., 2000; McAuliffe et al., 2011) with less 

knowledge about how their synaptic inputs change during epileptogenesis. This question 

is especially crucial in light of the mounting evidence that network remodeling in the 

epileptic brain is much more extensive and robust than previously believed. Seizure-

induced hippocampal synaptic reorganization not only involves excitatory neurons, 

including DGCs and CA1 pyramidal cells (Tauck and Nadler, 1985; Smith and Dudek, 

2001; Buckmaster et al., 2002a; Althaus et al., 2016), but also surviving interneurons 

(Thind et al., 2008; Zhang et al., 2009; Peng et al., 2013; Yu et al., 2013). Whether 

excitatory and inhibitory sprouting is preferentially onto the pre-existing (early-born) or 

newly developed (adult-born) DGC population is unknown, but understanding this 

process should provide important clues as to how pro-seizure networks develop after an 

epileptogenic insult. 
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To determine if pilocarpine-induced SE differentially influences the plasticity of 

age-defined populations of DGCs, we employed a dual-viral tracing strategy combining 

retroviral (RV)-mediated birthdating with modified rabies virus (RbV)-mediated retrograde 

trans-synaptic tracing (Wickersham et al., 2007). This approach was used to study first-

order monosynaptic inputs onto adult- and early-born DGCs in the chronically epileptic or 

intact brain. We found a striking degree of feedback/recurrent excitatory input onto both 

DGC populations after SE, including direct pyramidal cell to DGC projections from CA3 

and CA1, with differential changes in inhibitory inputs onto these two birthdated cohorts. 

These results suggest that DGCs receive widespread local and long-distance 

monosynaptic excitation that likely contributes to epileptogenesis in experimental TLE. 

Materials and methods 

Viral Production 

We generated a RV construct (RV-Syn-GTR) that consisted of a Murine Moloney 

Leukemia virus-based RV vector containing a human Synapsin1 promoter driving GFP, 

the avian sarcoma leukosis virus receptor (TVA) and the RbV glycoprotein (Rgp). To 

make the construct pSyn-eGFP-TVA-Rgp-WPRE (pSyn-GTR), the GTR DNA fragment 

was obtained by polymerase chain reaction (PCR) from the pBOB-Syn-HTB template (a 

gift from Edward Callaway, Salk Institute, La Jolla, CA) using primers: 5′-

atccctgcagatctcgcccttatcgtc-3′ and 5′-atgctagactgtcgacggccctgcgta-3′. Following Sal I 

and Bgl II restriction enzyme digestion, the obtained GTR fragment was used to replace 

GFP in pCAG-GFP-WPRE (a gift from Fred Gage, Salk Institute, La Jolla, CA). The 

Synapsin1 (Syn) promoter fragment was obtained by Acc1 and BamH1 restriction 
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enzyme digestion of pBob-Syn-HTB and replacing the CAG promoter in pCAG-GTR-

WPRE. 

To assess for integrity of the RbV, a control RV (con-RV) was generated by 

deleting Rgp from pSyn-GTR by Hind III and Pme I restriction enzyme digestion. 

Pseudotyped RV stocks were produced by co-transfection of RV constructs with vesicular 

stomatitis virus G protein (VSV-G) plasmid into the GP2-293 packaging cell line 

(Clontech). Harvested supernatant containing RV was filtered through a 0.45 µM filter 

(Gelman Sciences) and concentrated by ultracentrifugation. Titers ranged from 2-5 × 108 

cfu/mL. 

Avian envelope glycoprotein subgroup A (EnvA)-pseudotyped RbV (RbV-mCh) 

was produced as described previously (Wickersham et al., 2010) with titers ranging from 

1-2 × 108 cfu/mL. 

Lentivirus expressing synaptophysin (Syp)-GFP fusion gene driven by a CAMKIIα 

promoter (CAMKIIα-Syp-GFP) was produced by transient transfection of the following 

plasmids: translT-LT1 (Mirus Bio, Madison, WI), vector, psPAX2 and pMD2.G. 

Supernatant was harvested 48 hours later, filtered and concentrated by 

ultracentrifugation.  

Animals and Seizure Induction 

All animal procedures were performed following protocols approved by the 

Institutional Animal Care and Use Committee of the University of Michigan. Animals were 

purchased from Charles River and maintained between 20-22°C under a constant 12 h 

light/dark cycle with access to food and water ad libitum. A total of 248 animals underwent 

pilocarpine-induced SE or sham treatment in this study and 36 animals were used for the 
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final experimental analyses. Approximate numbers of animals excluded during the 

sequence of procedures includes: 20% loss from pilocarpine treatment; 35% death from 

one of the two viral injections; 25% from unsuccessful targeting of viral injections; and 5% 

exclusion due to grossly damaged dentate gyri from injection or SE. Epileptic and sham 

control rats were generated as previously described (Kron et al., 2010; Althaus et al., 

2016). Briefly, adult male Sprague Dawley rats at age postnatal day (P) 56 and ~250 g 

weight were pretreated with atropine methylbromide (5 mg/kg i.p.; Sigma-Aldrich) and 20 

minutes later were administered the chemoconvulsant pilocarpine hydrochloride (340 

mg/kg, i.p.; Sigma-Aldrich). Seizures were monitored behaviorally and terminated after 

90 minutes of SE with diazepam (10 mg/kg, i.p.; Hospira Inc.). Seizure severity was 

scored on the standard Racine scale (Racine, 1972) and all SE animals reached a score 

of 5 (with multiple events of rearing and falling with forelimb clonus). Sham controls 

received identical treatment except pilocarpine was replaced with an equivalent volume 

of 0.9% saline.  

Intrahippocampal Injections 

To birthdate early- or adult-born DGCs and render them RbV-competent, RV-Syn-

GTR was injected bilaterally into the dorsal dentate gyrus at either P7 or P60, 

respectively, as described previously (Kron et al., 2010; Althaus et al., 2016). Briefly, P7 

male pups were anesthetized on ice and placed on an ice cold neonatal rat stereotaxic 

adapter (Stoelting) in a Kopf stereotaxic frame. Bilateral burr holes were drilled into the 

skull and 1 μL of RV-Syn-GTR was injected at a rate of 0.1 μL/min using a 5 μL Hamilton 

syringe with the following coordinates (in mm from bregma and mm below the skull): 

caudal 2.0, lateral 1.5, depth 2.7. P60 adult male rats were anesthetized using a mixture 
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of Ketamine/Xylazine and placed in a Kopf stereotaxic frame. Bilateral burr holes were 

drilled into the skull and 2 μL of RV-Syn-GTR (or con-RV, see Figure 2.2) was injected 

as in the P7 pups except the following coordinates (in mm from bregma and mm below 

the skull) were used: caudal 3.9, lateral 2.3, depth 4.2.  

To trace first-order presynaptic inputs onto RV-Syn-GTR-infected, birthdated DGC 

populations, RbV-mCh was diluted 500-fold to avoid non-specific labeling and injected 

bilaterally into the dorsal dentate gyrus at 8-10 weeks after pilocarpine or vehicle injection 

(P112-126). Animals were anesthetized using a Ketamine/Xylazine mixture and placed in 

a stereotaxic frame. Bilateral burr holes were drilled and 2 μL of RbV-mCh was injected 

at a rate of 0.1 μL/min at the following coordinates (in mm from bregma and mm below 

the skull): caudal 4.2, lateral 2.3, depth 4.2. 

To label CA1 pyramidal cell axons and synaptic terminals in separate experiments, 

CAMKIIα-Syp-GFP was injected bilaterally into hippocampal area CA1 at 3 weeks after 

SE or sham treatment (P77). Animals were anesthetized using a Ketamine/Xylazine 

mixture and 1 μL of CAMKIIα-Syp-GFP was injected at a rate of 0.1 μL/min using the 

following coordinates (in mm from bregma and mm below the skull): caudal 3.8, lateral 

2.0, depth 2.5. 

Immunohistochemistry 

At 1 week after injection of RbV-mCh, animals were deeply anesthetized with 

pentobarbital and transcardially perfused with 0.9% saline followed by 4% 

paraformaldehyde (PFA). Brains were removed and post-fixed overnight at 4°C in 4% 

PFA and cryoprotected with 30% sucrose. Frozen coronal sections (40 μm thickness) 

were cut using a sliding microtome. Series of 12-16 sections (each 480 μm apart) were 
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processed with standard fluorescent immunohistochemical (IHC) techniques (double- 

and triple-labeling) using the following primary antibodies: chicken anti-GFP (1:1000, 

Aves), rabbit (Rb) anti-dsRed (1:1000, Clontech), mouse (Ms) anti-mCherry (1:1000, 

Clontech), Rb anti-Prospero Homeobox 1 (Prox1; 1:1000, a gift from Sam Pleasure, 

University of California, San Francisco, San Francisco, CA), Ms anti-Parvalbumin (PV; 

1:400, Sigma) or Rb anti-SST-14 (1:500, Peninsula Labs). Secondary antibodies (Alexa 

Fluor, 1:400 dilution, Invitrogen) used were: goat (Gt) anti-chicken 488, Gt anti-rabbit 594 

or 647, and Gt anti-mouse 594 or 647. Nuclear counterstain was performed using 

bisbenzimide. 

Microscopy 

Images were acquired with a Leica TCS SP5X Confocal Microscope. For 

confirmation of mCh and Prox1 co-localization in DGCs, images were acquired under a 

63x objective at 1.0x optical zoom and 1 μm step size through the z-plane with the pinhole 

set at 1 Airy unit. For analysis of double-labeling for mCh and interneuron markers, as 

well as quantification of mCh+ cells, images were acquired with a 20x objective at 1.0x 

optical zoom and 2 μm step size through the z-plane with the pinhole set at 1 Airy unit. 

Image Analysis and Statistics 

Images were imported into Adobe Photoshop CS6 and analyzed for co-localization 

of immunoreactivity. Quantification was performed blinded to experimental group with 

coded images on sections spaced 480 μm apart that spanned the rostral-caudal extent 

of each hippocampus. Animals with a grossly damaged dentate gyrus were excluded from 

quantification. Within the dentate gyrus, birthdated starter DGCs were counted as cells 
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that were GFP+/mCh+ and first-order presynaptic inputs were identified as mCh+ only 

(GFP-negative) cells. Cells in the dentate hilus (including hilar ectopic DGCs) were 

defined by a location of at least two cell body widths away from the internal border of the 

granule cell layer. Identification of Prox1+ DGCs as well as PV+ and SST+ interneurons 

was based on morphology, location and marker labeling. Cells that were both mCh+ and 

marker+ but GFP-negative were counted. We divided the number of mCh+/marker+ 

neurons by the number of starter neurons to calculate the average number of marker+ 

inputs per starter neuron. We also divided the number of mCh+/marker+ neurons by the 

total number of dentate gyrus mCh+ only neurons to yield the percentage of dentate gyrus 

inputs arising from a specific marker+ population. In hippocampal CA3 and CA1, 

identification and distinction of mCh+ only presynaptic interneurons and pyramidal cells 

were based on soma location and morphology. In the entorhinal cortex and subiculum, 

all mCh+ only inputs were counted without distinguishing between cell types. 

Data for specific regions (i.e. CA3, CA1, entorhinal cortex and subiculum) were 

pooled between all the sections immunostained per animal (at least 36 sections) and 

normalized to the total number of GFP+/mCh+ starter DGCs within those sections for that 

animal. Statistical analyses were performed using GraphPad Prism 7 software. Group 

means were compared with a one-way ANOVA and post-hoc Tukey’s multiple 

comparisons test with the significance level set at p < 0.05. All error bars represent 

standard error of the mean (SEM). 
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Results 

Validating RV-RbV dual-virus tracing 

We combined the RbV-mediated retrograde trans-synaptic tracing technique 

(Wickersham et al., 2007) with RV reporter birthdating to map monosynaptic connections 

onto age-defined DGC populations in the intact or epileptic brain. This approach allowed 

us to identify differences in connections onto adult-born DGCs that were born after SE 

versus those onto the early-born DGCs that already existed in the network. Furthermore, 

we could compare how SE changed the integration of these birthdated populations as 

compared with their age-matched control counterparts. Lastly, we also were interested in 

identifying the differences in inputs onto adult- and early-born DGCs in the intact brain. 

RV-Syn-GTR was delivered to bilateral dentate gyri of rats at either P7 or P60 to 

birthdate early-born or adult-born DGCs, respectively, and render them RbV infection-

competent (Figure 2.1A, B). We induced SE at P56 and generated four cohorts of 

animals for comparison: epileptic animals that received RV at P60 (P60 SE), non-epileptic 

controls that received RV at P60 (P60 sham), epileptic animals that received RV at P7 

(P7 SE), and non-epileptic controls that received RV at P7 (P7 sham). At 8-10 weeks 

after SE or sham treatment (P112-126) in all cohorts, RbV-mCh was injected into bilateral 

dentate gyri which, through the recognition of EnvA with its cognate receptor TVA, 

selectively infects cells that were previously birthdated with RV-Syn-GTR. In these 

GFP+/mCh+ ‘starter cells,’ RbV-mCh trans-complements with Rgp thereby allowing it to 

travel retrogradely to label first-order presynaptic inputs onto starter cells with mCh only. 

These partner neurons lack Rgp and thus RbV-mCh cannot spread any further (Figure 
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2.1A). This strategy allowed us to restrict trans-synaptic spread to only monosynaptic 

connections onto starter cells. 

To first determine whether the RV-RbV system labels appropriate first-order DGC 

inputs, we examined monosynaptic connections onto early- and adult-born DGCs in 

controls. We observed mCh+ cells exclusively in areas known to project onto DGCs, 

including local projections from the dentate hilus and long-distance afferents from the 

entorhinal cortex (EC), the supramammillary nucleus (SUP) and the septum (Figure 

2.1C, D, examples of dentate gyrus starter cells are yellow in the insets). Note that more 

mCh+ inputs were labeled for early-born DGCs (Figure 2.1C) than for adult-born DGCs 

(Figure 2.1D). This difference that likely reflects the increased number of starter cells in 

P7 injected animals, consistent with the fact that DGCs are predominantly generated 

neonatally. Together, these findings support the feasibility of the RV-RbV method for 

tracing monosynaptic inputs onto birthdated DGCs in the rat. 

Differential inputs from Prox1+ DGCs after SE 

We next assessed the fidelity of RbV trans-synaptic retrograde labeling and 

examined the local presynaptic inputs of adult-born DGCs in sham versus epileptic rats. 

After SE, as expected, the number of GFP+ adult-born DGCs increased versus controls 

(Figure 2.2A, B) and many GFP+ hilar ectopic DGCs appeared, some of which were 

starter cells. In both cohorts, many mCh+/GFP- cells were present throughout the dentate 

gyrus (Figure 2.2A′, arrowheads in inset), representing local monosynaptic inputs onto 

GFP+/mCh+ starter DGCs (Figure 2.2A′, B′, arrows in inset). To eliminate the possibility 

of RbV spread in the absence of RV-Syn-GTR, we injected P60 SE or sham rats with 

con-RV that lacked Rgp, the protein necessary for RbV packaging and subsequent 
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retrograde spread (Figure 2.2C, D). One week after RbV infection, we observed many 

GFP+/mCh+ starter DGCs in sham and pilocarpine-treated animals with no evidence of 

mCh+ only presynaptic cells (Figure 2.2C′, D′). 

After an epileptogenic insult, DGCs sprout mossy fibers into the inner molecular 

layer where they form functional synapses onto nearby DGCs (Lynch and Sutula, 2000; 

Buckmaster et al., 2002b; Scharfman et al., 2003) thereby creating a recurrent excitatory 

circuit. We recently found that both early- and adult-born DGCs contribute to MFS 

(Althaus et al., 2016), but it remains unclear whether these populations differ in the extent 

to which they receive recurrent mossy fiber innervation. We used the DGC marker Prox1 

to quantify mCh+/Prox1+ (GFP-negative) cells, representing DGCs that monosynaptically 

innervate birthdated starter neurons. In animals that received RV-Syn-GTR at P60, we 

found mCh+/Prox1+/GFP- cells in the granule cell layer of both intact (Figure 2.3A, A’) 

and epileptic rats (Figure 2.3B, B’). Notably, the mean number of presynaptic DGC inputs 

in the granule cell layer onto adult-born starter cells did not differ significantly between 

SE and sham groups (Figure 2.3E, GCL, P60 sham vs. P60 SE). When we examined 

presynaptic DGC inputs onto early-born DGCs in controls, we found significantly fewer 

DGCs that innervated early-born DGCs than adult-born DGCs under basal conditions 

(Figure 2.3C, C’ and E, left side, P60 sham vs. P7 sham). Our analysis also demonstrated 

that early-born DGCs received Prox1+ DGC presynaptic inputs after SE (Figure 2.3D, 

D’), and the amount per starter cell was not significantly different than the other three 

groups (Figure 2.3E). Intriguingly, despite the relatively low ratio of hilar ectopic DGCs to 

normotopic DGCs after SE, we observed significantly more mCh+/Prox1+/GFP- cells in 

the hilus of P60-injected animals after SE than in the other three groups, which 
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represented hilar ectopic DGC inputs specifically onto adult-born DGCs (Figure 2.3B’, 

arrow and E, right side). Hilar ectopic DGC inputs onto P7 injected early-born DGCs were 

rare after SE (Figure 2.3D, D’ and E, right side). 

We also analyzed the mCh+/Prox1+/GFP- proportion of all mCh+ non-starter cells 

in the dentate gyrus, which represented the proportion of all mCh+ only inputs that arose 

from presynaptic DGCs. We found that ~29% (25% from normotopic and 4% from hilar 

ectopic) of all dentate gyrus presynaptic inputs onto adult-born DGCs arose from other 

DGCs after SE versus only ~5% in the intact brain (Figure 2.3F). Additionally, early-born 

DGCs after SE received ~31% of their presynaptic inputs from other normotopic DGCs 

and less than 1% from hilar ectopic DGCs, while early-born DGCs in the intact brain 

received only ~7% of inputs from other DGCs (Figure 2.3F). These results suggest that 

a greater proportion of dentate gyrus presynaptic inputs onto both DGC populations in 

the epileptic brain were from other DGCs. Moreover, some DGC-to-DGC connections 

arising after SE involved hilar ectopic DGC selectively synapsing onto adult-born DGCs. 

Because hilar ectopic DGCs arise only from the adult-generated DGCs (Kron et al., 2010), 

these data indicate that seizure-induced neurogenesis results in a specific recurrent 

excitatory network involving connections between ectopic and normotopic (or ectopic and 

ectopic) adult-generated neurons. 

Dentate gyrus inhibitory inputs change after SE  

The SST-positive hilar perforant path-associated interneurons primarily target 

DGC dendrites and are highly susceptible to SE-induced death. Despite their massive 

loss, there is also evidence to suggest that surviving SST interneurons sprout axon 

collaterals in the chronically epileptic brain (Zhang et al., 2009; Peng et al., 2013). To 
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assess SST interneuron inputs onto birthdated DGCs, we triple labeled for GFP, mCh 

and SST in all cohorts (Figure 2.4A-D’). We found that both adult- and early-born DGCs 

in epileptic animals received fewer inhibitory inputs from hilar SST interneurons as 

compared with adult-born DGCs in the control brain, but not versus early-born DGCs in 

controls (Figure 2.4E). In addition, more SST interneurons provided inputs onto adult-

born DGCs as compared with early-born DGCs in the intact brain (Figure 2.4E). When 

we calculated the percentage of all dentate gyrus mCh+/GFP- presynaptic inputs that 

arose from SST interneurons, we found that a smaller fraction of inputs onto early-born 

DGCs after SE arose from SST interneurons as compared with early-born DGCs in 

controls or with adult-born DGCs in epileptic rats (Figure 2.4F). Together, these findings 

suggest that early-born DGCs in the epileptic brain are excessively disinhibited, and 

probably also reflect preferential sprouting of hilar SST interneurons onto adult-born 

neurons after SE to prevent loss of inhibition.  

Despite an overall loss, certain populations of interneurons are less affected by 

SE-induced death, including the PV-expressing basket cells (Sun et al., 2007). PV 

interneurons are a major GABAergic subtype in the dentate gyrus that primarily target the 

perisomatic regions and axon initial segments of DGCs. To explore changes in PV+ 

inputs, we triple labeled animals for GFP, mCh and PV (Figure 2.5A-D’) and examined 

mCh+/PV+ (GFP-negative) interneurons. We calculated the mean number of mCh+/PV+ 

interneurons per starter DGC and found more mCh+/PV+ interneurons projecting 

monosynaptically onto adult-born DGCs in the intact brain as compared with the other 

three groups (Figure 2.5E). No significant differences were observed in the ratio of 

mCh+/PV+ cells to all dentate gyrus mCh+ presynaptic input between any of the cohorts 
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(Figure 2.5F). Taken together, these findings suggest that early-born DGCs in the 

epileptic brain are excessively disinhibited, while hilar SST interneurons likely sprout 

preferentially onto adult-born neurons after SE. Moreover, adult-born DGCs in controls 

receive more inhibitory inputs than their early-born counterparts. 

Inputs from other regions of the hippocampus 

We next focused on potential innervation from hippocampal CA regions onto 

birthdated DGCs. Prior work supports the presence of intra-hippocampal projections into 

the dentate gyrus, particularly from CA3 pyramidal cells, under basal and pathological 

conditions (Li et al., 1994; Scharfman et al., 2000; Zhang et al., 2012). Remarkably, we 

found evidence of robust projections directly onto DGCs, particularly after SE, with the 

presence of mCh+ cells in CA3 and CA1 (Figure 2.6A-L). We also found sparse mCh-

labeled cells in area CA2 in all groups (data not shown). Presynaptic cells expressing 

mCh were present in all CA subregions in controls, and nearly all exhibited an interneuron 

morphology (Figure 2.6A, C). Although we found no significant differences in the mean 

number of CA3 mCh+ cells per starter cell between the four cohorts (Figure 2.6E), a 

much larger proportion of CA3 mCh+ inputs onto adult-born DGCs after SE arose from 

cells with pyramidal cell location and morphology (Figure 2.6B, D, F). Examination of 

CA1 showed significantly more mCh+ cells per starter cell in epileptic animals (Figure 

2.6G-K), particularly for early-born DGCs (Figure 2.6K), and more of these cells in both 

SE groups displayed a pyramidal neuron morphology and location than in controls 

(Figure 2.6L).  

