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Abstract 
  

 Epilepsy is a debilitating disease that often has a profoundly negative 

impact on quality of life for patients. Temporal lobe epilepsy (TLE) is a common 

type of medically intractable epilepsy among adults. In TLE, spontaneous 

seizures begin in temporal lobe structures, including the hippocampus, before 

progressing to cortical structures. As a result, pathological changes within the 

hippocampus are hypothesized to play a critical role in epileptogenesis. 

However, the relationship between observed neuropathology and the 

development of seizure activity is not well understood, and some aberrant 

neuronal features that appear to be pathological may actually participate in 

reparative plasticity. The dentate gyrus is a region of particular interest for 

epilepsy-related plasticity because of its position as a gate for much of the 

incoming excitatory input to the hippocampus. In addition, it is capable of a 

unique type of neuronal plasticity, due to ongoing adult neurogenesis in this 

region. Indeed, DGCs born after an epileptogenic insult in rodent models are 

much more likely to display aberrant, pro-excitatory morphology than those that 

were mature at the time of insult. 

 We hypothesized that these adult-born DGCs with aberrant morphology 

are also the most likely to display pro-excitatory physiological features. Hilar 

ectopic DGCs are common in tissue from TLE patients and animal models, but 
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rare in healthy controls. We recorded from hilar ectopic and normotopic (located 

in the granule cell layer) DGCs from both rat and human TLE tissue and found 

increased excitability in rat DGCs, but decreased excitability in human DGCs. 

These data present a conflicting view of the role of ectopic DGCs in 

hyperexcitability, but they also highlight important discrepancies between the 

human disease and the rodent disease model, which are explored in chapter 2. 

 We also hypothesized that adult-born DGCs would contribute more than 

neonatal-born DGCs (which would be mature at the time of epileptogenesis), to 

aberrant inter-connectivity of DGCs. We labeled neonatal- and adult-born 

populations of DGCs using retrovirus carrying a fluorescent-tagged 

synaptophysin to study mossy fiber axonal reorganization in the rat pilocarpine 

TLE model. Interestingly, we found no major differences, either qualitative or 

quantitative, in axonal plasticity between the two birthdated populations. Thus, 

axonal reorganization is independent of adult-neurogenesis in the rat TLE model. 

Subsets of neonatal and adult-born DGCs are capable of remarkable plasticity in 

response to epileptogenesis, and the implications of this are discussed in chapter 

3. 

 The work presented in this dissertation provides new insight into the role 

of DGC birthdate and morphology for excitability in epilepsy. It is more complex 

than was previously suggested. We have shown that both neonatal- and adult-

born, can exhibit features consistent with increased excitability in TLE, but not all 

adult-born DGCs appear to promote excitability. To gain more comprehensive 

insight into the implications of these various seizure-related changes, these data 
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should be integrated into computational models in future studies. 
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Chapter 1 

 

Introduction 

 

Epilepsy is a complex and diverse neurological disorder characterized by 

spontaneous, recurrent seizures. Despite being a recognized neurological illness 

for millennia, underlying mechanisms of epilepsy are not well understood. Of the 

large variety of epilepsy syndromes, temporal lobe epilepsy (TLE) is the most 

common in adults. It is also one of the most intractable: in more than 30% of 

persons with TLE, seizure activity is not controlled by pharmacotherapy (Engel & 

Pedley 1998).  

The causes of TLE are largely unknown and probably vary across 

patients. In many cases, the onset of spontaneous seizures is preceded by an 

initial precipitating injury, which is believed to play a causal role in the 

development of epilepsy. Precipitating injuries are different from patient to 

patient, ranging from prolonged febrile seizures, to nervous system infections 

like bacterial meningitis, to traumatic brain injury and others. However, most 

people who experience these insults will not go on to develop epilepsy (Harvey 

et al 1997). For those that do, the latent period (time between the injury and 

onset of seizures) is highly variable. All of these factors contribute to the difficulty 
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of understanding the process of epileptogenesis, which involves cellular and 

molecular changes leading to the generation of spontaneous recurrent seizures. 

In many TLE patients, removal of the seizure focus, which includes the 

hippocampus and other antero-medial temporal lobe structures, alleviates 

seizures. These resected tissues, along with post-mortem tissues, often display 

hippocampal sclerosis, which includes pyramidal cell death, astrogliosis, and 

structural reorganization within the dentate gyrus (Engel & Pedley 1998). 