Evidence in the literature suggests that CA1 pyramidal cells innervate the dentate 

gyrus in epilepsy models (Bausch and McNamara, 2000; Smith and Dudek, 2001; Vivar 
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et al., 2016), and recent work indicates that SST-expressing interneurons in CA1 sprout 

axon collaterals across the hippocampal fissure into the dentate gyrus after SE (Peng et 

al., 2013). RbV tracing showed significant numbers of mCh+ processes that appear to 

cross the hippocampal fissure in SE animals (Figure 2.6H, J, arrows). To further examine 

these projections, we injected a lentivirus carrying a CAMKIIα promoter driving a 

synaptophysin-GFP (CAMKIIα-Syp-GFP) fusion gene into CA1 of rats 3 weeks after SE 

or sham treatment to specifically label the axonal projections of pyramidal neurons 

(Figure 2.6M). In controls, labeled CA1 pyramidal cell processes appeared in strata 

radiatum and lacunosum moleculare, but largely respected the border of the hippocampal 

fissure and only rarely appeared to cross into the dentate gyrus (Figure 2.6N). In contrast, 

many more Syp-GFP-labeled processes in pilocarpine-treated rats appeared to cross the 

hippocampal fissure from CA1 into the dentate gyrus (Figure 2.6O, O’), supporting the 

potential of CA1 pyramidal neurons to innervate DGC dendrites after SE. Together, these 

findings suggest that substantial numbers of new excitatory feedback projections from 

CA3 and CA1 onto adult- and early-born DGCs arise in experimental TLE. 

Inputs from extra-hippocampal regions 

To assess the major long-distance afferent pathway onto DGCs, the perforant 

path, we explored whether SE alters RbV labeling in the entorhinal cortex. We identified 

mCh+ presynaptic neurons in the entorhinal cortex (Figure 2.7A-D) and quantified the 

average number of presynaptic inputs per starter cell. We found no statistically significant 

differences in the number of labeled entorhinal cortex neurons amongst the four groups 

(Figure 2.7E). We also found sparse inputs from the subiculum onto DGCs in all cohorts 

(Figure 2.7F-I) consistent with recent work describing these connections (Bergami et al., 
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2015). No statistically significant differences in the number of labeled subicular neurons 

were present between groups (Figure 2.7J). 

 

Discussion 

Here we combine RV birthdating with RbV retrograde trans-synaptic tracing to 

identify changes in monosynaptic inputs onto age-defined DGC populations in the intact 

and epileptic brain. Our results suggest that adult- and early-born DGCs show some 

similarities as well as distinct differences in seizure-induced plasticity in the epileptic 

hippocampus. We find that adult-born DGCs receive significant excitatory 

backprojections from CA3 pyramidal cells and substantial recurrent excitatory inputs from 

other DGCs. In particularly, adult-born DGCs are selectively targeted by hilar ectopic 

DGCs, representing a novel DGC-to-DGC recurrent excitatory pathway exclusively 

involving DGCs generated after SE. Interestingly, a significant proportion of presynaptic 

inputs onto early-born DGCs also arise from other DGCs after SE, albeit not as high as 

for adult-born DGCs. Early-born DGCs are preferential targets of CA1 pyramidal cell 

sprouting that likely involves pyramidal cell axons crossing the hippocampal fissure. In 

addition, early-born DGCs after SE display the least hilar PV and SST inhibitory inputs, 

while hilar SST interneurons likely sprout selectively onto adult-born DGCs. 

Recurrent DGC-to-DGC connections after SE 

We describe for the first time the finding that adult-born DGCs receive more 

recurrent excitatory inputs from hilar ectopic DGCs than do early-born DGCs that were 

mature at the time of SE. These changes may relate to the presence and positioning of 
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persistent HBDs on DGCs after SE (Spigelman et al., 1998; Buckmaster and Dudek, 

1999), a seizure-induced pathology that is unique to adult-born DGCs (Jessberger et al., 

2007; Walter et al., 2007; Kron et al., 2010). Indeed, hilar basal dendrites are known to 

receive excessive excitatory synapses (Ribak et al., 2000; Thind et al., 2008). Moreover, 

as adult-born-DGCs are undergoing developmental synaptogenesis, they demonstrate 

enhanced plasticity (Schmidt-Hieber et al., 2004; Ge et al., 2007) that likely heightens 

their potential for receiving new connections. While early-born DGCs in the epileptic brain 

appear to receive a similar proportion of all their presynaptic inputs from other DGCs as 

adult-born DGCs, the overall network-wide decrease in the number of inputs to early-born 

DGCs after SE makes DGC-to-DGC connections a more prominent proportion of their 

presynaptic inputs. 

We also show that adult-born DGCs in the intact brain receive inputs from other 

DGCs to a much greater extent than early-born DGCs, suggesting that intrinsic 

differences exist between these two populations. This idea is contrary to the long-held 

belief that fully mature adult-born DGCs are functionally indistinguishable from their early-

born counterpart and accumulating evidence suggests that adult-born DGCs contribute 

in a specific manner to learning and memory (McHugh et al., 2007; Aimone et al., 2009; 

Deng et al., 2010). In intact rodents, Timm staining to identify mossy fibers typically is the 

most pronounced in the dentate hilus but there exists faint staining in the granule cell 

layer suggesting minor DGC-to-DGC connections (Haug, 1974). While our work suggests 

that these connections exist, it is important to emphasize that they are relatively rare given 

the small number of adult-born neurons in intact animals compared to the total DGC 

population that receives DGC-to-DGC inputs after SE. Additionally, work using similar 
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RbV retrograde trans-synaptic tracing in mice suggests that DGCs synapse onto 

neighboring adult-born DGCs under normal, non-epileptic conditions (Vivar et al., 2016). 

Combined with our interneuron tracing findings, these results support the notion that the 

innervation of adult-born DGCs differs from that of their early-born counterparts. In the 

future, modeling studies that take into account these differential connections may inform 

mechanisms by which adult-born DGCs contribute to pattern separation and pattern 

completion functions of the hippocampus. 

Importantly, we did not observe differences in the number of presynaptic DGC 

inputs onto adult-born DGCs in epileptic versus intact rats. At first, this finding may seem 

counterintuitive to the notion that DGC-to-DGC connections increase onto adult-born 

DGCs after SE. However, based upon our data showing that DGC presynaptic inputs 

constitute a much smaller proportion of all inputs onto adult-born DGCs in controls, along 

with their lack of hilar ectopic DGC inputs, we reason that adult-born DGCs in the intact 

brain receive a significant amount of input from other cell types, most likely inhibitory 

interneurons, which counterbalances the increased DGC inputs. 

Inputs from SST and PV interneurons have different behaviors 

The extensive inhibitory interneuron network in the dentate gyrus consists of a 

diverse population of cell types including two important subtypes: the SST-positive and 

PV-positive interneurons. It has been estimated that up to 83 percent of the inhibitory 

interneurons lost in the dentate gyrus after SE are SST-positive (Buckmaster and Jongen-

Relo, 1999). However, surviving SST interneurons hypertrophy and undergo axonal 

sprouting (Mathern et al., 1995; Zhang et al., 2009). Our data suggest a loss of SST+ 

inputs onto early-born DGCs after SE, most likely due to the SE-induced death. On the 
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other hand, the adult-born DGC population shows greater proportions of mCh+ inputs 

that are SST+ than do the early-born DGC cohort after SE, suggesting that surviving SST 

interneurons preferentially sprout onto adult-born DGCs. Interestingly, the mean number 

of inputs from SST interneurons onto labeled DGCs is highest for adult-born neurons in 

controls. A potential reason for increased numbers of SST+ inputs onto adult- versus 

early-born DGCs in the intact brain is that they may help counterbalance increases in 

DGC inputs onto adult-born DGCs. An important caveat is that we cannot determine with 

these techniques whether a single SST interneuron is connected to one or multiple 

postsynaptic starter DGCs. Thus, it is possible that adult-born DGCs after SE receive 

similar numbers or even increased SST+ synapses compared to controls, but they simply 

arise from fewer SST+ cells. In contrast to the SST population, the PV interneurons are 

relatively resistant to SE-induced death (Sun et al., 2007) and we found similar numbers 

of PV+ inputs onto early-born DGCs in SE and control animals. Furthermore, we found 

more PV+ inputs onto adult-born than early-born DGCs in controls, similar to what was 

seen for SST+ inputs.  

Extensive feedback connections from the hippocampus proper after SE 

Hippocampal CA3 pyramidal cells are the main targets of DGC mossy fiber axons 

as part of the classic trisynaptic circuit. Previous work indicates low levels of CA3 

backprojections onto DGCs, particularly at the CA3/hilar border, with most of the 

backprojecting cells identified as inhibitory interneurons (Li et al., 1994; Bergami et al., 

2015; Vivar et al., 2016). We found evidence of mostly CA3 inhibitory synapses onto 

DGCs under basal conditions. In the chronically epileptic brain, tracing studies suggest 

that CA3 pyramidal cells project axon collaterals into the dentate gyrus (Siddiqui and 
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Joseph, 2005) and electrophysiological recordings reveal functional evidence of CA3 

pyramidal cell to DGC connections (Scharfman et al., 2000; Zhang et al., 2012). Our data 

support and extend this work with the finding of extensive CA3 pyramidal cell 

backprojections onto adult-born DGCs, and to a lesser extent onto early-born DGCs, in 

the epileptic brain. The preferential targeting of CA3 pyramidal cell axons onto adult-born 

DGCs after SE may reflect the proximity of hilar ectopic DGCs or persistent HBDs to 

backprojecting pyramidal cell axons. 

Surprisingly, we found RbV-traced CA1 pyramidal cells, suggesting that they 

sprout axon collaterals across the hippocampal fissure to directly innervate DGCs. 

Although the finding was unexpected, rare monosynaptic connections from CA1 onto 

adult-born DGCs in intact mice have been reported in RbV tracing studies (Vivar et al., 

2016), and CA1 pyramidal cells exhibit axonal sprouting in various epilepsy models 

(Perez et al., 1996; Esclapez et al., 1999; Bausch and McNamara, 2000, 2004). Recent 

work also indicates that SST interneurons in CA1 project axon collaterals across the 

hippocampal fissure to form functional synapses onto DGCs in the mouse pilocarpine 

TLE model (Peng et al., 2013). Our tracing studies are consistent with and augment their 

results as we also see increased numbers of mCh/SST, as well as mCh/PV, co-labeled 

interneurons in CA1 after SE. These connections also were traced in control brains, albeit 

at much lower levels. We observed CA1 inputs preferentially onto early-born DGCs in the 

epileptic rats. This selectivity may relate to the fact that, unlike DGCs generated after SE, 

dendrites of the mature pre-existing DGCs already extend into the middle and outer 

molecular layers in the first few weeks after SE when much of the axonal reorganization 

is occurring. 
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The dentate ‘gate’ hypothesis proposes that the dentate gyrus acts as a gate that 

tempers hippocampal excitability through the relatively high threshold for activation of 

DGCs (Lothman et al., 1992). Previous work suggests that recurrent seizures in 

experimental TLE may reflect a breakdown of the dentate gate (Heinemann et al., 1992; 

Krook-Magnuson et al., 2015). We found increased recurrent excitatory DGC-to-DGC 

inputs, increased recurrent backprojections from CA3 pyramidal cells onto adult-born 

DGCs, and increased CA1 pyramidal cell sprouting onto early- and adult-born DGCs after 

SE (Figure 2.8). These changes support a case for a breakdown of the dentate gate 

where excessive, aberrant excitatory connections lead to the development of seizures. 

Some limitations of the present work warrant discussion. First, we were unable to 

identify RbV-labeled inputs from hilar mossy cells in either epileptic or control brains. This 

result is likely because hilar mossy cells are an extremely vulnerable population such that 

the RbV may have induced death of traced mossy cells rapidly after retrograde spread. 

While other groups have shown mossy cell labeling in mouse RbV tracing studies (Vivar 

et al., 2012; Deshpande et al., 2013), species differences between rat and mouse (e.g., 

mossy cells express calretinin in mouse but not rat) may account for the discrepancy. 

Second, we cannot distinguish specific patterns of inputs onto normotopic versus starter 

cells with aberrant morphology after SE. Targeting specific starter DGCs at a single cell 

level to trace inputs onto individual DGCs with differing seizure-induced morphology is a 

challenge for future work. Exploring other interneuron subtypes not examined in this 

study, both within the dentate gyrus and the hippocampus proper, is also an important 

future direction. Regarding the specificity of RbV retrograde trans-synaptic tracing, 

evidence suggests that RbV travels across chemical synapses (Ugolini, 1995; Tang et 
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al., 1999; Morcuende et al., 2002). However, its mechanism of retrograde transport is still 

not fully understood and it remains possible that RbV can spread in other ways. 

Additionally, we most likely identified only a fraction of all the existing presynaptic inputs 

onto starter cells in our studies as we are limited by factors such as the amount of time 

before RbV begins to elicit cell death as well as less well-understood issues such as how 

retrograde spread is affected by neuronal subtype, synaptic density, strength and activity 

(Callaway and Luo, 2015). There is recent evidence that an improved glycoprotein may 

facilitate more robust retrograde spread of RbV (Kim et al., 2016) which may aid in 

identifying other inputs , particularly long-distance projections that were not characterized 

in detail in these studies. 

In summary, our dual-viral tracing strategy provides unique insight into inherent 

differences in first-order presynaptic inputs onto adult- and early-born DGCs under both 

control and epileptic conditions. We identify novel connectivity as well as differences in 

existing inputs, and found that adult-born and early-born DGCs have unique properties 

and afferent connections that may contribute to aspects of epileptogenesis. An important 

focus for future studies is the functional consequences of these different inputs and how 

they alter network physiology. Such work should inform future efforts for developing 

therapeutics that strategically target aberrant populations of DGCs for the treatment or 

prevention of TLE. 
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Notes to Chapter 2 

A modified version of this chapter was accepted for publication as: 
 
Du X, Zhang H, Parent JM (2017) Rabies Tracing of Birthdated Dentate Granule Cells in 

Rat Temporal Lobe Epilepsy. Annals of Neurology, in press. 
 
  
Helen Zhang generated the RV and RbV constructs. Andrew Tidball generated the 
lentivirus. 
 
 
We thank Ed Callaway and Fred Gage for providing the viral constructs; Sam Pleasure 
for providing the Prox1 antibody; Ali Althaus for her contributions to this work. 
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Figure 2.1. RV-RbV dual-viral tracing of presynaptic inputs onto early- and adult-
born DGCs. 
(A) RV-Syn-GTR injection into the dentate gyrus birthdates dividing DGC progenitors with 
GFP and renders them competent for RbV-mCh infection 8-10 weeks later. The 
expression of Rgp by RV-Syn-GTR restricts RbV-mCh spread to only one synapse, 
thereby selectively labeling first-order presynaptic inputs with mCh. (B) Experimental 
paradigm: RV-Syn-GTR is injected into bilateral dentate gyri at either P7 or P60 to 
birthdate early- or adult-born DGCs. Rats are treated with pilocarpine (SE) or vehicle 
(sham) at P56 and RbV-mCh is injected 8-10 weeks later. Animals are euthanized 1 week 
after RbV-mCh injection. (C, D) Confocal images of brain slices showing dual-viral tracing 
of early- (C) and adult-born (D) DGCs in controls. There are presynaptic inputs from 
known areas that target DGCs such as the dentate hilus (insets), entorhinal cortex (EC), 
supramammillary nucleus (SUP), and septum (right panels). Note that GFP+/mCh+ 
(yellow) cells are starter DGCs and their presynaptic inputs are mCh+ only. Bisbenzimide 
nuclear stain is shown in blue. Scale bars represent 100 μm (40 μm for insets).  
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Figure 2.2. RbV-mCh retrograde spread in epileptic and control rats is dependent 
on the presence of Rgp. 
(A) Confocal image of GFP labeling in the dentate gyrus of a control animal injected with 
RV-Syn-GTR at P60 to label adult-born DGCs. (A′) GFP/mCh double labeling (same 
image as in A) showing that GFP+/mCh+ starter cells (arrows in inset) appear after RbV-
mCh injection 8-10 weeks later, as well as traced mCh+ only presynaptic inputs 
(arrowheads in inset). (B) Confocal image from a pilocarpine-treated rat injected with RV-
Syn-GTR at P60 showing increased GFP labeling, including the appearance of GFP+ 
hilar ectopic adult-born DGCs. (B′) RbV-mCh tracing (same image as in B shows robust 
mCh+ only labeling in the hilus in addition to the presence of starter hilar ectopic 
GFP+/mCh+ DGCs. (C, D) Confocal image of GFP labeling in the dentate gyrus after 
control RV (con-RV) was injected into sham or epileptic rats at P60. (C′, D′) Without Rgp, 
RbV-mCh enters GFP+ cells to generate starter cells (yellow), but it cannot travel 
retrogradely as demonstrated by the lack of mCh+ only cells. Bisbenzimide nuclear stain 
shown in blue. Scale bars represent 100 μm (50 μm for inset). 
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Figure 2.3. Prox1+ DGC inputs onto early- and adult-born DGCs differ in the sham 
versus epileptic brain. 
(A-D) Four cohorts of animals were used for the experimental paradigm. Representative 
confocal images of GFP/mCh double labeling in sham (A, C) and epileptic (B, D) dentate 
gyri that were injected with RV-Syn-GTR at P60 to label adult-born DGCs (A, B) or at P7 
to label early-born DGCs (C, D). (A′-D′) The same sections as in A-D labeled for Prox1 
to identify DGCs (GFP and mCh were removed for clarity). Insets are high magnification 
images of mCh+ only cells that are also Prox1+ corresponding to the outlined areas in A-
D. Arrows in B and B′ show a traced mCh+ only/Prox1+ presynaptic hilar ectopic DGC. 
(E) Quantification of average number of mCh+/Prox1+ (GFP-) presynaptic DGCs in the 
granule cell layer (GCL, left) and the hilus (right) per starter DGC. (F) Quantification of 
the percentage of all dentate gyrus mCh+ only inputs that were also Prox1+ in the granule 
cell layer (left) and the hilus (right). Scale bars represent 100 μm (50 μm for insets). (n = 
5-6 animals per group, *p<0.05, **p<0.01, ***p<0.001). 
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Figure 2.4. RbV tracing of hilar somatostatin-expressing interneuron inputs onto 
birthdated DGCs. 
(A-D) Representative confocal images of the dentate gyrus from each of the four groups 
of animals immunolabeled for GFP and mCh. (A′-D′) Triple labeling with SST in the same 
sections in A-D (GFP and mCh were removed for clarity). Insets show examples of mCh+ 
only traced inputs that were also SST+. Note that after SE, fewer SST+ cells are present 
but the surviving cells hypertrophy (B′ and D′). (E) Quantification of the mean number of 
mCh+ only presynaptic inputs that are also SST+ normalized to the number of starter 
cells. (F) Quantification of the proportion of total dentate gyrus mCh+ only presynaptic 
inputs that are also SST+. Scale bars represent 100 μm (50 μm for insets). (n = 5-6 
animals per group, *p<0.05, **p<0.01, ***p<0.001). 
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Figure 2.5. RbV tracing of dentate gyrus parvalbumin-expressing interneuron 
inputs onto birthdated DGCs. 
(A-D) Representative confocal images of the dentate gyrus from each of the four groups 
of animals immunolabeled for GFP and mCh. (A′-D′) Triple immunostaining with PV in 
the same sections in A-D (GFP and mCh were removed for clarity). Insets are high 
magnification views of mCh+ only cells that are also PV+. (E) Quantification of the mean 
number of inputs from PV interneurons normalized to the number of starter cells. (F) 
Quantification of the percentage of all dentate gyrus presynaptic mCh+ only inputs that 
are also PV+. Scale bars represent 100 μm (50 μm for insets). (n = 5-6 animals per group, 
*p<0.05, **p<0.01). 
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Figure 2.6. Hippocampal CA3 and CA1 pyramidal cells innervate DGCs in the 
epileptic brain. 
(A-D) Representative confocal images of mCh immunolabeling of the hippocampal CA3 
region for the four groups of animals. Note the increase in mCh+ cells with pyramidal 
neuron morphology within stratum pyramidale (s.p.) in the SE groups (B, D). (E) 
Quantification of the ratio of total mCh+ only cells in CA3 to total starter DGCs amongst 
the four cohorts. (F) Quantification of the percentage of all traced mCh+ only CA3 
pyramidal vs. non-pyramidal cells. Dark gray represents pyramidal cells while white 
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represents putative interneurons. (G-J) Representative confocal images of mCh 
immunolabeling in the CA1 region for the four groups. Note mCh+ fibers extending 
towards the dentate gyrus in epileptic rats (arrows in H, J). The dentate gyrus is at the 
lower right in G-J. (K) Quantification of the ratio of mCh+ cells in CA1 to total starter DGCs 
in each group. (L) Quantification of the percentage of all CA1 mCh+ only cells stratified 
into pyramidal vs. non-pyramidal cells. Dark gray represents the proportion of pyramidal 
cells while white represents putative inhibitory neurons. (M) Schematic showing the 
location of the injection of CAMKIIα-Syp-GFP lentivirus. (N) Representative confocal 
image of Syp-GFP labeled CA1 pyramidal cells from a sham animal. The dashed line 
represents the hippocampal fissure separating CA1 from the dentate gyrus (DG). Note 
that nearly all GFP+ processes terminate at the hippocampal fissure. (O) Representative 
confocal image of Syp-GFP labeled CA1 pyramidal cells from an epileptic animal. Note 
the abundant processes from CA1 that appear to cross the hippocampal fissure (white 
dashed line) into the dentate gyrus. (O′) Magnification of the region demarcated by the 
white solid box in O. Bisbenzimide nuclear stain in blue for all photomicrographs. Scale 
bars represent 100 μm. s.o., stratum oriens; s.p., stratum pyramidale; s.l.m., stratum 
lacunosum-moleculare. (n = 5-6 animals per group, *p<0.05, **p<0.01, ***p<0.001). 
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Figure 2.7. Quantification of entorhinal cortex and subicular inputs. 
(A-D) Example images of inputs from the entorhinal cortex of all four groups. (E) 
Quantification of mCh+ only inputs from the entorhinal cortex to the ratio of starter cells. 
(F-I) Representative images of inputs from the subiculum of all four groups. (J) Analysis 
of the ratio of mCh+ only subicular cells to the number of starter cells. Bisbenzimide 
nuclear stain shown in blue. Scale bars represent 100 μm. (n = 5-6 animals per group). 
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Figure 2.8. Hippocampal circuitry remodeling in the epileptic brain. 
(A) Schematic of the control hippocampus displaying inhibitory inputs (yellow and orange) 
from the dentate hilus, CA3, and CA1 onto early- (filled green cell bodies) and adult-born 
(open green cell bodies) DGCs. Sparse DGC-DGC connections are also shown. (B) 
Schematic of the epileptic brain demonstrating increased recurrent DGC-DGC 
connections onto both early- and adult-born DGCs after SE. Preferential inputs from hilar 
ectopic DGCs to adult-born DGCs also arise. CA3 pyramidal cells sprout axonal 
backprojections preferentially onto adult-born DGCs and CA1 pyramidal neurons project 
axons across the hippocampal fissure onto early-born, and to a lesser extent, adult-born 
DGCs. ML, molecular layer; GCL, granule cell layer. 
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Chapter 3 

Potential Mechanisms of Protocadherin-19 in Early Infantile Epileptic 
Encephalopathy type 9 

Summary 

Protocadherin-19 (PCDH19) Female Limited Epilepsy (FLE), also known as Early 

Infantile Epileptic Encephalopathy type 9 (EIEE9), is a pediatric epilepsy that is caused 

by mutations in the PCDH19 gene on the X-chromosome. PCDH19 is a member of the 

cadherin superfamily of cell-cell adhesion molecules that has been shown to participate 

in homophilic binding. While the normal function of PCDH19 remains unknown, other 

members of the protocadherin family have been shown to be critical for neural 

development. Perhaps the most interesting feature of PCDH19 FLE is its inheritance 

pattern: females who carry heterozygous PCDH19 mutations are affected with seizures 

and cognitive impairment while mutation-carrying males are asymptomatic. This atypical 

genotype-phenotype correlation is perhaps best explained by the cellular interference 

hypothesis. The hypothesis postulates that random X-inactivation in females with 

heterozygous PCDH19 mutations leads to two different cell populations, one expressing 

wild type (WT) PCDH19 and the other expressing mutant PCDH19, and that these two 

cell populations interact aberrantly to cause the disorder. The hypothesis is consistent 

with the fact that cells of unaffected carrier males with germline mutations only express 
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mutant PCDH19 and thus do not develop the disorder, while mosaic males exhibit typical 

EIEE9 phenotypes. To further test this hypothesis and explore EIEE9 mechanisms in 

human neurons, we generated induced pluripotent stem cells (iPSCs) from two female 

patients with clinical PCDH19 FLE and associated pathogenic mutations in PCDH19. We 

found that cortical-like excitatory neurons differentiated from FLE patients have atypical 

outgrowth of processes and accelerated maturation, as well as increased excitability on 

multielectrode array (MEA) recordings. We also found that inhibitory interneurons derived 

from FLE patient iPSCs have atypical morphology and increased MEA activity. 

Additionally, we used CRISPR/Cas9 technology to generate a PCDH19-null male iPSC 

line. We mixed this line with WT PCDH19-expressing isogenic controls to recapitulate the 

mosaic male phenotype in vitro. When we differentiated mixed WT/PCDH19-null male 

iPSCs into cortical-like excitatory neurons, we found atypical segregation of the two cell 

populations accompanied by decreased activity. Lastly, we differentiated mixed cultures 

into inhibitory interneurons and found increased neuronal firing activity, similar to the 

female FLE lines. Our results support the cellular interference hypothesis and suggest 

that aberrant cell-cell interactions of cortical neurons alter brain development and 

contribute to epileptogenesis. 

Introduction 

PCDH19 FLE, also known as EIEE9 and formerly called Epilepsy in Females with 

Mental Retardation (EFMR), is a form of pediatric epilepsy that presents with early-onset 

seizures, cognitive impairment and behavioral problems (Juberg and Hellman, 1971; 

Scheffer et al., 2008). The intellectual disability ranges from none to severely impaired 

while MRIs from patients reveal no structural brain abnormalities (Scheffer et al., 2008). 
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It is now known that PCDH19 FLE is caused by de novo or inherited (from an affected 

female or unaffected carrier male) loss-of-function mutations in the PCDH19 gene on the 

X-chromosome (Dibbens et al., 2008). PCDH19 encodes for a calcium-dependent cell-

cell adhesion protein in the cadherin superfamily that has been shown to be widely 

expressed in the central nervous system (CNS) of mammals, including humans, at 

different developmental stages (Gaitan and Bouchard, 2006; Kim et al., 2010; Uhlen et 

al., 2015). As a member of the δ2 protocadherin subfamily, PCDH19 demonstrates weak 

homophilic binding properties (Hirano et al., 1999; Tai et al., 2010). Almost all of the 

pathogenic mutations reported to date are found in exon 1 of the PCDH19 gene (Dibbens 

et al., 2008; Depienne et al., 2009), which encodes for the extracellular domain 

responsible for the cellular adhesion properties of the protein (Figure 3.1A) and is highly 

conserved across species (Depienne et al., 2011). Truncation mutations or deletions of 

the gene also cause FLE, however, consistent with loss-of-function. Additionally, 

PCDH19 has been shown to interact with N-cadherin and this interaction is important for 

cell migration during early zebrafish brain development (Biswas et al., 2010; Emond et 

al., 2011). 

While the specific biological role of PCDH19 remains unclear, several other 

protocadherins are thought to influence various aspects of neural development, including 

cell migration, dendritic patterning, synaptic pruning, and axonal outgrowth (Uemura et 

al., 2007; Aamar and Dawid, 2008; Piper et al., 2008; Tsai et al., 2012; Hoshina et al., 

2013; Biswas et al., 2014; Hayashi et al., 2014). Lefebvre et al. found that knocking out 

the 22 genes of the protocadherin γ-subcluster (Pcdhg) in mice disrupts neuronal 

dendritic tiling and self-avoidance. Furthermore, restoring a single isoform of the Pcdhg 
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cluster rescued the dendritic phenotype, indicating that high levels of redundancies of 

protocadherins exist in mice (Lefebvre et al., 2012). Other groups have demonstrated that 

γ-protocadherins participate in homophilic cell-cell binding to regulate dendritic 

arborization and spine formation (Garrett et al., 2012; Molumby et al., 2017). Molumby et 

al. recently suggested that protocadherins regulate the dendritic complexity of developing 

cortical neurons depending on whether an individual cell and its neighboring neurons 

express the same or different isoforms of protocadherins (Molumby et al., 2016). These 

studies suggest that protocadherins mediate critical aspects of interneuronal 

communication via homophilic interactions. 

PCDH19 FLE has a highly unusual mode of inheritance: only females with 

heterozygous mutations of PCDH19 develop the disorder while mutation-carrying males 

are unaffected (Ryan et al., 1997). This is atypical for X-linked disorders in which males 

are usually more severely affected than females. This unique inheritance pattern is 

thought to arise from developmental defects related to abnormal cell-cell interactions 

between mixed WT and mutant populations, a concept known as cellular interference 

(Johnson, 1980; Wieland et al., 2004). Because of random X-inactivation in females, both 

WT and mutant PCDH19-expressing cells arise during development. These cells, 

including neurons, are postulated to interact aberrantly thereby leading to the neurological 

changes. Supporting this theory, several cases of EIEE9 have been described in males 

who have somatic mosaicism for pathogenic mutations of PCDH19 (Depienne et al., 

2009; Terracciano et al., 2016; Thiffault et al., 2016). Furthermore, another disorder, 

craniofrontonasal syndrome (CFNS), shares a similar X-linked dominant with male 

sparing inheritance pattern (Saavedra et al., 1996). CFNS manifests with skeletal 
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abnormalities and has been linked to mutations in the EFNB1 gene which encodes for 

the Ephrin-B1 protein (Wieland et al., 2004). In Efnb1+/- transgenic mice, as a result of 

random X-inactivation, Efnb1-positive and Efnb1-negative cells self-segregate into 

separate compartments, evidence for the cellular interference hypothesis in this disease. 

This segregation of cells leads to various skeletal abnormalities and defects such as 

polydactyly (Compagni et al., 2003). Despite the distinct phenotypes in the Efnb1+/- 

mouse, Pcdh19+/ β-Geo heterozygous knockout mice demonstrate no overt anatomical or 

functional phenotypes (Pederick et al., 2016). This finding may partially be explained by 

the reported high levels of redundancies in mouse protocadherins (Lefebvre et al., 2012).  

To understand how mutations in PCDH19 impact neural development, we use 

iPSC methods for disease modeling in patient-derived neurons (Takahashi et al., 2007; 

Yu et al., 2007). The difficulty in establishing a phenotype in the heterozygous mouse 

model highlights the potential drawbacks of animal studies and the importance of using 

human-based systems. In addition to being able to model diseases in human cells, iPSCs 

have the added advantage of being a renewable source of cellular material for us to 

generate multiple cellular lineages of interest. Lastly, key differences exist between 

primate and rodent neural development, one of which is the presence versus relative 

absence of an outer SVZ (oSVZ) (Smart et al., 2002; Zecevic et al., 2005). The oSVZ is 

a neurogenic region that is largely absent in rodents but has been shown to contribute 

significantly to primate, including human, cortical expansion (Fietz et al., 2010; Hansen 

et al., 2010). Previous studies show that outer radial glia cells (oRGs), the progenitor 

population in the oSVZ, are recapitulated in human iPSC-derived neuronal cultures (Shi 

et al., 2012b; Lancaster et al., 2013; Qian et al., 2016). 
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We reprogrammed somatic cells, specifically dermal fibroblasts, and established 

iPSC lines from two female PCDH19 FLE patients who have confirmed pathogenic 

mutations of PCDH19, one asymptomatic mutation-carrying father of one of the patients, 

as well as an unaffected female control. Additionally, we took advantage of the 

CRISPR/Cas9 genome editing technology to delete PCDH19 in a control male iPSC line 

to generate a “virtual” unaffected mutation-carrying male. We differentiated cortical-like 

excitatory neurons as well as cortical-like medial ganglion eminence (MGE)-derived 

inhibitory interneurons and found that patient cells have abnormal rosette formation, 

processes outgrowth, cell-cell segregation and hyperactivity. 

Materials and methods 

Guide RNA design and px330 annealing 

A single-guide RNA (sgRNA) for CRISPR/Cas9 targeting of exon 1 of the PCDH19 

gene was designed using the MIT CRISPR design tool with sequence as follows: 5′ 

ggagttggacaccacgcxgaa 3′. The sgRNA sequence was designed to generate 

insertions/deletions (indels) leading to a frameshift mutation that would result in a 

complete loss-of-function of the PCDH19 gene. Forward and reverse oligonucleotides 

with the appropriate 5′ overhang were obtained (Invitrogen). The px330 (WT Cas9) 

plasmid was digested with Bbs1 (New England Biolabs) and the pair of annealed oligos 

were then ligated with the T4 ligase into the vector. 

Reprogramming of iPSCs 

Skin biopsy-derived fibroblasts were obtained from the University of Michigan 

Institute for Clinical and Health Research as well as Stanford University (a gift from 
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Ricardo Dolmetsch, Stanford University, Palo Alto, CA) under a protocol approved by the 

University of Michigan Institutional Review Board. Fibroblasts were maintained in 

fibroblast medium containing: DMEM, 10% fetal bovine serum (FBS), 1× GlutaMAX and 

50 U/mL of Penicillin/Streptomycin (P/S). Fibroblasts were reprogrammed using 1 μg of 

episomal expression plasmids (pCXLE-hOCT3/4-p53 shRNA, pCXLE-hUL and pCXLE-

hSK) electroporated into 1×105 fibroblasts using the Neon Electroporation System 

(Invitrogen) with a 100 μL kit as described previously (Okita et al., 2011). Conditions for 

electroporation were 1650 volts, 10 ms pulse width and 3 pulses. For simultaneous 

reprogramming with CRISPR/Cas9 to generate PCDH19-null male lines, 1 μg of 

CRISPR/Cas9 plasmid (px330; Addgene) was also added during reprogramming. 

Fibroblasts were then plated in a Matrigel-coated 6-well plate in fibroblast medium for 3 

days with daily media changes before the medium was replaced with TeSR-E7 

(STEMCELL Technologies). 

iPSC colony isolation and maintenance 

TeSR-E7 was changed daily until the appearance of iPSC colonies approximately 

14-21 days later. iPSCs were then manually isolated and cultured in Matrigel-coated 

plates under feeder-free conditions on Matrigel in TeSR-E8 medium (STEMCELL 

Technologies) supplemented with 10 μM ROCK inhibitor (Y27632; Tocris Bioscience) 

Media was changed the next day without Y27632 and replaced daily thereafter. iPSCs 

were manually passaged when the cultures reached ~75% confluency and 10 μM of 

Y27632 was added the day of passaging. 

For simultaneously reprogramming with CRISPR/Cas9 editing, iPSC colonies 

emerged approximately 14-21 days after electroporation. To eliminate the possibility of 
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multiple genotypes, small, individual colonies with no evidence of multiple merged clones 

were isolated and transferred into a Matrigel coated 96-well plate containing mTeSR1 

(STEMCELL Technologies) supplemented with 10 μM Y27632. Colonies were 

maintained in mTESR1 with daily media changes. 

Selection of CRISPR clones 

Genomic DNA was isolated from the 96-well plate using the ZR-96 Quick-gDNA 

Kit (Zymo Research) following the manufacturer recommended protocol. For Sanger 

sequencing, PCR primers were designed to amplify a 200-250 bp product evenly flanking 

the CRISPR/Cas9 cut site with sequences shown in Table 1. The PCR product was 

purified using the ZR-96 DNA Clean-up Kit (Zymo Research) and samples were 

submitted to the University of Michigan Sequencing Core for Sanger sequencing. Two 

clones that had a 2 bp and a 5 bp deletion, respectively, were selected as the deletion 

was predicted to result in a loss-of-function frameshift mutation. 

Characterization of patient iPSC cells 

For sequencing and quantitative real-time PCR (qRT-PCR) experiments, RNA was 

extracted from iPSCs using the RNeasy Mini Kit (Qiagen) according to manufacturer’s 

recommended protocol. 1 μg of RNA template was used to synthesize cDNA using the 

SuperScript III First-Strand Synthesis Kit (Invitrogen) according to manufacturer’s 

recommended protocol. To confirm the expression of WT and mutant PCDH19 in the 

PCDH19 FLE patient with a heterozygous c.602 A>C missense mutation in exon 1 of the 

PCDH19 gene (FLE1) by Sanger sequencing, PCR primers were designed that flanked 

the site with sequences shown in Table 1. Samples were submitted to the University of 
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Michigan Sequencing Core for Sanger sequencing. qRT-PCR was performed using 5 ng 

of cDNA template with SYBR Green detection (Applied Biosystems) using the 

QuantStudio 3 Real-Time PCR System (Applied Biosystems). Primers used are shown in 

Table 2. Karyotyping analysis by standard G-banding technique was performed and 

interpreted by Cell Line Genetics. 

RNA fluorescence in situ hybridization (RNA FISH) was performed using probes 

for human XIST (A gift from Sundeep Kalantry, University of Michigan, Ann Arbor, MI). 

Cells mounted on coverslips were dehydrated through a series of 70%, 85%, 95% and 

100% ethanol solutions and then air-dried. The cells were subsequently hybridized with 

XIST probe overnight in a humid chamber at 37°C. The next day, cells were washed at 

39°C through a series of 1X saline-sodium citrate (SSC)/50% formamide, 2X SSC and 

1X SSC solutions. Cell nuclei were counterstained using DAPI. 

Differentiation of iPSCs into forebrain specific progenitors and cortical-like neurons 

Cortical-like excitatory neurons were generated using dual SMAD inhibition 

following an established protocol (Shi et al., 2012a; Shi et al., 2012b). iPSCs were 

dissociated using Accutase (Innovative Cell Technologies) and 1 × 106 cells were plated 

on Matrigel-coated dishes in TeSR-E8 supplemented with Y27632. The next day, media 

was changed to neural induction media which contained neural maintenance media (3N) 

supplemented with 1 μM Dorsomorphin (Tocris Biosciences) and 10 μM SB431542 

(Tocris Biosciences). 3N media contains a 1:1 mixture of DMEM/F12 and Neurobasal 

media with 1× N2, 1× B27, 1× MEM non-essential amino acids (NEAA), 1× GlutaMAX, 

50 U/mL P/S, 5 μg/mL insulin and 1× β-mercaptoethanol (BME). Cells were maintained 

in neural induction media with daily media changes for 10-12 days at which point the 
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primitive neuroepithelium was dissociated using Dispase (Gibco) and re-plated on 

Matrigel-coated 6-well plates in 3N medium. When the neural epithelium formed rosettes, 

media was supplemented with 20 ng/mL fibroblast growth factor-2 (FGF2; Peprotech) for 

4 days for the expansion of neural stem cells. Rosettes were dissociated with Dispase 

and re-plated on Matrigel-coated 6-well plates and maintained in 3N media. At this point, 

rosettes were either fixed for analysis or passaged using Accutase for maturation of 

cortical-like excitatory neurons. Final plating of neurons for histology was performed on 

poly-L-ornithine (PLO)/laminin coated coverslips in 3N media. Media was replaced every 

other day and was supplemented with 200 nM γ-Secretase Inhibitor XXI (Compound E; 

EMD Millipore) for the first 7 days to inhibit cell division and promote maturation. 

Differentiation of iPSCs into MGE-derived inhibitory interneurons 

GABAergic interneurons were differentiated from iPSCs following an established 

protocol (Liu et al., 2013a; Liu et al., 2013b) using the sonic hedgehog agonist, 

purmorphamine, for patterning. iPSC colonies were lifted using Dispase and re-

suspended as embryoid bodies (EBs) in ultra-low attachment flasks in human pluripotent 

stem cell medium (hPSCM) containing: DMEM/F12, 20% knockout serum replacement, 

1× GlutaMAX, 1× MEM NEAA and 1× BME supplemented with 4 ng/mL of FGF2 and 10 

μM of Y27632. hPSCM was replaced the next day but without Y27632. On day 4, medium 

was changed to neural induction medium (NIM) which contained DMEM/F12, 1× MEM 

NEAA, 1× N2 and 2 μg/mL heparin. Medium was changed every other day until day 7 

when EBs were plated on Matrigel-coated 6-well plates. EBs were allowed to attach and 

medium was changed every other day until day 10 when neural rosettes appeared. At 

this point, media was supplemented with 1.5 μM purmorphamine (StemGent) with media 
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changes every other day. At day 16, neural rosettes with columnar appearances were 

manually isolated and re-suspended as neurospheres in ultra-low attachment flasks in 

NIM supplemented with 1× B27 and 1.5 μM purmorphamine. Media was changed every 

other day until day 26 when neurospheres were dissociated with glass pipettes for final 

plating. Single cells were plated on PLO/laminin-coated coverslips in neural differentiation 

medium containing Neurobasal, 1× NEAA, 1× N2 and 2 μg/mL heparin supplemented 

with 1 μM dibutyryl cyclic-AMP (dbcAMP; Sigma), 10 ng/mL brain-derived neurotrophic 

factor (BDNF; Peprotech), 10 ng/mL glial cell-line derived neurotrophic factor (GDNF; 

Peprotech) and 10 ng/mL insulin-like growth factor-1 (IGF-1; Peprotech). Media was also 

supplemented with 200 nM Compound E for the first 7 days. 

MEA recordings 

A multi-well MEA system (Axion Biosystems) was used for recording the functional 

activity of neurons. MEA plates were composed of 96 wells with each well containing an 

array of eight electrodes for recording. Wells were coated with a polyethylenimine 

(PEI)/laminin solution prior to culturing of neurons. Both excitatory and inhibitory 

interneurons were plated at a density of 150,000 cells/well in Brainphys (STEMCELL 

Technologies) supplemented with 20 ng/mL BDNF, 20 ng/mL GDNF and 200 μM 

dbcAMP; for inhibitory interneurons, 10 ng/mL IGF-1 was also included in the media. 

Media was changed every other day with compound E supplemented for the first 7 days. 

Spontaneous activity recordings were performed for 5 minutes at 37°C once per 

week starting at approximately 3 days after plating and continuing until day 35. All 

channels on the MEA were sampled simultaneously at a sampling rate of 12.5 

kHz/channel with a bandpass Butterworth filter (200 Hz – 3 kHz). A spike detector with 
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adaptive threshold crossings set at 6x standard deviations with a burst detector set at 100 

ms inter-spike interval threshold were also applied. 

Immunocytochemistry 

Cells were fixed with 4% PFA at room temperature for 20 minutes and processed 

with standard fluorescent immunocytochemistry (ICC) techniques. Cells were blocked 

with blocking buffer comprised of 1x phosphate buffered saline (PBS), 10% normal goat 

or horse serum, 2% bovine serum albumin (BSA) and 0.05% Triton-X. The following 

primary antibodies were used: chicken anti-GFP (1:1000, Aves), rabbit (Rb) anti-dsRed 

(1:1000, Clontech), mouse (Ms) anti-mCherry (1:1000, Clontech), Ms anti-SSEA4 (1:200, 

DSHB), Rb anti-Nanog (1:500, Abcam), Goat (Gt) anti-Oct3/4 (1:100, Santa Cruz), Rb 

anti-Sox2 (1:5000, Chemicon), Ms anti-Nestin (1:300, Millipore), Rb anti-Pax6 (1:300, 

Covance), Rb anti-PKCγ (1:500, BD Transduction Laboratories), N-cadherin (1:500, Life 

Technologies), Rb anti-Doublecortin (DCX; 1:500, Abcam), Ms anti-MAP2ab (1:500, 

Sigma), Rb anti-H3K27me3 (1:500, Millipore), Rb anti-Tbr1 (1:300, Millipore), Rt anti-

Ctip2 (1:300, Abcam), Ms anti-Satb2 (1:100, Abcam), Ms anti-Tuj1 (1:2000, Covance), 

Rb anti-Somatostatin (1:500, Peninsula Labs) and Rb anti-GABA (1:2000, Sigma). 