Pathology in the dentate gyrus is of particular relevance to those interested in 

adult neurogenesis, because the dentate is a well-established region of ongoing 

neurogenesis in the adult human brain (Eriksson et al 1998). 

 

Modeling TLE in laboratory animals 

 

TLE is a heterogeneous disease: patients present at all ages, have had a 

variety of precipitating injuries (or, in many cases, no injury), experience a wide 

range of seizure numbers and severity, and tissues exhibit varying degrees of 

histopathology (Engel 1996). Fortunately, many animal models have been 

developed and validated that recapitulate many different aspects of the disease. 

These models most commonly involve rodents, but other species have been 

utilized as well, yielding important contributions to the understanding of human 

disease.  

TLE is often acquired after a precipitating insult such as a prolonged 

febrile seizure, although there are some inherited forms of TLE associated with 
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focal brain malformations (Berkovic et al 1996, Engel 1996). Laboratory models 

therefore typically rely on an induced brain insult to elicit seizure activity. These 

insults range from relatively minor, such as low doses of chemoconvulsants that 

induce acute, self-limited seizures, to moderate, such as electrical kindling, 

which chronically alters network excitability, to severe, such as induced status 

epilepticus (SE), which causes spontaneous recurrent seizures for the duration 

of the animal’s life. While this means that tools to study important and diverse 

questions in the field are readily available, it also presents a challenge when 

considering discrepant data. When results cannot be replicated across models, it 

is difficult to determine whether different findings are equally valid because 

models recapitulate different manifestations of the disease, or because the 

model(s) in question fails to properly model the relevant aspect of the disease. 

For this reason, it is necessary to select an appropriate model to address a 

specific question relevant to the human disease. 

The most common models use SE, a prolonged period of continuous 

seizures, as the initial precipitating injury (analogous to a prolonged febrile 

seizure) to subsequently produce spontaneous seizures in rodents. In these 

models, SE is induced by chemoconvulsants (usually pilocarpine or kainic acid) 

or electrical stimulation, and then spontaneous seizures develop after a latent 

period lasting days to weeks. Structural changes in the hippocampi of these 

animals arise within hours to days of SE, and after weeks to months much of the 

hippocampal histopathology resembles that seen in hippocampal tissue from 

human TLE patients (Buckmaster 2004). Within the dentate gyrus, this 
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histopathology includes hilar and pyramidal cell death, dentate granule cell 

(DGC) layer dispersion, sprouting of mossy fibers, and ectopic locations of DGC 

bodies (Dudek & Sutula 2007, Houser 1992) (Figure 1.1). The severity of this 

pathology can vary across individual animals, and by induction method, but is 

generally greater the longer SE is allowed to proceed uninterrupted (Buckmaster 

2004). 

The rodent data presented in this dissertation was collected using adult 

male, Sprague Dawley rats that were treated with a high dose of pilocarpine-

hydrochloride to induce SE, which was terminated with diazepam after 90 

minutes. This model was chosen because animals rapidly and reliably undergo 

epileptogenesis, and consistently develop spontaneous recurrent seizures and 

DGC histopathology. Therefore, this model is a good tool for examining the 

conditions that create DGC histopathology and how aberrant plasticity impacts 

the function of networks. However, because of the severity of injury in these 

animals, it is difficult to use this model to determine which aspects of the 

seizure-related plasticity are necessary or sufficient for epileptogenesis. 

 

The impact of seizures on adult neural stem cell NSC proliferation 

 

 Under basal laboratory conditions, about 9,000 new DGCs are generated 

daily in the young adult rat (Cameron & McKay 2001). Typically, 25-40% of 

newly generated DGCs survive and functionally integrate into the dentate gyrus 

network (Kempermann et al 2003, Tashiro et al 2007). However, the number of 
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cells generated and the proportion that survive into maturity are dynamically 

regulated and can be influenced by both physiological and pathological stimuli at 

many different stages.       