Secondary antibodies (Alexa Fluor, 1:400 dilution, Invitrogen) used were: Gt anti-chicken 

488, Gt anti-rat 488, Donkey anti-Gt 488, Gt anti-rabbit 488, 594 or 647, Gt anti-mouse 

488, 594 or 647. Nuclei were counterstained with bisbenzimide. 

Microscopy 

Images were acquired with a Leica TCS SP5X Confocal Microscope. For neural 

rosette analysis, images were acquired under a 63x objective at 2.5x optical zoom and 1 
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μm step size through the z-plane with the pinhole set at 1 Airy unit. For all other analyses, 

images were acquired with a 20x objective at 1.0x optical zoom and 2 μm step size 

through the z-plane with the pinhole set at 1 Airy unit. 

Statistics  

Statistics were performed using GraphPad Prism 7 software. Comparison between 

patient FLE1 and female CON neuronal excitability parameters were made with a 

student’s t-test with the significance level set at p < 0.05. Comparisons between neuronal 

excitability parameters of mixed male neuronal cultures were made with a one-way 

ANOVA and post-hoc Tukey’s multiple comparisons test with the significance level set at 

p < 0.05. All error bars represent standard error of the mean (SEM). 

Results 

Generation of PCDH19 FLE patient iPSCs 

We reprogrammed skin biopsy-derived dermal fibroblasts from two female patients 

with clinically diagnosed and genetically confirmed PCDH19 FLE. Patient #1 (FLE1) is a 

girl (12-years-old at the time of skin biopsy) with a de novo heterozygous c.602 A>C 

missense mutation in exon 1 of the PCDH19 gene resulting in a substitution of proline for 

glutamine (p.Gln201Pro). Patient #2 (FLE2) is a girl (3-years-old at the time of skin biopsy) 

with an inherited frameshift mutation c.1683_1696del14 in exon 1 of the PCDH19 gene 

leading to a premature stop codon (p.Val562ThrfsX4) (Figure 3.1A). We also 

reprogrammed an unaffected healthy female control fibroblast line (CON). Lastly, we 

reprogrammed fibroblasts from the father of FLE2 (cFLE), an asymptomatic mutation-

carrier male from whom patient #2 inherited the mutation. We transduced fibroblasts with 
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non-integrating episomal vectors (Okita et al., 2011) and after approximately 3 weeks, 

colonies were manually isolated and maintained under feeder-free conditions. To assess 

for successful reprogramming, we performed ICC and showed expression of the 

pluripotency markers NANOG, OCT3/4, SOX2 and SSEA4 (Figure 3.1B). We also 

performed karyotype analysis and confirmed that the iPSCs maintained a normal 

karyotype and did not undergo chromosomal aberration through the reprogramming 

process (Figure 3.1C). 

Some evidence suggests that female iPSCs maintain an inactivated X-

chromosome (Xi) (Tchieu et al., 2010) while others demonstrate that culture conditions 

can influence the X-inactivation status of iPSCs and lead to the reactivation of Xi 

(Mekhoubad et al., 2012; Tomoda et al., 2012). As PCDH19 FLE is an X-linked disorder, 

the X-inactivation status is particularly important in establishing the validity of iPSC lines. 

We performed RNA FISH for XIST and established that some iPSCs maintained a single 

XIST cloud (Figure 3.1D) indicating maintenance of X-inactivation while other iPSCs did 

not have XIST (Fig 3.1D′) suggesting that X-chromosome reactivation occurs in some 

iPSC lines. Analysis for X-inactivation was also performed on neurons (described below) 

to ensure that differentiated cell types only had a single active X-chromosome. 

Quantitative RT-PCR analysis confirmed that iPSC lines derived from FLE patients had 

lower mRNA levels of PCDH19 as compared with H9 human embryonic stem cells 

(hESCs) (Figure 3.1E). 

Generation of PCDH19-null male iPSCs 

There are several male patients with EIEE9 as a result of somatic mosaicism for 

PCDH19. To assess whether we could reproduce a neurodevelopmental phenotype of 



 106 

the male patients in vitro, we sought to conduct mixing experiments using control male 

and null/mutant PCDH19-expressing male cells. In addition to the iPSCs from the 

asymptomatic carrier father (cFLE), we wanted to create “virtual” PCDH19-knockout male 

cell lines so that we could mix isogenic control and PCDH19-null male cells, a paradigm 

that more closely mimics what occurs in affected mosaic male patients. To this end, we 

performed simultaneous reprogramming and genome editing utilizing the CRISPR/Cas9 

system to introduce indels into exon 1 of the PCDH19 gene in control male fibroblasts to 

generate a frameshift mutation, thereby generating a knockout of the gene in male cells 

(Figure 3.2A). At 3 weeks after reprogramming, we established two gene edited iPSC 

lines (mFLE1 and mFLE2) with 2 bp and 5 bp deletions, respectively, in exon 1 of 

PCDH19 (Figure 3.2B). We also reprogrammed control male iPSC lines (mCON) that 

were, aside from PCDH19, otherwise isogenic to mFLE1 and mFLE2. We validated a loss 

of PCDH19 mRNA by quantitative RT-PCR (Figure 3.2C) as shown by the lower 

expression of PCDH19 in mFLE iPSCs as compared with mCON and female CON iPSCs. 

An interesting finding is that mCON iPSCs had lower expression of PCDH19 as compared 

with female CON iPSCs. We believe this may be a result of X-reactivation in female CON 

iPSCs, leading to the expression of two X-chromosomes. This is supported by the finding 

of increased expression of HPRT1, another X-linked gene, by female control iPSCs (CON 

in Figure 3.2C) as compared with male control (mCON) and mFLE iPSCs (Figure 3.2C). 

PCDH19 FLE neural rosettes show defects in apical polarity and adherens junctions 

In the human CNS, expression of PCDH19 is particularly enriched in areas such 

as the cerebral cortex and hippocampus (Uhlen et al., 2015). To understand how 

mutations in PCDH19 affect patient iPSC-derived neurons, we generated forebrain 
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cortical-like excitatory neurons from patient and control iPSCs. We used dual SMAD 

signaling inhibition (Chambers et al., 2009; Shi et al., 2012b) to generate neural ectoderm 

from adherent iPSC cultures. After 10-12 days of neural induction, the primitive neural 

ectoderm was manually dissociated and cultured until the appearance of neural rosettes, 

polarized structures with a distinctive morphology of radially-organized neural progenitor 

cells (NPCs). These rosettes express the NPC markers PAX6 and NESTIN (Figure 

3.3A). There is evidence that PCDH19 interacts with members of the WAVE complex (Tai 

et al., 2010) as well as N-cadherin (Biswas et al., 2010; Emond et al., 2011) to regulate 

actin cytoskeletal dynamics. Neural rosettes derived from female CON iPSCs at day 27 

(Figure 3.3C) showed immunoreactivity for PKCλ, an apical polarity marker, in a ring-like 

pattern at the luminal surface of the rosette (Figure 3.3C′). This appearance reflects the 

typical apical-basal polarity established by NPCs in vitro. Rosettes also demonstrated N-

cadherin staining at the luminal surface (Figure 3.3C′′) indicative of an organized 

structure of adherens junctions. In contrast, day 27 rosettes from FLE1 patient-derived 

iPSCs (Figure 3.3D) demonstrated defects in PKCλ and N-cadherin staining (Figure 3.3 

D′, D′′) suggesting that PCDH19 plays an important role in regulating the polarity and the 

structure of adherens junctions of NPCs. 

To understand how neural development is altered by mosaic expression of 

PCDH19 in affected males, we mixed PCDH19-null (mFLE) and control (mCON) male 

iPSCs and differentiated them into neural rosettes (Figure 3.3B). Notably, mCON is the 

isogenic control of mFLE1, making the mixing experiments representative of human 

mosaic male disease. We mixed the two cell populations at the iPSC stage in a 50:50 

ratio and differentiated them into neural rosettes via dual SMAD inhibition (Figure 3.3E). 
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At day 25, Mixed male (control and PCDH19-null) rosettes had normal expression of 

PKCλ (Figure 3.3E′) in a tight ring-like structure at the luminal surface that resembled 

those seen in female control rosettes. However, we saw abnormal, dispersed expression 

of N-cadherin in the mixed male rosettes (Figure 3.3E′′) that was reminiscent of FLE 

rosettes. Unmixed PCDH19-null male neural rosettes (Figure 3.3F) displayed normal 

expression of PKCλ and N-cadherin, reminiscent of controls (Figure 3.3F’, F′′). These 

results suggest that a mosaic culture of WT and PCDH19-null expressing male NPCs can 

partially, but not fully capture the phenotype seen in female cells. 

PCDH19 FLE cortical-like excitatory neurons have morphological defects 

We initiated neural differentiation by dissociating CON and FLE1 neural rosettes 

and re-plating the NPCs. We maintained the NPCs in adherent monolayer cultures for 5-

7 weeks. As some of our iPSCs reactivated Xi manifested by the lack of XIST expression 

(Figure 3.1D′), we first wanted to ensure that our differentiated neurons underwent 

random X-inactivation. We performed RNA FISH for XIST on both CON and FLE1 

neurons and detected a single XIST cloud indicating the presence of an inactive X-

chromosome (Figure 3.4A, C). We further validated these results by immunostaining for 

H3 lysine 27 trimethylation (H3K27me3), another marker of Xi, and found a single foci 

within each nuclei (Figure 3.4B, D) in both CON and FLE1 neurons. We also wanted to 

ensure that differentiated FLE1 neurons expressed both the mutant and wildtype 

PCDH19 allele. Therefore, we performed Sanger sequencing on synthesized cDNA from 

collected mRNA from FLE1 neurons and found that, at the site of the mutation, we saw 

two peaks indicating the expression of both WT and mutant PCDH19 alleles (Figure 
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3.4E). These results show that, despite reactivation of Xi in iPSCs, differentiated neurons 

undergo random X-inactivation and only express one X-chromosome. 

Other members of the protocadherin family have been implicated in various 

aspects of dendritic tiling and self-avoidance (Lefebvre et al., 2012). We immunostained 

female control (CON) iPSC-derived cortical-like excitatory neurons with DCX and 

MAP2ab to label immature and mature neurons, respectively, and found neurons that 

were dispersed throughout the culture with regularly spaced processes and minimal 

redundancies and overlap (Figure 3.4F, G). However, neurons derived from FLE1 patient 

iPSCs show a markedly different organization with clumping of their processes and 

somas, likely reflecting altered migration, and a high frequency of self-crossing of the 

processes (Figure 3.4H, I). High magnification images of control neurons show that 

individual somas have a limited number of outgrowing processes that are very long, 

relatively linear and organized spatially to reduce redundancies in dendritic coverage with 

neighboring cells (Figure 3.4G′). However, FLE1 neurons have excessive numbers of 

processes per soma that are short and blunted with high levels of disorganization (Figure 

3.4I′). These data suggest that excitatory neurons derived from FLE patients that express 

both WT and mutant PCDH19 have defects in cell migration, processes outgrowth and 

dendritic tiling suggesting that homophilic interactions between PCDH19 proteins may 

mediate these processes. 

In addition to the migration and morphology of developing neurons, we wanted to 

determine whether PCDH19 mediated other aspects of cortical development such as the 

expression of layer-specific markers. To this end, we immunostained neuronal cultures 

for the deep layer marker TBR1 and found that control cortical-like neurons had a high 
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level of expression of TBR1 (Figure 3.4J) while FLE1 neurons had much fewer numbers 

of TBR1+ cells (Figure 3.4L). We also analyzed the two groups for expression for CTIP2 

and SATB2, markers of layers V and II/III cortical neurons, respectively. We found that 

control cultures had some CTIP2+ neurons with very few SATB2+ neurons (Figure 3.4K) 

indicating the culture was composed of mainly deep layer neurons. Meanwhile FLE1 

neurons expressed high levels of both CTIP2 and SATB2 (Figure 3.4M), indicating that 

the culture contained both deep layer and upper layer neurons. These results suggest 

that FLE1 neurons may have accelerated maturation as compared with control neurons. 

Abnormal segregation in mixed WT and mutant PCDH19-expressing male neuronal 
cultures 

We next wanted to assess whether we could recapitulate the female FLE patient 

iPSC-derived neuronal findings in mixed male cultures (Figure 3.3B, E-E′′) to mimic the 

disease findings in mosaic males. In order to distinguish the two populations, we infected 

male control iPSCs (mCON) with a retrovirus expressing GFP driven by a CAG promoter 

(CAG-GFP) and PCDH19-null male iPSCs (mFLE) with a retrovirus expressing mCh also 

driven by a CAG promoter (CAG-mCh). We dissociated and re-plated mixed NPCs 

(Figure 3.5A), maintained them for 5-7 weeks and confirmed their neuronal identity with 

TUJ1 immunostaining (Figure 3.5C). We found that mixing the two populations of 

neurons led to cell segregation marked by dense regions of mCh+ cells with very few 

GFP+ cells intermingled (Figure 3.5A) and vice versa. We also saw neurons with atypical 

morphologies marked by disorganized processes (Figure 3.5A′) that were reminiscent of 

the morphologies that we found in FLE1 neurons (Figure 3.4I′). To ensure that the 

process of mixing and labeling iPSCs was not a confounding factor that led to the 
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abnormalities, we also infected two populations of the same mCON iPSCs with either 

CAG-GFP or CAG-mCh and mixed them together at a 50:50 ratio. After differentiation 

and re-plating, we found that mixed cultures of mCON with mCON neurons, confirmed 

with TUJ1 immunolabeling (FIgure 3.5D), did not demonstrate the cellular segregation 

that we found in WT/PCDH19-null mixed cultures (Figure 3.5B). In addition, individual 

neurons had relatively linear, organized processes (Figure 3.5B′). 

We also repeated these mixing experiments with control male iPSCs and 

asymptomatic mutant-PCDH19 carrier male iPSCs, cFLE. We infected mCON iPSCs with 

CAG-GFP and cFLE iPSCs with CAG-mCh, mixed the iPSCs together at a 50:50 ratio 

and differentiated them into neurons, confirmed with MAP2ab immunostaining (Figure 

3.5H). We found a similar phenotype as mCON/mFLE mosaic cultures (Figure 3.5A) 

where GFP+ and mCh+ cells segregated into different regions with little overlap (Figure 

3.5E). In order to eliminate any confounding variable from mixing and labeling, we also 

performed two additional experiments where we mixed GFP+ mCON iPSCs with mCh+ 

mCON iPSCs as well as GFP+ cFLE iPSCs with mCh+ cFLE iPSCs and differentiated 

the cultures into neurons. We confirmed the neuronal identities using MAP2ab (Figure 

3.5I, J). We found that both mCON + mCON (Figure 3.5F) and cFLE + cFLE (Figure 

3.5G) neurons did not segregate into isolated cellular regions but rather the GFP+ and 

mCh+ cells intermingled in a relatively homogeneous manner. These results suggest that 

altered cell-cell interactions between WT and mutant PCDH19-expressing neurons 

induced aberrant neuronal segregation and morphology. 
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Functional analysis of FLE cortical-like excitatory neurons 

In order to understand how heterozygous mutations in PCDH19 affect the 

functional properties of excitatory neurons, we analyzed their electrical properties on a 

MEA system integrated on a 96-well plate. Each plate contains 768 electrodes across 96-

wells, effectively recording from eight electrodes per well. We plated female CON or FLE2 

patient-iPSC derived cortical-like excitatory neurons on 96-well MEA plates in Brainphys 

media (Bardy et al., 2015) and recorded their activity for 5 minute epochs at 37°C 

beginning 3 days after plating and repeating approximately once per week thereafter for 

5 weeks (Figure 3.6A). Our results demonstrate that FLE patient neurons (red) had 

significantly increased excitability as compared with female CON neurons (blue) as 

measured by increased mean firing rate (Figure 3.6B), increased number of action 

potential bursts (Figure 3.6C) and increased burst frequency (Figure 3.6D). We did not 

find differences in the burst duration or the number of spikes per burst (Figure 3.6E, F). 

Additionally, we found that FLE neurons had significantly increased network burst 

frequency (defined as synchronous bursts seen in at least 25% of electrodes in a well) at 

day 12, 19 and 26 of recording (Figure 3.6G) as compared with control neurons. We did 

not find differences in the network burst duration or the number of spikes per network 

burst between FLE and CON neurons except at day 33 of recording (Figure 3.6H, I). 

These results suggest that FLE cortical-like excitatory neurons have increased excitability 

on MEA recordings as compared with their female control counterparts. 

Functional analysis of male mixed cultures 

We next analyzed our mixed male control and PCDH19-null neurons (mCON + 

mFLE) on the MEA system to assess for functional changes in the neuronal network in 
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cultures modeling the mosaic male state. To eliminate any confounding variables from 

the mixing process, we also plated mixed cultures of mCON + mCON as well as mFLE + 

mFLE neurons. We found that, contrary to FLE female patient iPSC-derived neurons, 

mCON + mFLE mixed neurons (red) as well as mFLE + mFLE mixed neurons (gray) both 

showed a significant decrease in mean firing rate and number of bursts as compared with 

mCON + mCON neurons (blue) (Figure 3.7A, B, asterisks). MEA activity of mCON + 

mFLE neurons did not significantly differ from mFLE + mFLE neurons. At a few 

timepoints, only mCON + mFLE neuronal activity was significantly different from mCON 

+ mCON neuronal activity (Figure 3.7A, B, daggers). When we analyzed the specific 

bursting behaviors of the three different conditions, we did not find differences between 

burst frequency, burst duration, or the number of spikes per burst amongst the groups 

(Figure 3.7 C, D, E). These results suggest that male mixed cultures of control and null 

PCDH19-expressing neurons as well as neurons that had no expression of PCDH19 have 

decreased excitability as compared with control neurons. 

GABAergic interneurons from FLE patient and mixed cultures 

Another integral cell type of the cerebral cortex is the GABAergic interneurons that 

serve to modulate the excitability of cortical excitatory neurons. To understand whether 

heterozygous mutations in PCDH19 could impact the development and function of 

GABAergic cells, we differentiated FLE2 patient iPSCs into MGE-derived inhibitory 

interneurons using purmorphamine, an activator of the sonic hedgehog (SHH) pathway, 

based on an established protocol (Liu et al., 2013b). We cultured iPSCs as EBs and 

differentiated them into neuroepithelium. After plating the primitive neuroepithelium, we 

patterned them into MGE progenitors using purmorphamine before differentiating them 
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into GABAergic interneurons. After 8 weeks of terminal differentiation, we confirmed the 

interneuron identity using GABA and MAP2ab immunolabeling (Figure 3.8A) and also 

found that many of the cells were SST-positive interneurons (Figure 3.8A, inset). We 

observed that female control (CON) interneurons had GABA+ processes that were 

interspersed homogeneously (Figure 3.8A, top) throughout the cultures while the GABA+ 

processes of FLE neurons tended to fasciculate and create bundles (Figure 3.8A, 

bottom). 

We next plated FLE2 inhibitory interneurons on 96-well MEA plates in Brainphys 

medium to assess for functional changes. We began recording around day 3-7 and 

recorded approximately once per week for 5 minute epochs. We did not have female 

control GABAergic interneurons available for MEA recording, so we plotted female FLE 

patient GABAergic recordings against male control GABAergic neuron recordings made 

at a different time (and used in the experiments shown in Figure 3.9). While this control 

is not ideal and a female control would be most suitable, it did gives us a general sense 

of how female patient-iPSC derived GABAergic interneurons behaved (although the 

experimental design precluded statistical comparisons). Upon inspection, FLE 

interneurons (red) may possibly have a higher mean firing rate, increased number of 

bursts and increased burst frequency as compared with male control interneurons (blue) 

(Figure 3.8B-D) with no detectable differences in the burst duration or number of spikes 

per burst (Figure 3.8E, F). When we assessed for changes in the network behavior of 

FLE and control interneurons, we also visually detected an increase in the network burst 

duration and frequency of network bursts in FLE interneurons as compared with controls 

(Figure 3.8G, H) with no overt differences in the number of spikes per network burst 
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(Figure 3.8I). Our results indicate that FLE interneurons may have increased activity as 

compared with male control interneurons; however, more rigorous studies with the 

appropriate controls and statistically analyses are necessary for the proper interpretation 

of these results. 

Finally, we differentiated mixed male cultures into GABAergic interneurons for 

morphological and electrophysiological studies. We analyzed mixed cultures of mCON + 

mFLE, mCON + mCON as well as mFLE + mFLE interneurons at 8 weeks after terminal 

differentiation. We immunostained the cultures for GABA and MAP2ab and did not find 

any morphological differences between the three groups (Figure 3.9A). We also 

performed MEA recordings on the cultures in Brainphys medium starting at day 7 after 

plating and thereafter approximately once per week for 5 minute epochs. When we 

analyzed the mean firing rate between the three cultures, we found that mCON + mFLE 

mixed interneurons (red) had significantly increased firing rate as compared with mCON 

+ mCON interneurons (blue) and mFLE + mFLE interneurons (gray) (Figure 3.9B, 

asterisks) at days 7, 10, 14 and 21. We did not find differences in activity between mCON 

+ mCON and mFLE + mFLE cultures. We also assessed for the number of bursts and 

found that mCON + mFLE interneurons had significantly increased numbers of bursts at 

days 10 and 14 as compared with mCON + mCON and mFLE + mFLE neurons with no 

differences between the latter (Figure 3.9C). We did not find any differences in burst 

duration, number of spikes per burst or burst frequency between the three groups (Figure 

3.9D-F). Lastly, we also analyzed for various network properties such as network burst 

frequency, network burst duration and number of spikes per network burst (Figure 3.9G-

I). We found that mCON + mFLE interneurons had significantly increased network burst 
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frequency at day 14 as compared with mCON + mCON and mFLE + mFLE interneurons 

(Figure 3.9G, asterisk). Meanwhile at day 10, both mCON + mFLE interneurons and 

mFLE + mFLE interneurons had significantly increased network burst frequency as 

compared with mCON + mCON interneurons (Figure 3.9G, dagger). We did not detect 

statistically significant differences in the network burst duration or the number of spikes 

per network burst between the three groups. These results suggest that GABAergic 

interneurons derived from mixed cultures of male control and PCDH19-null iPSCs show 

increased activity on MEAs that may reflect the results seen in PCDH19 FLE patient 

GABAergic neurons. 

Discussion 

We utilized iPSCs to understand how heterozygous mutations in the PCDH19 

gene lead to alterations in neural development of cortical-like excitatory neurons and 

MGE-derived inhibitory interneurons. Using iPSCs derived from two female FLE patients 

with two different mutations and a female control, we uncovered cellular phenotypes in 

neural progenitors as well as neurons. As there have been several reports of EIEE9 in 

males who were mosaic for the gene (Depienne et al., 2009; Terracciano et al., 2016; 

Thiffault et al., 2016), we also mixed WT and mutant PCDH19-expressing male cells in 

an effort to recapitulate the male disease in vitro. To this end, we took advantage of 

simultaneous reprogramming with CRISPR/Cas9 gene-editing to introduce indels into the 

PCDH19 gene in control male fibroblasts to generate PCDH19-null male iPSCs. We 

mixed these PCDH19-null iPSCs with isogenic control male iPSCs and differentiated 

them into both cortical-like excitatory neurons and MGE-derived inhibitory interneurons. 

We found these mixed cultures displayed several in vitro abnormalities similar to those 
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found FLE female patient neurons, further lending support to the cellular interference 

hypothesis. 

Our studies provide insight into how homophilic PCDH19 cell-cell interactions 

regulate early mammalian neural development. Previous studies in the zebrafish show 

that Pcdh19 regulates early steps in neural tube formation (Emond et al., 2009) through 

interactions with N-cadherin (Biswas et al., 2010). N-cadherin is critical for maintaining 

adherens junctions in the neuroepithelium (Hatta and Takeichi, 1986; Ganzler-Odenthal 

and Redies, 1998) and has been also been shown to complex with PCDH19 to mediate 

robust adhesive properties (Emond et al., 2011). In addition to N-cadherin, PCDH19 

interacts with members of the WAVE complex (Tai et al., 2010), a critical regulator of actin 

cytoskeletal dynamics implicated in modulating neural stem cell development (Yoon et 

al., 2014). The actin cytoskeleton provides the cytoplasmic anchor for cadherin proteins, 

such as N-cadherin, and destabilizations in the WAVE complex may alter the organization 

of adherens junctions. Indeed, our study unveiled defects in apical polarity and adherens 

junctions in FLE patient iPSC-derived neural rosettes. Furthermore, these adherens 

junction defects were also seen in the mixed control and PCDH19-null expressing male 

neural rosettes. Our results suggest that PCDH19-mediated cell-cell interactions are 

critical for proper maintenance of neural progenitor cells, perhaps through a complex with 

N-cadherin to regulate the WAVE complex. Abnormal organization of NPCs during 

development may result in abnormal neuronal migration and integration to ultimately 

cause seizures or intellectual disability. The morphological findings in FLE patient neural 

rosettes would suggest severe structural defects in the patient brains, yet MRIs of FLE 

patients do not reveal gross structural abnormalities. This may reflect the inherent 
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reductionist nature of in vitro modeling where cells are plated on an artificial substrate in 

a 2D environment without many of the other supporting cells that exist in vivo. Similar 

rosette polarity findings have been seen in other iPSC models of human disease without 

gross abnormalities such as the 15q11.2 copy number variants, a risk for schizophrenia, 

epilepsy and ASD (Yoon et al., 2014). 

Members of the protocadherin family have been shown to be important in 

regulating dendritic architecture and synaptic structure (Tsai et al., 2012; Molumby et al., 

2016; Molumby et al., 2017). In particular, protocadherins play a critical role in mediating 

dendritic self-avoidance (Lefebvre et al., 2012; Kostadinov and Sanes, 2015), a process 

that aids in establishing full coverage of a dendritic territory as well as minimizing gaps 

and overlaps (Kramer and Stent, 1985; Grueber and Sagasti, 2010). We found that FLE 

patient cortical-like excitatory neurons had abnormal outgrowth of processes 

accompanied by frequent clumping, suggesting abnormal migration and impaired self-

avoidance. We also found that FLE neurons demonstrated accelerated maturation with 

increased excitability on MEA recordings. Our mixed male cultures contained neurons 

with atypical morphology and demonstrated abnormal segregation of control and 

PCDH19-null cortical-like excitatory neurons, consistent with the cellular interference 

hypothesis. However, mixed cultures of control and PCDH19-null male neurons had 

decreased excitability on MEAs as compared with controls. This discrepancy in functional 

changes between FLE female excitatory neurons and mixed male excitatory neurons may 

be a result of timing of X-inactivation. In female iPSCs, both X-chromosomes are active 

therefore all cells are expressing both mutant and WT PCDH19. In contrast, the iPSCs in 

male mixed cultures only express one X-chromosome, either WT or mutant. It is possible 
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that the male cells segregate prior to rosette formation, thus forming rosettes of either all 

WT or all mutant PCDH19-expressing cells, while female cells undergo X-inactivation 

during rosette formation, therefore leading to rosettes comprised of mosaic cells. It seems 

plausible that the timing and mechanism of X-inactivation is important for the development 

of PCDH19 FLE as the heterozygous mouse model of the disorder has no overt 

phenotype (Pederick et al., 2016), perhaps because X-inactivation in mice is very different 

from that in humans. Additionally, patient rosettes were only analyzed for FLE1, a line 

that contains a missense mutation for PCDH19 that may encode for a functional protein. 

It is conceivable that cell-cell interactions between cells that express WT and mutant 

PCDH19 proteins are very different than those between cells that express WT and no 

PCDH19 protein. 

There is some evidence that PCDH19 expression increases during regional 

differentiation of ventral forebrain areas, particularly the MGE (Maroof et al., 2013). The 

MGE is responsible for generating a large proportion of GABAergic precursors that 

migrate into the neocortex to form as many as 50 percent of the GABAergic population in 

the cortex (Lavdas et al., 1999; Sussel et al., 1999). Most of the precursors from the MGE 

eventually become SST and PV interneurons that most often synapse onto cortical 

excitatory neurons (Xu et al., 2004; Butt et al., 2005). When we differentiated FLE patient 

iPSCs into MGE-derived GABAergic interneurons, we found that their processes showed 

greater fasciculation as compared with female control interneurons, suggesting abnormal 

self-avoidance. On crude MEA analysis, we visually noticed a possible increase in activity 

of female FLE interneurons as compared with control male interneurons. Similarly, control 

and PCDH19-null mixed male GABAergic interneurons also demonstrated increased 
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activity on MEA recordings as compared with control male neurons alone and PCDH19-

null male neurons alone. At first glance, increased inhibition does not fit with the classic 

increased excitation-decreased inhibition theory of epileptogenesis. However, our results 

indicate increased excitation during the early stages of development of inhibitory 

interneurons. It is plausible that this hyperactivity may affect proper migration of 

precursors to the cortex thereby ultimately leading to decreased inhibition. A second 

possibility is that at early stages of brain development, because intracellular Cl- 

concentrations are higher than extracellular concentrations, GABA produces a 

depolarizing current in immature neurons. In the developing hippocampus, GABAergic 

transmission can initiate ictal activity (Dzhala and Staley, 2003) and lead to 

epileptogenesis (Khalilov et al., 2005). Perhaps GABAergic hyperactivity in developing 

FLE interneurons ultimately leads to the development of seizures through their excitatory 

effects. Finally, our cultures contain a pure population of inhibitory interneurons with very 

few, if any, excitatory neurons. These pure populations may behave in a way that does 

not reflect what occurs in the human brain. Future studies aim to mix excitatory neurons 

and inhibitory interneurons in a more physiologically relevant manner. 

Human iPSCs provide a unique and powerful platform for modeling diseases and 

probing their molecular and cellular mechanisms. In combination with the CRISPR/Cas9 

gene editing technique, we generated strategies to model various aspects of an epilepsy 

disorder, EIEE9, in vitro. We uncovered morphological and functional changes that were 

previously not identified in mouse models of the disorder. However, much of the 

morphological data shown in these results are descriptive. Careful morphometric analysis 

using techniques such as the Sholl method are necessary to quantify and further establish 
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these findings. Furthermore, a limitation of these studies as well as other iPSC-based 

models of neurological disorders is that we are unable to generate fully mature neurons. 

Thus, certain aspects of the disorder, especially during the postnatal stage, still elude 

investigation with this platform. In addition, our data suggests that specific cortical layer 

markers may be aberrantly expressed by FLE patient neurons yet we are unable to model 

cortical lamination in monolayer cultures. One approach to overcome this hurdle is using 

organoid technology, a strategy that is described in Appendix B of this dissertation. 

Despite the limitations, this study is an important first step in understanding how aberrant 

cell-cell interactions during neural development may lead to hyperexcitability and 

seizures. Using human iPSCs as a discovery tool will inform future efforts to identify 

pharmacological agents that may aid in treating and preventing monogenic epilepsies. 
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Notes to Chapter 3 

Wei Niu performed the qRT-PCR analysis on female FLE patient iPSCs and gave 
technical guidance with performing the qRT-PCR on male iPSCs. Andrew Tidball and 
Trevor Glenn conducted the simultaneous reprogramming with CRISPR/Cas9 gene 
editing protocol to generate the PCDH19-null male iPSC lines. Helen Zhang generated 
the CAG-GFP and CAG-mCh RV constructs. 
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Figure 3.1. Generation and validation of PCDH19 FLE patient iPSC lines. 
(A) Schematic of the PCDH19 gene and protein showing the signal peptide (SP), six 
extracellular cadherin domains (EC), a transmembrane domain (TM), a cytoplasmic 
domain (CP) and two cytoplasmic motifs (CM). The location of the two PCDH19 mutations 
of patients FLE1 and FLE2 are demarcated. (B) ICC in FLE iPSC cell lines demonstrate 
that iPSCs express pluripotency markers NANOG, OCT3/4, SOX2 and SSEA4. Scale 
bars represent 100 μm. (C) Karyotype analysis of a representative iPSC line shows a 
normal karyotype. (D, D′) RNA FISH in two different female iPSC lines demonstrate that 
one iPSC line has the presence of a single XIST cloud (D) indicating maintenance X-
inactivation while another iPSCs line has no XIST (D′) indicating reactivation of the 
previously inactive X-chromosome. Scale bars represent 20 μm. (E) qRT-PCR analysis 
for PCDH19 expression indicates that several clones of female FLE2 patient-derived 
iPSCs have decreased expression of PCDH19 as compared with female H9 hESCs, 
versus no difference in expression of housekeeping gene β-actin (ACTB). 
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Figure 3.2. Generation of PCDH19-null male lines using CRISPR/Cas9. 
(A) Schematic showing the design of the guide RNA targeting exon 1 of PCDH19 for 
CRISPR/Cas9 mediated knockout of the gene in male control cells. (B) Two different 
PCDH19-null male iPSC lines were generated. mFLE1 had a 2bp deletion and mFLE2 
had a 5bp deletion, each of which causes a frameshift mutation thereby creating a 
premature stop codon in the gene. (C) qRT-PCR confirming the loss of PCDH19 mRNA 
in mFLE iPSCs as compared with male control iPSCs (mCON) and female control iPSCs 
(CON), versus no difference in expression of the housekeeping gene GAPDH. Note that 
the expression of the X-linked gene, HPRT, is higher in female iPSCs (CON) than male 
iPSCs (mFLE and mCON), representing the reactivation of Xi and expression of two X-
chromosomes. 
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Figure 3.3. Neural rosettes derived from PCDH19 FLE patient iPSCs have defects 
in apical polarity and adherens junctions. 
(A) Representative confocal image of neural rosettes in culture expressing PAX6 (green) 
and NESTIN (red). Scale bar represents 50 μm. (B) Schematic of the mixing experimental 
paradigm. We rationalize that mixing control with other control male cells (mCON) or 
mixing PCDH19-mutant male cells with other PCDH19-mutant cells (mFLE) would 
demonstrate no morphological abnormalities, reminiscent of normal controls and 
asymptomatic PCDH19-mutation carrying males, respectively. However, mixing control 
with PCDH19-mutant male cells would lead to cellular interference with abnormal 
segregation of the two populations, representing the phenotype seen in affected mosaic 
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males and female patients. (C-C′) Female control (CON) neural rosettes stain for PKCλ 
and N-cadherin in a typical ring-like pattern at the luminal surface. (D-D′′) FLE1 neural 
rosettes demonstrate defects in PKCλ and N-cadherin expression suggesting that 
PCDH19 is important for maintenance of apical polarity and adherens junctions. (E-E′′) 
Neural rosettes differentiated from 50:50 mixed male cultures of PCDH19-null iPSCs 
(mFLE) with isogenic controls (mCON) demonstrate normal PKCλ expression but a 
disruption of N-cadherin. (F-F′′) Neural rosettes derived from PCDH19-null male iPSCs 
(mFLE) alone demonstrate no defects in PKCλ or N-cadherin, reminiscent of control 
iPSCs. Scale bars in C-F′′ represent 20 μm. 
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Figure 3.4. Cortical-like excitatory neurons differentiated from PCDH19 FLE patient 
iPSCs demonstrate abnormal migration and morphology. 
(A) Female control (CON) iPSC-derived neurons express a single XIST cloud and (B) a 
single H3K27me3 foci within individual nuclei demonstrating random X-inactivation upon 
differentiation. (C) FLE1 iPSC-derived neurons also undergo random X-inactivation with 
the presence of single XIST and (D) H3K27me3 foci within each nucleus. Scale bars in 
A-D represent 50 μm. (E) Sanger sequencing reveals FLE1 neurons inactivate the X-
chromosome randomly and express both the mutant and WT alleles of PCDH19 as shown 
by the two peaks (arrow) on the chromatogram. (F) Female control iPSC-derived neurons 
immunostained for DCX and (G) MAP2ab show processes that grow out to cover the 
extent of the territory of the cell with minimal overlap. (G′) High magnification image of 
MAP2ab staining of female control neurons showing that cells have relatively straight 
processes with few outgrowths per soma. (H) DCX and (I) MAP2ab staining of FLE1 
iPSC-derived neurons show that processes tend to clump together with minimal 
outgrowth and an abundance of self-crossings. (I′) High magnification of MAP2ab 
immunostaining of FLE1 neurons show abundant processes are disorganized. (J) TBR1 
staining of control neurons reveals many TBR1+ deep layer neurons with (K) some 
CTIP2+ deep layer neurons and minimal SATB2+ upper layer neurons. (L) FLE1 neurons 
have fewer TBR1+ neurons as compared with controls but contain many neurons that 
express (M) CTIP2 and SATB2, suggesting accelerated maturation. Scale bars in F-M 
represent 100 μm except in G′ and I′ where they represent 50 μm. 
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Figure 3.5. Mixed cultures of male control and PCDH19-mutant neurons 
demonstrate morphologic defects and abnormal segregation of cell populations. 
(A) Mixed cultures of GFP+ male isogenic control neurons (mCON) with mCh+ PCDH19-
null neurons (mFLE) demonstrate segregation of the two populations marked by mCh+ 
dense regions with few GFP+ cells. (A′) High magnification of the outlined area in A 
showing a GFP+ neuron with abnormal morphology marked by abundant, disorganized 
processes. (B) Mixed cultures of GFP+ control neurons with mCh+ control neurons 
demonstrate that the two neuronal populations intermingle without segregation, as 
expected. (B′) High magnification of the outlined area in B showing a single GFP+ neuron 
with normal bipolar morphology. (C-D) TUJ1 immunostaining of the cultures shown in A 
and B confirming their neuronal identities. (E) Mixing GFP+ male control neurons (mCON) 
with mCh+ asymptomatic PCDH19-mutation carrier male neurons (cFLE) also results in 
abnormal segregation with regions of mCh+ cells with very few intermixed GFP+ cells. 
(F) Mixing GFP+ mCON neurons with mCh+ mCON neurons shows a homogeneous 
distribution of cells without any segregation of the two cell populations. (G) GFP+ cFLE 
neurons mixed with mCh+ cFLE neurons also do not demonstrate any abnormal 
segregation. (H-J) MAP2ab immunostaining of the cultures showing in E-G confirming 
their neuronal identities. Scale bars represent 100 μm. 
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Figure 3.6. MEA recordings suggest that PCDH19 FLE cortical-like excitatory 
neurons have increased excitability as compared with female control neurons. 
(A) Example illustrating the activity heat map on the MEA system across eight different 
wells with eight recording electrodes per well. (B) Mean firing rate, (C) number of bursts 
and (D) burst frequency of FLE cortical-like excitatory neurons (red) over 35 days are 
significantly increased at every timepoint as compared with female control (CON) neurons 
(blue). (E) The burst duration and (F) number of spikes per burst did not differ between 
FLE and CON neurons. (G) The network burst frequency was significantly increased in 
FLE neurons at days 12, 19 and 26 as compared with control neurons but the (H) network 
burst duration and (I) number of spikes per network burst did not differ between the two 
conditions except at day 35. (n = 3 plates; *p<0.05, Student’s t-test). 
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Figure 3.7. MEA analysis of male mixed cultures of control and PCDH19-null 
cortical-like excitatory neurons. 
(A) Mixed mosaic male neurons (mCON + mFLE; red) and mixed male PCDH19-null 
neurons (mFLE + mFLE; gray) both show a significantly decreased mean firing rate at 
day 33, statistically represented as *, when compared with mixed male control neurons 
(mCON + mCON; blue). At day 20, only mCON + mFLE neurons have a significantly 
decreased mean firing rate, statistically represented as †, as compared with mCON + 
mCON neurons. mCON + mFLE neurons and mFLE + mFLE do not differ in their mean 
firing rate. (B) mCON + mFLE neurons and mFLE + mFLE neurons have significantly 
fewer number of bursts at days 10, 21, 28 and 35 as compared with mCON + mCON 
neurons. At day 14, only mCON + mFLE neurons have fewer bursts than mCON + mCON 
neurons. We did not detect statistically significant differences in the number of bursts 
between mCON + mFLE and mFLE + mFLE neurons. (C) The burst frequency, (D) burst 
duration and (E) the number of spikes per burst did not differ between the three groups. 
(n = 5 plates; *p<0.05, †p<0.05, one-way ANOVA with Tukey’s post-hoc test). 
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Figure 3.8. PCDH19 FLE GABAergic interneurons show morphological 
abnormalities and possible increased MEA activity as compared with controls. 
(A) GABA and MAP2ab staining of control and FLE interneurons confirm their identity. 
Inset shows SST+ staining which comprise of most the GABAergic population in our 
cultures. Note that FLE interneurons have axonal fasciculation as compared with CON 
interneurons. Scale bars represent 100 μm. (B) MEA analysis demonstrate that FLE 
interneurons may possibly have a higher mean firing rate, (C) number of bursts and (D) 
burst frequency as compared with male control interneurons. We did not visually detect 
a change in (E) burst duration or (F) number of spikes per burst between FLE and control 
interneurons. (G) FLE interneurons may also have increased network burst duration and 
(H) network burst frequency as compared with male controls interneurons with no overt 
differences in the (I) number of spikes per network burst between the two groups. (n = 3 
plates for FLE interneurons). 
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Figure 3.9. Mixed control and PCDH19-null GABAergic interneurons have normal 
morphology but demonstrate increased excitability on MEA recordings. 
(A) GABA and MAP2ab staining of mCON + mCON, mCON + mFLE and mFLE + mFLE 
GABAergic interneurons confirming their identity. Scale bars represent 100 μm. (B) MEA 
recordings of mixed cultures show that mCON + mFLE interneurons have significantly 
increased mean firing rate and (C) number of bursts as compared with mCON + mCON 
and mFLE + mFLE interneurons. We did not detect statistically significant differences in 
mean firing rate or number of bursts between mCON + mCON and mFLE + mFLE 
interneurons. (D-F) We did not detect statistically significant differences in the burst 
duration, the number of spikes per burst or the burst frequency between the three groups. 
(G) Network analysis show that mCON + mFLE interneurons have significantly increased 
network burst frequency at day 14, statistically represented as *, as compared with mCON 
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+ mCON and mFLE + mFLE interneurons. At day 10, both mCON + mFLE and mFLE + 
mFLE have higher network burst frequencies, statistically represented as †, when 
compared with mCON + mCON interneurons. (H, I) We did not find differences in the 
network burst duration or the number of spikes per network burst between the three 
groups. (n = 2 plates; *p<0.05, †p<0.05, one-way ANOVA with Tukey’s post-hoc test). 
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Sequencing primer Sequence 

PCDH19 CRISPR/Cas9 (f) tgagctcgtaagtctgcacg 

PCDH19 CRISPR/Cas9 (r) gctgccgccctcattaatct. 

FLE1 sequencing (f) ttgactgacagcaggttgatga 

FLE1 sequencing (r) ggagatcaaggacctgaacga 
 
Table 1. Primer sequences for Sanger sequencing. 
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qRT-PCR primer Sequence 

pcdh19-5’ end (f) cgagagcaggggacaagtag 

pcdh19-5’ end (r) aatggcgaagtcagaaccac 

pcdh19-3’ end (f) ctcacatgctcaggggactt 

pcdh19-3’ end (r) tgtgctgaacaccagtgtga 

hprt1 (f) gcagactttgctttccttgg 

hprt1 (r) tcaagggcatatcctacaacaa 

actb (f) acatctgctggaaggtggac 

actb (r) cccagcacaatgaagatcaa 

gapdh (f) atgttcgtcatgggtgtgaa 

gapdh (r) ggtgctaagcagttggtggt 
 
Table 2. Primer sequences for qRT-PCR. 
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Chapter 4 

Dissertation Summary and Future Directions 

Summary of results 

Epileptogenesis is the process by which a genetic or acquired brain abnormality 

leads to the development of spontaneous recurrent seizures. However, it remains unclear 

how neural network alterations in various epileptic syndromes lead to changes in 

excitability. The long-term goal of the experiments described in this dissertation is to 

elucidate how perturbations of neural development and neurogenesis, during both the 

embryonic period and adulthood, contribute to the development of seizures. We approach 

this question in two separate systems: an animal model of TLE and an iPSC model of 

PCDH19 FLE. Our data indicate that the dentate gyrus reorganizes with the entire 

hippocampus to establish aberrant circuitry in experimental TLE. Both the adult-born and 

the early-born DGCs serve as targets for recurrent, feedback connections that may 

contribute to overall increases in network excitability. In addition to changes in adult 

neurogenesis, we also provide evidence that changes in early developmental 

neurogenesis have an impact on network excitability. We show that intercellular 

mismatches in a cell-cell adhesive protein, PCDH19, can result in aberrant neuronal 

morphologies and functional changes that may contribute to the development of seizures. 
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Adult-born and early-born DGCs are hyperconnected in the hippocampal circuitry 
in experimental TLE 

After epileptic seizures, the dentate gyrus exhibits characteristic morphological 

abnormalities that include MFS, HBDs, hilar ectopic DGCs and granule cell layer 

dispersion. These changes are believed to arise from the adult-born population of DGCs 

and are thought to contribute to epileptogenesis. Indeed, hyperactivation of the 

mammalian target of rapamycin pathway (mTOR) in adult-born DGCs in an otherwise 

naïve animal can reproduce the changes seen in experimental TLE and induce 

spontaneous seizures (Pun et al., 2012). Studies eliminating adult-born DGCs 

immediately before SE using a nestin-tk transgenic mouse (Cho et al., 2015) or by 

expressing a diphtheria toxin (Hosford et al., 2016) have shown that these manipulations 

reduce seizure frequency but do not impede the development of epilepsy, suggesting that 

there are other mechanisms at play. While these studies implicate the postnatally 

generated DGCs as major contributors to disease pathogenesis, it is largely unclear how 

aberrantly integrated DGCs promote epileptogenesis. 

Previous studies report that DGCs born after SE receive increased excitatory 

inputs (Thind et al., 2008; Zhan et al., 2010; Cameron et al., 2011) but do not identify 

these presynaptic sources. Other work suggests that there is compensatory inhibitory 

sprouting onto DGCs to decrease excitability after SE (Thind et al., 2010; Peng et al., 

2013) but do not identify the age of the targeted DGCs. These mixed findings indicate 

that there may be heterogeneous groups of cells differentially involved to orchestrate 

hyperexcitability. Our use of a dual-viral tracing strategy gave us the opportunity to identify 

specific inputs onto birthdated populations of DGCs. The data reported in Chapter 2 of 

this dissertation show that both adult-born and early-born DGCs receive significant 
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recurrent excitatory inputs from other DGCs (Figure 2.3) suggesting that both populations 

are involved in post-SE excitatory remodeling. It was a long-held belief that early-born 

DGCs that were mature at the time of SE do not contribute to dentate gyrus abnormalities, 

but recent data from our laboratory indicate that both age groups are involved (Althaus et 

al., 2016), consistent with our current findings. Interestingly, hilar ectopic DGCs 

preferentially target adult-born DGCs, suggesting that they are hyperconnected with each 

other and onto nearby HBDs. These cells may serve as the ‘hub cells’ described by 

Morgan and Soltesz: a small subset of highly interconnected groups of cells that are more 

effective at promoting seizure activity than net increases in excitability in the entire 

dentate gyrus (Morgan and Soltesz, 2008). Our results also indicate that after SE, CA3 

pyramidal cells preferentially backproject onto adult-born DGCs while CA1 pyramidal cells 

sprout axons across the hippocampal fissure to synapse onto early-born DGCs (Figure 

2.7). These data suggest that the epileptic hippocampus is capable of much more 

extensive remodeling than previously believed and that considerations need to be made 

to target several populations or individual networks when developing therapeutic 

strategies. 

The data presented in Chapter 2 of this dissertation give important insights into 

hippocampal circuit remodeling after seizures but also raise important questions about 

heterogeneity within the dentate gyrus neural stem cell population. What causes some 

DGCs to develop aberrantly while others display normal morphologies? What are the 

substrates that guide aberrant migration? How does the integration of hilar ectopic DGCs 

and DGCs with HBDs differ from normotopic DGCs in the epileptic brain and intact brain?  
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Why do some DGCs develop aberrantly after SE? 

Lineage tracing studies demonstrate that hilar ectopic DGCs in the epileptic rodent 

brain arise from clonal populations within which the majority of cells migrate ectopically 

(Singh et al., 2015). If hilar ectopic DGCs are the hypothesized hub cell population 

(Morgan and Soltesz, 2008; Cameron et al., 2011), then understanding their development 

is a crucial first step in targeting them for therapeutics. While loss of reelin signaling has 

been implicated in this process (Gong et al., 2007), additional molecular cues are most 

likely involved. Do hilar ectopic DGCs possess intrinsic features that cause them to 

migrate aberrantly? Recent advances in single cell RNA-sequencing (scRNA-seq) 

technology have allowed for identification of molecular signatures of individual cells in the 

hippocampus that were previously not accessible in population studies (Shin et al., 2015; 

Zeisel et al., 2015; Lacar et al., 2016). scRNA-seq is well suited for exploring 

transcriptional profiles of individual birthdated DGCs because it is sensitive enough to 

detect small, stochastic changes that may contribute to global patterns of gene 

expression. To this end, a potential strategy would be to retrovirally birthdate adult-born 

DGCs in SE and sham animals and dissect them from the dentate gyrus at specific cell 

ages after labeling (e.g., 1 day, 3 days, 1 week, 2 weeks, 4 weeks and 8 weeks). One 

would then sort the labeled cells using fluorescence-activated cell sorting (FACS) and 

subsequently submit the samples for scRNA-seq. Using this approach, one could 

establish a profile of the temporal evolution of individual transcriptomes of adult-born 

DGCs in the epileptic and sham brain. 

Once we have knowledge of transcriptional dynamics of the maturation process of 

adult-born DGCs in the epileptic versus intact brain, then we could use clustering analysis 

to delineate specific mRNA-level differences at selected timepoints between normotopic 
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sham versus normotopic SE versus ectopic SE groups. While the ectopic DGCs could be 

difficult to separate from the normotopic DGCs, particularly at the early ages, one way to 

overcome this is to carefully dissect out the granule cell layer and the hilus separately. If 

we can precisely identify the molecular signatures that are unique to hilar ectopic DGCs, 

then we can use targeted genetic manipulation strategies such as in vivo CRISPR/Cas9 

editing (Swiech et al., 2015) as a research tool to knock out those genes at selected 

timepoints and potentially prevent aberrant migration. Current strategies that target hilar 

ectopic DGCs are unfavorable because they either eliminate or silence all of the adult-

born DGCs after SE (Cho et al., 2015; Hosford et al., 2016), rather than only the abnormal 

subset. This strategy is not ideal because there is evidence that normotopic adult-born 

DGCs may mitigate increased excitation (Jakubs et al., 2006) and their complete deletion 

could have other consequences such as detrimental effects on learning and memory. By 

using in vivo gene editing to knockout candidate genes, we may be able to better retain 

DGCs in the granule cell layer after SE without inhibiting their function. We would 

subsequently determine whether “forcing” would-be hilar ectopic DGCs to remain in the 

granule cell layer has any effects on seizures. 

If, in fact, hilar ectopic DGCs are hub cells, then the question to ask is whether 

they are intrinsically hyperexcitable or if their location near hilar mossy fibers that likely 

innervate them causes their hyperexcitability. That is to say, do they become hub cells 

because of their positioning in the dentate hilus or are they hub cells because of intrinsic 

factors regardless of spatial location? The answer is probably a combination of both. 

Regardless, if it is the former, then we would expect a decrease in seizures with 

normotopic position. If it is the latter, then we would not expect any changes in the 
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behavioral seizures of the animal. Such a finding, however, would also suggest that other 

mechanisms of epileptogenesis are at play. Finally, in vivo gene editing requires delivery 

of Cas9 protein sgRNAs to the brain, oftentimes with adeno-associated viruses (AAVs). 

An added advantage of AAVs is that they have recently been approved for human use, 

making this approach particularly promising for future clinical applications. One would, of 

course, have to make sure that AAVs are able to infect DGC progenitors for this approach 

to work. 

What are the substrates that guide ectopic migration? 

Neuronal precursors in the dentate gyrus are closely associated with the 

vasculature (Palmer et al., 2000) and a recent study from Sun et al. suggests that 

neuroblasts initially migrate tangentially along dense SGZ blood vessels before migrating 

radially (Sun et al., 2015). In the rodent dentate gyrus, many processes promote 

angiogenesis including exercise (Pereira et al., 2007; Ekstrand et al., 2008) as well as 

seizures (Rigau et al., 2007). Hilar ectopic DGCs arise as a result of chain migration of 

progenitors (Gong et al., 2007), a pattern that is reminiscent of SVZ neuroblast migration 

through the rostral migratory stream (RMS; Wichterle et al., 1997). Within the RMS, chain 

migration is guided by glial tubes as well as blood vessels (Whitman et al., 2009). 

However, whether newly developed blood vessels in the dentate gyrus after SE have an 

impact on DGC migration has not been fully characterized. It is plausible that if a newly 

developing vessel was directly apposed to a dividing RGL after SE, then most progenitors 

within that clone would track along the vasculature. This could explain why hilar ectopic 

DGCs often arise from clonal populations (Singh et al., 2015). Does new vasculature 

serve as a scaffold by which adult-born DGCs in the epileptic brain migrate into the hilus? 
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If so, would reducing angiogenesis reduce ectopic movement of neuroblasts? To study 

this question, one would perform lineage tracing studies using a tamoxifen-inducible 

NestinCreERT2 mouse line. By sparsely labeling RGLs in the dentate gyrus using low-dose 

tamoxifen immediately after SE, one would sacrifice animals at age-defined timepoints 

after SE to track both the dynamics of CD31+ vessels as well as the movement of 

neuronal precursors along them. If, in fact, neuroblasts migrate along newly developed 

vessels towards the hilus, then these experiments could be repeated after giving animals 

an angiogenesis inhibitor to determine whether reducing the number of vessels could 

reduce the means by which neuroblasts can track, thereby preventing their ectopic 

movement. Further analyses should also focus on mechanisms of this angiogenesis and 

how it relates to blood-brain barrier (BBB) integrity after seizures. In fact, there is interest 

in using angiogenesis inhibitors to ameliorate BBB dysfunction for the treatment of human 

TLE (Rigau et al., 2007; Morin-Brureau et al., 2012). These studies should better inform 

the complexities of vascular dynamics in the development of seizures.  

How does the integration of hilar ectopic DGCs and DGCs with HBDs compare with that 
of normotopic DGCs? 

While the dual-virus tracing strategy gives insights into how adult-born and early-

born DGCs as populations are integrated in the epileptic brain, a limitation of the study 

was the inability to distinguish inputs based on the morphology of the starter cell. In other 

words, we were unable to identify the input onto only hilar ectopic DGCs or cells with 

HBDs. An intriguing solution to overcoming this obstacle is to use in vivo single cell 

genetic manipulation techniques to deliver vectors to individual cells. Rancz et al. found 

that neurons remained intact after whole-cell recording and developed a method for 
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delivering plasmid DNA to the recorded cell through the patch pipette. In the same study, 

they recorded from pyramidal cells in the visual cortex and simultaneously delivered the 

plasmids necessary for subsequent rabies transfection. After introducing RbV two days 

later, they were able to show robust tracing of presynaptic inputs onto individual pyramidal 

cells (Rancz et al., 2011). This system could be utilized to trace presynaptic inputs onto 

single hilar ectopic DGCs or DGCs with HBDs. One would birthdate adult-born DGCs 

after SE and then perform patch clamp recording from selected GFP+ cells with aberrant 

features and then introduce TVA and Rgp plasmids through the patch pipette. After RbV-

mCh injection, one would be able to identify monosynaptic inputs onto the previously 

recorded cell and compare the integration patterns of SE hilar ectopic DGCs versus SE 

DGCs with HBDs versus SE normotopic DGCs versus sham normotopic DGCs. A 

particularly attractive feature of this strategy is that it offers the opportunity to establish a 

complete physiological profile of a single, targeted cell. By elucidating the presynaptic 

inputs onto aberrant cells and the resulting electrophysiological consequences, we can 

begin to understand network-wide circuit dynamics that underlie the pathogenesis of TLE. 

Disruptions in PCDH19 alter cell-cell homophilic interactions and contribute to 
altered excitability 

The protocadherins are a large family of cell-cell adhesion proteins that have been 

shown to play important roles in neural development. Previous studies suggest mixed 

roles of protocadherins with evidence that homophilic recognition between cells promotes 

self-avoidance (Lefebvre et al., 2012) while others have shown that recognition actually 

facilitates outgrowth and dendritic complexity (Garrett et al., 2012; Molumby et al., 2016). 

PCDH19 is expressed on the X-chromosome and heterozygous mutations cause the 
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epileptic disorder PCDH19 FLE (Dibbens et al., 2008). To date, no iPSC models of 

PCDH19 FLE exists in the literature. The Pcdh19+/ β-Geo heterozygous knockout mice do 

not appear to have overt morphologically abnormalities and do not exhibit seizures 

(Pederick et al., 2016). 

The preliminary data presented in Chapter 3 of this dissertation suggest that 

cortical-like excitatory neural progenitors and neurons derived from PCDH19 FLE patient 

iPSCs have atypical morphology, clumping of processes as well as increased activity on 

MEA recordings (Figure 3.4 and 3.6). These morphological changes can be partially 

recapitulated in mixed mosaic cultures of WT/PCDH19-null expressing male neurons but 

the functional data are opposite with mixed cultures having decreased excitability. We 

also find that FLE patient iPSC-derived inhibitory interneurons have atypical development 

of processes that are accompanied by increased activity on the MEA system (Figure 3.8). 

Mixed male mosaic cultures of GABAergic interneurons also demonstrate increased 

activity but do not have morphological changes (Figure 3.9). 

A key feature missing in these studies is the ability to directly visualize the PCDH19 

protein in female FLE patient-derived cells. As some of our female iPSC lines reactivate 

the inactive X-chromosome and then undergo random X-inactivation upon differentiation, 

it is necessary for us to establish which cells express WT PCDH19 versus mutant 

PCDH19. As commercially-available antibodies are unreliable, our current strategy is to 

use CRISPR/Cas9 to introduce a FLAG-HA-tag at the C-terminus of the PCDH19 protein 

in control, FLE1 and FLE2 iPSCs. In collaboration with Wei Niu, we aim to only tag a 

single allele, WT PCDH19, and then visualize the tag by ICC for either HA or FLAG. Cells 

that are HA+ or FLAG+ are expressing WT protein while cells that are HA- or FLAG- are 
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expressing mutant or no (null mutations) PCDH19. The ability to distinguish the two cell 

populations should help us identify X-inactivation skewing, aberrant cell-cell interactions 

and correlate cellular genotype with phenotype. 

How do causative FLE mutations affect the adhesive properties of PCDH19? 

Our results suggest that PCDH19 is important for facilitating self-avoidance as well 

as dendritic tiling and its disruption may lead to abnormal propagation of electrical signals 

leading to hyperexcitability. However, they also indicate that it may be reductionist in 

nature to mix WT and PCDH19-null male cells in an effort to mimic the female FLE 

phenotype. Much of the FLE morphological data shown in Chapter 3 is derived from FLE1 

who possesses a missense mutation of PCDH19. It is possible that a functional, albeit 

abnormal, PCDH19 protein is transcribed from the gene and traffics to the cell surface to 

participate in intercellular interactions. These interactions between wildtype and mutant 

PCDH19 proteins may be very different than those found in male mosaic cultures where 

wildtype PCDH19 on control cells has no PCDH19 with which to interact on mutant cells.  

There are various cell aggregation assays that are used to establish interactions 

between adhesive proteins. Schreiner et al. established a technique for assessing 

intercellular adhesion using the human leukemia cell line K562 (Schreiner and Weiner, 

2010). As K562 cells do not express endogenous cadherins or protocadherins, they are 

an appropriate cell type for these studies. One would transfect a “bait” cell group with 

constructs encoding extracellular, N-terminal HA-tagged forms of either WT PCDH19, 

mutant PCDH19 carrying the c.602 A>C mutation from FLE1 (FLE1 PCDH19) or mutant 

PCDH19 carrying the c.1683_1696del14 mutation from FLE2 (FLE2 PCDH19). A second 

“reporter” cell group would then be co-transfected with two plasmids, one encoding β-gal 
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and another encoding WT, FLE1 or FLE2 PCDH19. One would allow these two groups 

of cells to aggregate before using anti-HA antibody bound magnetic beads to isolate bait 

cells attached to any reporter cells. By lysing the attached cells and quantifying the level 

of β-gal activity, one could determine the size of the aggregates thus the trans interaction 

between cells. One would assess whether mutant and WT PCDH19 show stronger or 

weaker adherence than WT PCDH19 with WT PCDH19 or mutant PCDH19 with mutant 

PCDH19. Additionally, as PCDH19 has been shown to interact with N-cadherin (Biswas 

et al., 2010; Emond et al., 2011), these aggregation experiments could be repeated but 

with an additional construct for N-cadherin co-transfected into the bait cells along either 

WT, FLE1 or FLE2 PCDH19. N-cadherin would also be co-transfected into the reporter 

cells along with β-gal and WT, FLE1, or FLE2 PCDH19. A second group of reporter cells 

that would only express constructs for N-cadherin or β-gal to mimic a PCDH19-null 

scenario would also be included. One would then mix the bait group with either reporter 

group and assess for β-gal activity. Data from these studies would aid in determining 

whether N-cadherin affects the adhesive properties of WT and mutant PCDH19 and also 

how this interaction compares with those between cells that express WT PCDH19 and no 

PCDH19. These results may provide critical information about how specific mutations in 

PCDH19 affect cell-cell interactions during neural development and also give some 

insight into why female FLE neurons behave differently from mosaic mixed male neurons 

in vitro. 

Do astrocytes have a role in the pathogenesis of PCDH19 FLE? 

Astrocytes are important mediators in many aspects of brain development and 

function. Not only do they secrete proteins that are critical for excitatory (Pfrieger and 
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Barres, 1997; Christopherson et al., 2005; Allen et al., 2012) and inhibitory 

synaptogenesis (Elmariah et al., 2005; Hughes et al., 2010), but their direct contacts with 

neurons are also essential for proper synapse formation (Hama et al., 2004; Barker et al., 

2008) and dendritic spine maturation (Ventura and Harris, 1999; Haber et al., 2006). 

Astrocytic defects have been shown to play a role in various neurodevelopmental 

disorders. In Rett syndrome caused by mutations in MeCP2, astrocytic deficiencies have 

non-cell-autonomous effects on neurons in both mouse (Ballas et al., 2009; Lioy et al., 

2011; Nguyen et al., 2012) and iPSC models. Williams et al. showed that astrocytes 

derived from Rett syndrome patient iPSCs have detrimental effects on the morphology of 

wild-type neurons in co-cultures in vitro (Williams et al., 2014). Interestingly, astrocytes 

express protocadherins at their perisynaptic processes and mediate neuronal 

synaptogenesis through the matching of protocadherin isoforms (Garrett and Weiner, 

2009; Molumby et al., 2016). Generally, protocols to differentiate neurons from iPSCs do 

not generate many astrocytes in the process thus making it difficult to study their role in 

disease pathogenesis in vitro. Fortunately, several established methods exist for 

generating astrocytes from iPSCs (Krencik et al., 2011; Emdad et al., 2012; Shaltouki et 

al., 2013) making it an interesting future consideration to add astrocytes to neuronal 

cultures. We would differentiate FLE patient iPSCs separately into cortical-like excitatory 

neurons and astrocytes and then co-culture the two populations together. One would 

have to determine the exact X-inactivation status of each cell type so that we could co-

culture WT neurons with WT astrocytes, WT neurons with mutant astrocytes, mutant 

neurons with mutant astrocytes and mutant neurons with WT astrocytes. One could 

assess for morphological changes as the cultures develop and also conduct functional 
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analyses using both whole-cell electrophysiological recordings and MEA recordings. 

These same experiments could also be repeated but with MGE-derived, cortical-like 

GABAergic interneurons to determine the effects of astrocytes on the development of 

interneurons. 

How do heterozygous mutations in PCDH19 affect the development of forebrain 
organoids? 

Our data indicate that FLE patient iPSC-derived neurons may have accelerated 

maturation as demonstrated by early expression of cortical layer markers. However, it is 

difficult to tease out what this accelerated maturation means in the greater context of 

cortical development using monolayer cultures. Fortunately, 3D culturing technique are 

becoming increasingly utilized as a strategy for iPSC disease modeling as they promote 

spatial organization in a more anatomically relevant manner. Organoids recapitulate 

important aspects of human brain development such as the radially organized progenitors 

and cortical cells around ventricular-like structures as found in the embryonic neural tube 

(Lancaster et al., 2013; Pasca et al., 2015; Qian et al., 2016). We have adopted a recently 

developed technology from Hongjun Song’s lab, SpinΩ, for generating much more 

spatially organized forebrain organoids with six cortical layers (described in Appendix B). 

This model is particularly promising for understanding developmental disorders with 

pathologies thought to arise from cell-cell interactions because the 3D architecture fosters 

communication between cells in a way that may be much more relevant than those found 

in 2D systems. In particular, for FLE modeling, we can extend our findings in monolayer 

cultures and compare various aspects of organoid development between FLE and control 
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organoids such as the cortical mantle thickness, cell types and lamination as well as 

neural progenitor changes such as cell cycle properties, migration and cell division. 

While forebrain organoids contain multiple cell types including astrocytes and 

GABAergic interneurons, these populations are sparse when compared with those in the 

human brain. As GABAergic signaling is a critical component of neocortical development 

(LoTurco et al., 1995; Heck et al., 2007; Wang and Kriegstein, 2008), the importance of 

their presence during organoid development cannot be understated. One way to 

introduce them in higher quantities is to grow forebrain organoids and MGE spheroids 

separately before combining them in a co-culture system (Liu et al., 2013). It is our 

experience that, if organoids are cultured together in close proximity, they tend to fuse 

together. As interneurons in the MGE migrate long distances to travel to cortex, it is likely 

that progenitors in the MGE spheroids would migrate into the forebrain organoids where 

they could integrate and possibly promote further maturation. Using this strategy, we 

could devise a system where we test multiple conditions: WT forebrain organoid with FLE 

MGE spheroid, FLE MGE forebrain organoid with WT spheroid, WT with WT and FLE 

with FLE. We would perform histological analyses and compare features such as 

migration, processes outgrowth and cellular morphology in the heterogeneous (WT with 

FLE) co-cultures compared with the homogeneous cultures. 

Lastly, the ability to generate organoids in large quantities makes them an 

attractive tool for drug screening. One could use MEA technology as well as all-optical 

electrophysiology (Optopatch) (Hochbaum et al., 2014) for high-throughput 

measurements and candidate drug selection. Optopatch is particularly suited for organoid 

physiology because of its ability to make measurements from many cells relatively quickly 
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and with robust statistics. Because of the heterogeneity that arises with organoids or any 

iPSC system, for that matter, it is necessary to perform analyses across a large population 

of cells. One would infect organoids with a lentivirus driven by a Synapsin promoter 

expressing QuasArs2, a highly-sensitive genetically-encoded voltage indicator and 

CheRiff, a blue-light activated channelrhodopsin with fast kinetics and minimal optical 

crosstalk with QuasArs2. By making slices from organoids and then using Optopatch to 

stimulate and record from targeted cells, one could measure network properties such as 

synaptic transmission and action potential propagation in large numbers of cells. The 

ultimate goal of these studies is to screen for potential drug therapies. One could add 

different AEDs to individual organoids before measuring changes in function with either 

MEA recordings or Optopatch. As PCDH19 FLE patients often encompass a broad 

spectrum of clinical manifestations, it suggests that the disorder is heterogeneous and 

that not every drug will work for every patient. If we are able to develop next-generation 

therapeutics targeted for individual patients with specific mutations, then it is a first step 

towards personalized medicine and translating our research findings into a real-world 

clinical setting. 

A look ahead 

The work presented in this dissertation gives new insights into how the adult neural 

circuitry remodels after epileptic seizures as well as how deviations in embryonic 

development can mediate hyperexcitability. However, these two processes are not 

mutually exclusive and understanding both should better inform our knowledge of the 

mechanisms of epileptogenesis. There are aspects of both systems that remain less well 

characterized but could offer critical insights into neurogenesis that impact our ability to 



 157 

derive curative treatments for epilepsy. For one, are fully mature adult-born DGCs 

different from neonatally-born DGCs? The general consensus is that immature adult-born 

DGCs have unique properties that are thought to contribute to learning and memory 

(Deng et al., 2009; Sahay et al., 2011; Gu et al., 2012) but these features disappear as 

the DGCs reach maturity (Esposito et al., 2005; Laplagne et al., 2006). However, our data 

in Chapter 2 suggest that even at 8 weeks after their birth, adult-born DGCs may have 

differential inputs from the hippocampal circuit. Dissecting out the molecular pathways 

that specifically regulate adult neurogenesis could allow for more precision when devising 

targets for treating TLE. Secondly, the oRG has been proposed to be a major contributor 

to upper-layer neurogenesis (Smart et al., 2002; Lukaszewicz et al., 2005; Hansen et al., 

2010). What regulates oRG development and can these changes be disrupted to lead to 

seizures? This question is difficult to answer in both iPSC monolayer cultures and rodent 

models because oRGs are sparse in both systems. However, oRGs can be reliably 

generated in organoid systems (Lancaster et al., 2013; Qian et al., 2016). Probing their 

functional and regulatory cues may uncover answers about human neurodevelopment 

and shed light on the mysteries that remain in understanding developmental epilepsies. 

In studying these changes, careful selection of a model system is critical as each 

one can only faithfully recapitulate certain, but not all features, of a disease. While the 

data presented in this dissertation use two different approaches to model two different 

epileptic disorders, human iPSC studies and animal models should be utilized as 

complementary systems because each has unique features that the other lacks. That is 

to say, a readily observable phenotype in iPSC-derived neurons may be subtler in an 

animal model, yet these subtleties should not be overlooked because they may lead to 
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other, more salient changes that are not observable in the iPSC system. For instance, a 

recent study modeling 15q11.2 copy number variations, a risk factor for schizophrenia, 

epilepsy and autism, showed that patient iPSC-derived neural rosettes had apical polarity 

defects but the differentiated neurons were normal. The authors were able to recapitulate 

this same progenitor defect in the SVZ of a mouse model and also extend these findings 

to show that cortical neurons migrated aberrantly, a feature that would not have been 

readily demonstrable in iPSC studies (Yoon et al., 2014). 

Cell-based therapies are becoming increasingly considered for the treatment of 

neurological disorders, particularly now that iPSCs are readily available and are 

essentially an unlimited, renewable source of cellular material. Transplantation strategies 

can be useful for both structural repair as well as anticonvulsant or disease modifying 

properties. An elegant study by Hunt et al. demonstrated that transplanting embryonic 

MGE precursors into the hippocampus of epileptic mice could ameliorate the frequency 

of seizures and attenuate other behavioral changes (Hunt et al., 2013). However, for the 

purposes of treating human disease, transplanting fetal-derived tissue is not a viable 

option. But the accessibility of patient-derived iPSCs holds great promise for deriving 

specific neuronal cell populations for autologous grafting purposes. Another study 

recently differentiated human iPSC-derived GABAergic progenitors and transplanted 

these cells into the epileptic mouse brain. The progenitors integrated over time into the 

neural network to suppress seizures and correct behavioral abnormalities (Cunningham 

et al., 2014). These results demonstrate the therapeutic potential of human iPSC-derived 

materials but the dosing strategy, efficacy and long-term safety and survival remain to be 

evaluated. 
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Despite the successes that we have achieved in understanding mechanisms of 

epileptogenesis in experimental models, a major consideration in all these studies is their 

translational relevance. Our knowledge of human TLE remains limited with most studies 

conducted in postmortem tissues or tissues from resected hippocampi of patients who 

have had chronic disease for a long period of time. While informative, these studies offer 

limited information on the acute stages of disease pathogenesis. In fact, it remains 

unknown whether seizure-induced neurogenesis is potentiated in human disease in a 

similar manner as in rodents. Despite these hurdles, investigators are beginning to 

acquire valuable tools to study physiological mechanisms in the human brain in an 

unprecedented manner. For instance, we have recently garnered a much clearer picture 

of the dynamics of adult human hippocampus neurogenesis using nuclear-bomb-test-

derived 14C dating (Spalding et al., 2013). Others have utilized human tissue to study 

dynamics of embryonic neurodevelopment that greatly informed our understanding of 

how the cortex forms (Hansen et al., 2010). We are also developing next-generation in 

vitro models with 3D organoids that more and more closely resemble the human brain in 

vivo. I am optimistic that if we, as a scientific community, openly share ideas and continue 

to conduct research in a rigorous and ethical manner, that this is merely just the beginning 

of a new era of scientific exploration. 

Conclusions 

Our understanding of neurogenesis and its impact on epileptogenesis has greatly 

increased in the last two decades. We now have powerful techniques and model systems 

that are capable of driving the scientific process at speeds and precision that were 

previously unachievable. In parallel with our scientific achievements, the questions that 
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we ask as a community are also becoming more and more complex. Thus, it is important 

that we turn to multiple model systems for answering multidimensional scientific 

questions, particularly when they address intricate processes such as development of the 

CNS, and not overlook the drawbacks that exist within each system. In this way, we can 

ask rigorous questions and make experimental advances that are ultimately translatable 

into a clinical setting.  
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Appendix A 

Inhibitory Inputs to the Dentate Gyrus from Extra-dentate Hippocampal Regions 

Summary 

The hippocampus has an extensive inhibitory interneuron network that includes 

PV and SST interneurons that innervate the perisomatic and dendritic regions of DGCs, 

respectively. After pilocarpine-induced SE, there is compensatory network sprouting of 

interneurons that involves the dentate gyrus, CA3 and CA1. We use RV birthdating in 

conjunction with RbV-mediated retrograde trans-synaptic tracing to delineate how the 

presynaptic inputs onto adult-born and early-born DGCs differ in the intact and epileptic 

brain. We found that, after SE, adult-born DGCs are the targets of CA3 PV interneuron 

sprouting while early-born DGCs are preferentially targeted by CA1 SST interneurons. 

We also found that, in the intact brain, both interneuron populations in CA3 send 

backprojections onto adult-born and early-born DGCs, while interneurons in CA1 only 

synapse onto early-born DGCs. These findings suggest that inhibition of DGCs extends 

from multiple regions of the hippocampus and that these connections increase after SE, 

perhaps as a mechanism to compensate for network hyperexcitability. 
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Introduction 

The dentate gyrus is hypothesized to be the ‘gate’ of the hippocampus by 

modulating the inputs from the entorhinal cortex in the classic trisynaptic pathway. DGCs 

are intrinsically difficult to excite due to hyperpolarized membrane potentials and high 

thresholds for firing (Lothman et al., 1992; Mody et al., 1992) in addition to being the 

subjects of extensive feedback and feedforward inhibition (Acsady et al., 1998). Most of 

the inhibition onto DGCs is thought to arise from local inputs in the dentate hilus. Multiple 

classes of hilar interneurons exist but the most well characterized are the fast-spiking 

basket cells that express PV as well as the hilar perforant path-associated cells that 

express SST (Bakst et al., 1986; Sik et al., 1997). Both populations primarily inhibit DGCs 

with PV interneurons selectively targeting perisomatic regions and the axon initial 

segments, while SST interneurons synapse primarily onto dendrites. Aside from these 

local inhibitory inputs, some evidence suggests that interneurons from other regions 

including CA3 and CA1 also synapse onto DGCs, albeit sparsely (Hajos and Mody, 1997; 

Szabadics et al., 2010; Lasztoczi et al., 2011).  

Both human and experimental models of TLE exhibit massive cell death of hilar 

interneurons (de Lanerolle et al., 1989; Mathern et al., 1995; Houser and Esclapez, 1996). 

The SST-expressing interneuron population is the most vulnerable (Buckmaster and 

Jongen-Relo, 1999) while the PV interneurons remains relatively resistant to SE-induced 

death. Despite this loss, several studies have indicated that, at later time points, the 

remaining hilar SST interneurons actually sprout axon collaterals that may serve to 

mitigate excitability in the dentate gyrus (Mathern et al., 1995; Zhang et al., 2009; Thind 

et al., 2010). Interestingly, Peng et al. showed that SST interneurons in CA1 sprout across 
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the hippocampal fissure after SE to form functional synapses onto DGCs (Peng et al., 

2013). 

We utilize the dual-virus tracing strategy relying on RV-birthdating in tandem with 

RbV mediated retrograde trans-synaptic tracing to identify first-order presynaptic inputs 

onto DGCs from PV and SST interneurons in the dentate gyrus, CA3 and CA1. We aimed 

to identify the composition of PV+ and SST+ inputs onto adult- and early-born DGCs and 

how these inputs changed after SE. 

Materials and methods 

Viral Production 

We generated a RV construct (RV-Syn-GTR) using a vesicular stomatitis virus G-

protein (VSV-G) pseudotyped Murine Moloney Leukemia virus-based vector containing a 

human Synapsin1 promoter driving GFP, TVA and Rgp. Titers ranged from 2-5 × 108 

cfu/mL. EnvA-pseudotyped RbV (RbV-mCh) was produced as described previously 

(Wickersham et al., 2010; Du et al., 2017) with titers of 2-4 × 105 cfu/mL used.  

Animals and seizure induction 

Animal procedures were performed following protocols approved by the 

Institutional Animal Care and Use Committee of the University of Michigan. Animals were 

purchased from Charles River and maintained between 20-22°C under a constant 12 h 

light/dark cycle with access to food and water ad libitum. To generate epileptic rats, adult 

male Sprague Dawley rats at P56 were pretreated with atropine methylbromide (5 mg/kg 

i.p.; Sigma-Aldrich). After 20 minutes, animals were administered the chemoconvulsant 

pilocarpine hydrochloride (340 mg/kg, i.p.; Sigma-Aldrich). Seizures were monitored 
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behaviorally and terminated after 90 minutes of SE with diazepam (10 mg/kg, i.p.; Hospira 

Inc.). Sham controls received identical treatment except pilocarpine was replaced with an 

equivalent volume of 0.9% saline. 

Intrahippocampal Injections 

We injected RV-Syn-GTR bilaterally into the dorsal dentate gyrus at P7 or P60 as 

previously described (Kron et al., 2010; Althaus et al., 2016) to birthdate early-born or 

adult-born DGCs, respectively, and render them RbV-competent. Briefly, P7 male 

Sprague Dawley pups were anesthetized on ice and placed on an ice-cold neonatal rat 

stereotaxic adapter (Stoelting) in a Kopf stereotaxic frame. Bilateral burr holes were drilled 

into the skull and 1 μL of RV-Syn-GTR was injected at a rate of 0.1 μL/min using a 5 μL 

Hamilton syringe with the following coordinates (in mm from bregma and mm below the 

skull): caudal 2.0, lateral 1.5, depth 2.7. For injections at P60, rats were anesthetized 

using a Ketamine/Xylazine mixture and placed into a Kopf stereotaxic frame. Bilateral 

burr holes were drilled into the skull and 2 μL of RV-Syn-GTR was injected with the 

following coordinates (in mm from bregma and mm below the skull): caudal 3.9, lateral 

2.3, depth 4.2. 

 At P112-126, RbV-mCh was injected bilaterally into the dorsal dentate gyrus 

to trace monosynaptic inputs onto RV-Syn-GTR infected DGCs. Animals were 

anesthetized using a Ketamine/Xylazine mixture. RbV-mCh (2 μL) was injected at a rate 

of 0.1 μL/min at the following coordinates (in mm from bregma and mm below the skull): 

caudal 4.2, lateral 2.3, depth 4.2. 
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Immunohistochemistry 

 On day 7 after RbV-mCh injection, animals were deeply anesthetized with 

pentobarbital and transcardially perfused with 0.9% saline and 4% paraformaldehyde 

(PFA). Brains were removed and post-fixed overnight in 4% PFA and cryoprotected with 

30% sucrose. Frozen coronal sections (40 μm thickness) were cut in the coronal plane 

using a sliding microtome. Series’ of 12-16 sections (each 480 μm apart) in the rostro-

caudal axis of the brain were processed with standard fluorescent immunohistochemical 

techniques (double- and triple-labeling) using the following primary antibodies: chicken 

anti-GFP (1:1000, Aves), rabbit (Rb) anti-dsRed (1:1000, Clontech), mouse (Ms) anti-

mCherry (1:1000, Clontech), Ms anti-Parvalbumin (PV; 1:400, Sigma), or Rb anti-

Somatostatin (SST; 1:500, Peninsula Labs). Secondary antibodies (Alexa Fluor, 1:400 

dilution, Invitrogen) used were: goat (Gt) anti-chicken 488, Gt anti-rabbit 594 or 647, and 

Gt anti-mouse 594 or 647. Nuclear counterstain was performed using bisbenzimide. 

Microscopy and Image Analysis 

 Images were acquired using a Leica TCS SP5X upright confocal 

microscope. For analysis of double-labeling for mCh and PV or SST, images were 

acquired with a 20x objective at 1.0x optical zoom and 2 μm step size through the z-plane 

with the pinhole set at 1 Airy unit. Images were imported into Adobe Photoshop CS6 and 

analyzed for co-localization of immunoreactivity. Quantification was performed on 

sections spaced 480 μm apart that spanned the rostral-caudal extent of each 

hippocampus. Within the dentate gyrus, CA3 and CA1, identification of PV and SST 

interneurons was based on morphology, location and marker labeling. Cells that were 

both mCh+ and marker+ but GFP-negative were counted. The data for each region were 
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then divided by the total number of mCh+/marker+ cells summed from all three regions. 

Statistical analyses were performed using GraphPad Prism 7 software. Group means 

were compared with a one-way ANOVA and post-hoc Tukey’s multiple comparisons test 

with the significance level set at p < 0.05. 

Results 

Hippocampal PV-expressing interneurons sprout preferentially onto adult-born DGCs 
after SE 

We traced monosynaptic inputs onto adult-born (P60 injected) and early-born (P7 

injected) DGCs in both the intact and epileptic rat brain. We found that local dentate gyrus 

PV interneuron inputs comprised ~95% and ~79% of the total PV+ inputs onto adult-born 

and early-born DGCs, respectively, in the intact brains. In the hippocampus proper, there 

was a trend towards more PV interneuron inputs from CA3 and CA1 onto early-born 

DGCs than adult-born DGCs (Figure A.1A, C, E). While these results did not reach 

statistical significance, we found adult-born DGCs received <1% of inputs from CA1 PV 

interneurons compared with ~8% in early-born DGCs. Furthermore, adult-born DGCs 

receive ~5% of PV interneuron inputs from CA3 versus ~13% for early-born DGCs. After 

SE, however, we found that extra-dentate PV interneurons sprout preferentially onto 

adult-born DGCs as manifested by an increase in composition from ~5% to ~20% from 

CA3 PV interneurons and <1% to ~14% from CA1 PV interneurons (Figure A.1A, B, E). 

No changes appeared in hippocampal PV+ inputs onto early-born DGCs after SE (Figure 

A.1C, D, E). 
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Hippocampal SST-expressing interneurons target early-born DGCs after SE 

We next explored monosynaptic connections from SST interneurons onto 

birthdated DGCs in the intact and epileptic brain. In controls, we found that local dentate 

gyrus SST+ inputs constituted similar amounts of total SST+ inputs onto adult-born DGCs 

(~90%) and early-born DGCs (~84%). Furthermore, similar amounts of axonal 

backprojections from CA3 SST interneurons onto both populations were seen (Figure 

A.2A, C, E). Additionally, early-born DGCs received a small amount of SST+ inputs (~5%) 

from CA1 SST interneurons (Figure A.2C). After SE, there was significant sprouting from 

CA1 SST interneurons preferentially onto early-born DGCs as compared with all cohorts 

with a compositional increase from ~5% to ~31% of all SST+ inputs (Figure A.2B, D, E) 

onto this age-defined cohort. In contrast, CA1 SST interneurons that synapsed onto adult-

born DGCs after SE were sparser and not statistically significant (Figure A.2B), making 

up approximately 7% of the total SST inputs. No apparent differences in CA3 SST+ inputs 

onto either population were observed after SE. 

Discussion 

We combined RV-birthdating with RbV-mediated retrograde trans-synaptic tracing 

to assess the hippocampal inhibitory network innervating age-defined cohorts of DGCs 

and how it changes after SE. In the intact brain, we found that PV interneurons from the 

dentate gyrus and CA3 constitute ~95% and 5%, respectively, of all the PV+ inputs onto 

adult-born DGCs. Meanwhile, early-born DGCs receive ~79%, 13% and 8% of their PV+ 

inputs from dentate hilus, CA3 and CA1, respectively. Additionally, SST interneurons in 

the dentate hilus and CA3 contribute 90% and 10% of the total SST+ inputs to adult-born 

DGCs. Early-born DGCs receive ~84%, 11% and 5% of their total SST+ inputs from 
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dentate hilus, CA3 and CA1, respectively. Our findings suggest that interneurons from 

extra-dentate regions play a greater role in inhibiting DGCs under basal conditions than 

previously appreciated. Our results demonstrate that an epileptogenic insult significantly 

alters some of these inhibitory inputs, and that the changes differentially affect early- 

versus adult-born DGCs. After SE, PV interneurons from CA3 preferentially backproject 

onto adult-born DGCs while CA1 SST interneurons target early-born DGCs. While it is 

well-accepted that the inhibitory interneurons in the dentate hilus are capable of 

significant remodeling, this study suggests that other hippocampal regions are also 

extensively involved. 

The PV-expressing cells are a major class of hippocampal interneurons and 

represent up to 30 percent of the GABAergic population in stratum oriens of CA3 and 

CA1 and up to 20 percent of the dentate hilar interneuron population (Freund and Buzsaki, 

1996). This population is relatively resistant to seizure-induced death (Sloviter, 1987, 

1989) in contrast to the SST population. We describe an increase in sprouting from CA3 

and CA1 PV interneurons onto adult-born DGCs after SE. It is possible these changes 

represent a compensatory mechanism to replace the loss of dentate gyrus PV+ inputs 

onto adult-born DGCs after SE, which we describe in Chapter 2 of this dissertation (Du 

et al., in press). 

Several reports suggest that, despite their initial loss, SST interneurons in the 

hippocampus hypertrophy and sprout after SE (Zhang et al., 2009; Thind et al., 2010; 

Peng et al., 2013). We show that SST interneurons in CA1 preferentially target early-born 

DGCs after SE with some minor synapses onto adult-born DGCs as well. One potential 

explanation for why these changes arise is that they serve as a means of homeostatic 
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network compensation, with targeting of early-born DGCs from CA1 as a way to balance 

the major loss of dentate hilar SST+ inputs onto early-born DGCs (as described in 

Chapter 2 of this dissertation). Because adult-born DGCs after SE actually have 

increased inputs from SST interneurons in the dentate hilus, they are not targeted for this 

inhibitory synaptic reorganization. The other form of SE-induced remodeling that may 

stimulate CA1 SST interneuron sprouting onto early-born DGCs is CA1 pyramidal cell 

sprouting onto this population (See Chapter 2 and Du et al., in press). Taken together, 

these results and the PV findings suggest that the epileptic hippocampus attempts to re-

balance the loss of inhibition/increased excitation onto specific cell populations by 

increasing inhibitory sprouting from different regions. Nonetheless, there appear to be 

limits in the total inhibition that a cell can receive as demonstrated by differential sprouting 

from different regions onto birthdated populations. This notion is supported by evidence 

from interneuron transplantation studies where, once a threshold number of transplanted 

cells is reached, inhibition plateaus and becomes insensitive to increasing numbers of 

cells (Southwell et al., 2010). 

The finding of substantial feedback inhibition of DGCs from the hippocampus 

proper has implications for understanding information processing in the hippocampal 

formation and mechanisms of learning and memory. Further studies should be aimed at 

delineating the behavior of additional inhibitory interneuron subtypes in the hippocampus 

and how they differentially respond to SE-induced plasticity. Future work will also need to 

address the functional status of novel inhibitory synapses generated after SE. 

Understanding the hippocampal inhibitory network is critical for elucidating mechanisms 

underlying the development of TLE. Strategies to fine tune the nature and timing of 
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interneuron axonal sprouting may lead to therapies that control or even prevent the onset 

of seizures.    
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Figure A.1. Hippocampal PV-expressing interneuron inputs onto birthdated DGCs 
in the intact and epileptic brain. 
(A-D) Representative images from the dentate gyrus (DG), CA3 and CA1 in all four 
cohorts showing mCh+ presynaptic inputs that are also PV+. (E) Quantification of the 
percentage composition of PV interneurons that arise from CA1, CA3 or DG and are 
monosynaptically connected onto starter cells in each of the 4 cohorts (n = 5-6 animals 
per group; **p<0.01, one-way ANOVA with Tukey’s post-hoc test). 
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Figure A.2. Hippocampal SST-expressing interneuron inputs onto age-defined 
populations of DGCs in the intact and epileptic brain. 
(A-D) Representative confocal images of mCh+/SST+ cells in the dentate gyrus (DG), 
CA3 and CA1 that synapse onto age-defined populations of DGCs in the epileptic and 
intact brains. (E) Quantitative analysis of the percentage of SST interneurons from CA1, 
CA3 and DG that make up the entire composition of SST+ inputs onto adult-born or early-
born DGCs in epileptic or control brains. (n = 5-6 animals per group; ***p<0.001, one-way 
ANOVA with Tukey’s post-hoc test). 
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Appendix B 

Forebrain Organoids as a Model for Neural Development 

Summary 

Human brain development exhibits many unique features such as an expanded 

oSVZ as well as inside-out development that are difficult to model in monolayer cultures. 

The use of 3D cerebral organoids provides a powerful platform for understanding 

disorders that may affect cortical development, such as the genetic epilepsies. We 

compare two different strategies for generating cerebral or forebrain organoids. One 

strategy, termed the intrinsic protocol, does not utilize external morphogenic cues and 

favors self-patterning to develop multiple regions of the brain. The second strategy 

introduces patterning factors to direct the organoids towards a forebrain fate that 

generates dorsal and some ventral cell types. Our results demonstrate that the forebrain 

organoids are much more organized and have laminated cortical regions with the 

presence of oRGs. These results suggest that forebrain organoids may be more suited 

for studying disorders that affect cortical development and may have broad utility for 

understanding disease mechanisms and testing potential precision therapies. 
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Introduction 

Recent advances in 3D culture technology hold great promise for understanding 

neural development in an anatomically relevant manner that more closely resembles 

tissue organization found in vivo. Organoids take advantage of the intrinsic property of 

pluripotent stem cells to self-organize into 3D aggregates when allowed to grow in 

suspension (Eiraku et al., 2008; Eiraku et al., 2011). Recently, Lancaster et al. pioneered 

the cerebral organoid, the first 3D structure derived from human iPSCs that resembled 

parts of the developing brain (Lancaster et al., 2013). The technique takes advantage of 

a spinning bioreactor that promotes expansion of the tissue in a manner that was 

previously unachievable. Since then, the field began to establish more region-specific 3D 

neural cultures to model human brain development and disorders (Mariani et al., 2012; 

Kadoshima et al., 2013; Mariani et al., 2015; Pasca et al., 2015; Qian et al., 2016). In an 

effort to improve upon the original cerebral organoid strategy both in scalability and the 

ability to form more organized structures, Qian et al. used 3D printing technology to design 

SpinΩ, a 12-well spinning culture that allowed for more organoid growths conditions to be 

tested in parallel. In addition, the group developed a new protocol that generated 

forebrain-specific organoid structures that expressed markers for all six cortical layers 

and showed gene expression patterns resembling that of late second trimester to early 

third trimester human fetal tissue for certain cortical regions (Qian et al., 2016). 

Several studies have already emerged employing organoids to model various 

diseases of human neural development such as microcephaly (Lancaster et al., 2013), 

lissencephaly (Bershteyn et al., 2017), mTORopathy (Li et al., 2016), ASD (Mariani et al., 

2015) and Zika virus infection (Cugola et al., 2016; Garcez et al., 2016; Wells et al., 2016; 
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Gabriel et al., 2017). To study genetic epilepsies, organoids hold great promise for 

expanding our current knowledge of neural development beyond what we have garnered 

from 2D cultures. For greater understanding of endogenous features of the human brain 

such as cortical lamination, more complex cellular diversity and cell-cell interactions in 3D 

spatial orientation, studies using organoids are critical. To this end, we compared the 

organization and structural integrity of the intrinsic protocol (Lancaster et al., 2013) and 

the forebrain organoid protocol (Qian et al., 2016). We found that the intrinsic protocol 

generated cell types of the entire brain but in a disorganized, heterogeneous manner. In 

contrast, the forebrain organoids were much more consistent and organized with 

laminated structures resembling human cortical development. 

Materials and methods 

Reprogramming and culturing iPSCs 

Fibroblasts from PCDH19 FLE patients and a control female were reprogrammed 

as described in Chapter 3 of this dissertation. Briefly, fibroblasts were electroporated with 

1 μg of episomal expression plasmids (pCXLE-hOCT3/4-p53 shRNA, pCXLE-hUL and 

pCXLE-hSK) and maintained in TeSR-E7 reprogramming media. iPSC colonies were 

manually isolated 3 weeks later and maintained in TeSR-E8 on feeder-free Matrigel-

coated plates. 

Generation of cerebral organoids using the intrinsic protocol 

Cerebral organoids were generated according to a previously described protocol 

(Lancaster and Knoblich, 2014). We formed embryoid bodies (EBs) in pluripotent stem 

cell medium (PSCM) containing DMEM/F12, 20% Knockout serum replacement (KOSR), 
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1× MEM NEAA, 1× GlutaMAX, 1× BME and 4 ng/mL FGF2 until they reach 500-600 μm 

in diameter, typically 5-6 days. The EBs were then transferred into an N2 organoid neural 

induction medium containing DMEM/F12, 1× N2, 1× MEM NEAA, 1× GlutaMAX and 1 

μg/mL heparin until their edges show radial organization indicating neuroectodermal 

differentiation, typically 4-5 days. We then embedded these neuroepithelial aggregates 

into 3D Matrigel droplets and cultured them in cerebral organoid differentiation medium 

(CODM) containing a 1:1 mixture of DMEM/F12 and Neurobasal media with 1× N2, 1× 

GlutaMAX, 50 U/mL P/S, 5 μg/mL insulin, 1× BME and 1× B27 without vitamin A. Within 

approximately 24 hours, the neuroepithelial tissue began budding within the Matrigel 

structure and contained fluid-filled cavities. After 4 days of growth in static culture with 

media changes every 48 hours, the embedded primitive organoids were transferred into 

CODM with vitamin A in a 125-mL spinning flask. The flask was spun at 85 rpm in a 37°C 

incubator with media changes once per week. 

Generation of forebrain organoids using SpinΩ 

Forebrain organoids were generated according to the Song lab protocol (Qian et 

al., 2016). EBs were formed in Aggrewell 800 plates (STEMCELL Technologies) in 

PSCM. On the following day, EBs were transferred into ultra-low attachment flasks in 

Dorsomorphin/A83 media containing DMEM/F12, 20% KOSR, 1× GlutaMAX, 1× MEM 

NEAA, 1× BME, 2 μM Dorsomorphin and 2 μM A-83 (Tocris Biosciences). Media was 

changed every other day and after 4 days, media was gradually replaced with 

CHIR99021/SB431542 (CS) induction media containing DMEM/F12, 1× N2, 1× 

GlutaMAX, 1× NEAA, 50 U/mL P/S, 10 μg/mL heparin, 1 μM CHIR99021 (Tocris 

Biosciences) and 1 μM SB431542. On day 7, EBs were embedded in Matrigel and 
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maintained in CS induction media for another 7 days with media changes every other 

day. On day 14, organoids were lightly triturated to dissociate them from the Matrigel and 

then transferred into SpinΩ in differentiation media (DM) containing DMEM/F12, 1× N2, 

1× MEM NEAA, 1× GlutaMAX, 50 U/mL P/S, 1× BME, 2.5 μg/mL insulin and 1× B27 

without vitamin A. Media was changed every other day. On day 28, vitamin A was added 

to the media. On day 71, organoid media was changed to maturation media which 

contained Neurobasal, 1× B27, 1× GlutaMAX, 50 U/mL P/S, 20 ng/mL BNDF, 20 ng/mL 

GDNF, 1 ng/mL transforming growth factor-β (TGF-β; Peprotech), 0.2 mM ascorbic acid 

(Sigma) and 0.5 mL dbcAMP. 

Organoid processing and immunocytochemistry 

Whole organoids were washed once with PBS and fixed in 4% PFA for 30 minutes 

at room temperature. Organoids were then washed 3 times with PBS and incubated in 

30% sucrose at 4°C overnight. The next day, organoids were washed twice in PBS and 

then embedded in Tissue-Tek optimum cutting temperature (O.C.T.) (Sakura Finetek) 

and sectioned at 20 μM thickness in a freezing cryostat. Organoid sections were 

immunostained with standard fluorescent ICC techniques as described in Chapter 3. The 

following primary antibodies were used: rabbit (Rb) anti-Pax6 (1:300, Covance), rat anti-

CTIP2 (1:300, Abcam), mouse (Ms) anti-SATB2 (1:100, Abcam), Ms anti-TUJ1 (1:2000, 

Covance), Rb anti-GABA (1:2000, Sigma), ), Ms anti-MAP2ab (1:500, Sigma) and Rb 

anti-HOPX (1:500, Sigma). Secondary antibodies (Alexa Fluor, 1:400 dilution, Invitrogen) 

used were: Gt anti-rat 488, Donkey anti-goat 488, Gt anti-rabbit 488, 594 or 647, Gt anti-

mouse 488, 594 or 647. Nuclear counterstain was performed using bisbenzimide. 
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Preparation of acute organoid slices for whole-cell sodium and potassium current 
recordings 

Fresh organoid slices were prepared as modified from (Brackenbury et al., 2013). 

Organoids at 90 days old were immersed in oxygenated “slicing” solution saturated with 

95% O2/5% CO2. The slicing solution contained the following (in mM): 110 sucrose; 62.5 

NaCl; 2.5 KCl; 4 MgCl2; 1.25 KH2PO4; 26 NaHCO3; 0.5 CaCl2 and 20 D-glucose (pH 7.35–

7.4 when saturated with 95% O2/5% CO2 at 4°C). Organoids were then embedded in 4% 

Type-1B low melt agarose prepared with slice solution and 200 µm thick slices were cut 

on a VF-300 Compresstome. Slices were collected and incubated in a custom chamber 

filled with 95% O2/5% CO2 saturated slice solution for 30 minutes at room temperature 

(22-25°C). Slices were then transferred to artificial cerebrospinal fluid (ACSF) consisting 

of the following (in mM): 125 NaCl; 2.5 KCl; 1 MgCl2; 1.25 KH2PO4; 26 NaHCO3; 2 CaCl2, 

and 25 D-glucose (pH 7.35–7.4), aerated continuously with 95% O2/5% CO2 at room 

temperature for at least 30 minutes before recording.  

Whole-cell patch-clamp recording of sodium and potassium currents 

Individual organoid slices were transferred to a submersion recording chamber and 

mechanically fixed using a U-shaped anchor made of a platinum wire frame with nylon 

mesh. Slices were superfused (2–4 mL/min) continuously with oxygenated ACSF. Cells 

were visualized with a Nikon A1R confocal microscope equipped with infrared differential 

interference contrast optics using a 40× water immersion objective. Recording electrodes 

had a resistance of 3–6 MΩ when filled with pipette solution containing (in mM): 140 K-

gluconate; 4 NaCl; 0.5 CaCl2; 10 Hepes; 5 EGTA; 2 Mg-ATP; and 0.4 GTP (pH 7.3 

adjusted with KOH). Signals were filtered at 10 kHz and digitized at 20 kHz for offline 



 189 

analysis using pClamp10 software. Inward and outward currents were elicited with 

voltage steps from a -120 mV holding potential to test pulses in 5-10 step increments to 

a maximum of +40 mV.  

Preparation of acute organoid sections for action potential recordings 

All recordings were performed with 300 µm thick slices taken from 80 day old 

organoids. Individual organoids were mounted on an agar block, immersed in the ice-cold 

Hibernate-A media (BrainBits, LLC) and sliced on a VT-1200S vibratome (Leica). 1-3 

slices per organoid were taken, depending on the organoid size. Slices were then stored 

in the refrigerator at 4°C in fresh Hibernate-A for up to 8 hours. 

Whole-cell and cell-attached action potential recordings 

Slices were transferred to the recording chamber containing Hibernate-A at room 

temperature and mounted on an upright microscope. Slices were visualized using a 

differential contrast light microscopy. Targeted whole-cell and cell-attached recordings 

were performed using appropriate internal solutions and 3-5 MΩ or 1-2 MΩ glass pipettes, 

respectively. Whole-cell recording of passive properties including input resistance, series 

resistance and cell capacitance, were measured under voltage-clamp mode. Single 

action potentials were then evoked in current-clamp mode by a brief depolarizing current 

injection. Cell-attached mode was used to monitor spontaneous action potential firing. 

Data were acquired at 20 kHz using Clampex software (Molecular Devices, LLC) and a 

Multiclamp 700B amplifier (Molecular Devices, LLC), digitized with Digidata 1440A 

(Molecular Devices, LLC) and filtered at 5 kHz. 
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Results 

We first generated cerebral organoids using the intrinsic protocol (Lancaster et al., 

2013; Lancaster and Knoblich, 2014) in a large spinning bioreactor flask. We found that 

2-month-old organoids were able to reach sizes as large as 4 mm in diameter (Figure 

B.1A) and we could identify scattered areas of PAX6+ neural progenitors surrounding a 

ventricular-like lumen (VL) with numerous TUJ1+ immature neurons in a cortical mantle-

like structure (Figure B.1C). Organoids at 4 months age were disorganized with various 

PAX6+ progenitor regions and TUJ1+ neurons scattered throughout (Figure B.1B). 

There were also several areas of unidentifiable cells types. Additionally, we found various 

regions of mature neurons as shown by MAP2ab+ immunostaining (Figure B.1D) as well 

as some areas with CTIP2+ and SATB2+ putative deep and superficial laminar cortical 

regions, respectively (Figure B.1E-E′′). We also performed whole-cell patch clamp 

recordings to assess whether neurons in the organoids were functionally active. We found 

that neurons near the “cortical surface” of the organoids displayed sodium and potassium 

currents (Figure B.1F) and fired action potentials (albeit of an immature quality) in both 

whole-cell (Figure B.1G) and cell-attached (Figure B.1H) configurations. The formation 

of neural progenitor zones, cells expressing markers of deep and superficial cortical 

projection neurons, and presence of functionally active neurons were positive aspects of 

this organoid method. However, the overall disorganization (Figure B.1B) and lack of 

batch-to-batch consistency (data not shown) led us to seek a better approach. 

We next tested a different 3D culture technique by building our own SpinΩ system 

and employing it to generate forebrain organoids (Qian et al., 2016). At approximately 8 

weeks, SpinΩ forebrain organoids were much more organized structurally with PAX6+ 

ventricular zone-like regions on the inside of the organoid that were surrounded by TUJ1+ 
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immature neurons resembling the developing human cortex (Figure B.2C). We found that 

the vast majority of the mature neurons in the forebrain organoids were cortical as 

manifested by CTIP2+ and SATB2+ immunostaining (Figure B.2A). Upon closer 

examination of the cortical-like regions, we observed that they included CTIP2+ deep 

layer neurons with SATB2+ upper layer neurons (Figure B.2B) surrounding the 

ventricular zone-like areas. We also found that forebrain organoids included some ventral 

cell types such as GABAergic cells (Figure B.2D). Additionally, immunolabeling for 

HOPX, a marker of oRGs, demonstrated that organoids had regions of HOPX+ cells on 

the outside of the ventricular-like regions that resembled the oSVZ in human development 

(Figure B.2E, F). Overall, the SpinΩ method more consistently generated well-organized 

progenitor zones and cortical-like regions than the intrinsic protocol. 

Discussion 

 We used two different, well-established protocols to generate cerebral organoids 

and forebrain organoids. The intrinsic protocol does not rely on patterning factors which 

theoretically allows for generation of multiple brain regions and diverse cell populations. 

In contrast, the SpinΩ organoid protocol utilizes dual SMAD inhibition in combination with 

a Wnt agonist to induce early forebrain patterning events. We found that the intrinsic 

protocol generated organoids that were somewhat more disorganized with erratic 

locations of ventricular zones and neurons and areas of unidentifiable cell types. 

Furthermore, these organoids had cortical-like regions that contained neurons that 

expressed cortical markers but their appearance was sporadic and often did not appear 

next to any ventricular-like areas. In contrast, forebrain organoids generated using SpinΩ 

created structures with organized ventricular zones that included a HOPX+ oSVZ. 
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Surrounding these ventricular-like zones were CTIP2+ and SATB2+ deep layer and upper 

layer neurons, respectively. We also found GABA+ neurons scattered throughout the 

organoids suggesting that these organoids included components of both the dorsal and 

ventral forebrain. Longer culture duration than we used are necessary to develop the full 

complement of cortical laminae and this is one of the next steps necessary to confirm the 

utility of the SpinΩ approach. 

Forebrain organoids appear be more broadly applicable for studying genetic 

epilepsies such as PCDH19 FLE where there is evidence from patient studies that the 

cerebral cortex is involved. Using this approach, we would compare patient organoids 

with control organoids to assess for morphological changes to the cortical mantle region 

such as differences in the thickness of the cortical neuronal layer and the types of cortical 

layers that are formed. While the organoids shown here had not been cultured for a long 

enough period of time to have upper layer neurons that express markers such as cut-like 

homeobox 1 (CUX1) and brain-specific homeobox protein 2 (BRN2), we would expect 

them to appear around 84 days. We would also assess the ventricular region to determine 

if there are changes in the composition and cellular dynamics of the neural progenitors 

both in the VZ as well as the inner SVZ (iSVZ) and oSVZ. 

It remains unclear how the circuitry and connectivity within the forebrain organoids 

develop and whether they can recapitulate the physiological features of the human brain. 

One critical challenge is to generate mature organoids as all the current protocols lack 

the ability to overcome the hypoxia and nutrient depletion that occurs in the center of the 

structures as their sizes increase. Another reason for their immaturity is the lack of 

important cell types such as vascular cells, oligodendrocytes and microglia that are critical 
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for the normal development of the human brain. Future directions should include 

generating chimeric structures where multiple organoids are patterned towards different 

cell fates and then fused together to promote migration and integration of different cell 

types. 

It is already possible to generate large quantities of forebrain organoids using 

SpinΩ for higher throughput applications. When used in combination with sophisticated 

technologies such as MEA recordings and all-optical electrophysiology (Hochbaum et al., 

2014), it is possible to generate an enormous wealth of data to develop targeted next-

generation therapeutics. 
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Notes to Appendix B 

Jacob M. Hull and Lori Isom performed the whole-cell sodium and potassium current 
recordings. Kasia Glanowska performed the whole-cell and cell-attached action potential 
recordings. Louis Dang provided technical assistance with assembling and 
troubleshooting the SpinΩ platform. 
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Figure B.1. Cerebral organoids generated with the intrinsic protocol have sparse 
cortical-like regions and are electrophysiologically active. 
(A) Gross morphology of cerebral organoid after 2 month culture growth in the spinning 
bioreactor. Scale bar represents 1 mm. (B) ICC shows that a 4-month-old organoid has 
various regions of PAX6+ progenitors with scattered TUJ1+ neurons throughout. Scale 
bar represents 200 μm. (C) 2-month-old organoid shows PAX6+ neural progenitors 
surrounding a ventricular-like lumen (VL) with TUJ1+ immature neurons in a more 
external cortical mantle-like structure. Asterisks represent outer surface of organoid. 
Scale bar represents 100 μm. (D) 4-month-old organoid shows MAP2ab+ mature neurons 
in a structured cortical-like region. Asterisk represents outer surface of organoid. Scale 
bar represents 200 μm. (E-E′′) Organoids have some cortical-like regions demonstrating 
CTIP2+ deep layer neurons and SATB2+ upper layer neurons. Scale bar represents 100 
μm. (F) Patch clamp recordings show that neurons in cerebral organoids have sodium 
and potassium currents and fire action potentials as seen with (G) whole-cell and (H) cell-
attached configurations. 
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Figure B.2. Forebrain organoids generated with SpinΩ mimic the developing 
human cortex with ventricular zone-like areas surrounded by cortical-like neurons. 
(A-B) Representative image of 8-week-old forebrain organoid immunostained for CTIP2+ 
and SATB2+ showing cortical-like regions. Scale bar represents 200 μm in A and 20 μm 
in B. (C) Organoids have PAX6+ ventricular zone-like regions on the inside that are 
surrounded by TUJ1+ immature neurons. Scale bar represents 100 μm. (D) Organoids 
also display small numbers of GABAergic interneurons. Scale bar represents 50 μm. (E) 
Immunostaining for HOPX shows that the progenitor zones have an oSVZ area that 
includes HOPX+ oRGs. Scale bar represents 100 μm. (F) High magnification image of 
HOPX+ oRGs demonstrating their characteristic morphology. Scale bar represents 50 
μm. 
 