For example, exercise, and traumatic brain injury stimulate the division of 

specific subsets of dentate NSCs, while stress and learning depress NSC 

division (Brown et al 2003, Dobrossy et al 2003, Pham et al 2003, Yu et al 

2008). Interestingly, learning has the opposite effect on the survival of newly 

generated DGCs; along with environmental enrichment, it enhances the number 

of immature DGCs that survive into maturity (Dobrossy et al 2003, Kempermann 

et al 1997, van Praag et al 1999). Prolonged seizures influence adult dentate 

gyrus neurogenesis to a greater extent and at all stages in the neurogenic 

process. They modulate the proliferation of multiple NSC types, as well as the 

survival, maturation, and integration of adult-generated DGCs.  

 

Effects on different populations of NSCs 

The population of NSCs in the adult dentate gyrus is complex and 

heterogeneous, and the heterogeneity is not well understood. For a 

comprehensive review, see (Duan et al 2008, Faigle & Song 2013). Determining 

the responses of the different subsets of NSC to seizure activity requires a 

nuanced approach to identifying NSC subpopulations that has not yet been 

undertaken in TLE models. However, many studies have distinguished the 

responses of at least two different progenitor populations to seizure activity. 

Radial glia-like stem cells are multipotent stem cells which are typically 
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quiescent but participate in the early proliferative response to SE in the rodent 

dentate gyrus (Figure 1.2) (Huttmann et al 2003, Kronenberg et al 2003, Lugert 

et al 2010, Seri et al 2004, Suh et al 2007). Doublecortin (DCX)-expressing 

neural progenitors substantially increase in number several days after the initial 

SE episode and, depending on the severity and duration of SE, continue to 

accumulate for up to four weeks afterward (Jessberger et al 2005, Jessberger et 

al 2007b, Parent et al 1999, Parent et al 1997). DCX-expressing cells are 

committed to a neuronal fate (Francis et al 1999); thus, most of the proliferating 

progenitor cells generate new neurons after SE. The survival of these post-SE-

generated cells, however, is closely tied to seizure severity and duration 

(Mohapel et al 2004). Interestingly, proliferation can be dramatically increased 

even with a mild seizure stimulus. In fact a single, discrete electrical stimulation-

induced discharge is sufficient to increase neurogenesis several weeks later 

(Bengzon et al 1997). 

 

Effects of chronic seizures and aging 

Fewer studies have focused on neurogenesis in the chronic phase of 

epilepsy. Although it is well known that basal levels of neurogenesis decline with 

age in the rodent dentate gyrus (Kuhn et al 1996), it is unclear how chronic 

epilepsy influences this age-related decline. Recent work suggests that five 

months after chemoconvulsant-induced SE, rats have dramatically reduced 

basal neurogenesis compared to same-aged controls (Hattiangady et al 2004). 

Although the mechanism for this reduction is unknown, it may result from 
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impaired NSC function in the epileptic brain, or perhaps from a reduction in the 

available “NSC pool.” However, others have found that six months after 

electrically-induced SE, epileptic animals do not show a decrease in basal 

neurogenesis compared to age-matched controls (Bonde et al 2006), 

highlighting the variability between models and the importance of understanding 

how different models relate to human disease. 

The age of an animal at the onset of SE is also an important factor in the 

NSC response. Typically, epilepsy is induced in juvenile/young adult rodents 

(one to four months of age). Animals within this age range have equivalent 

levels of post-SE neurogenesis, despite slight decreases in basal neurogenesis 

(Gray et al 2002). However, 24-month-old animals, and in some experiments 

even those as young as 12 months, do not show increased neurogenesis in 

response to an epileptogenic insult (Hattiangady & Shetty 2008, Rao et al 2008). 

Importantly, this finding is not the result of a general unresponsiveness of NSCs 

in aged animals, since increased neurogenesis in response to voluntary exercise 

is maintained in senescent animals (van Praag et al 2005). Instead, the 

differential response suggests a specific reduction in NSC activation by seizures 

in the aged brain, either directly or indirectly through reduced effects of seizures 

on other cells in the neurogenic niche. 

 

Possible mechanisms of proliferative response to seizures 

Clues as to why the NSC response differs between experimental models 

or with age requires a better understanding of the molecular mechanisms that 
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lead to enhanced proliferation after an epileptogenic insult. Part of the difficulty 

in studying this phenomenon is the fact that molecular mechanisms mediating 

adult neurogenesis in the intact dentate gyrus are not completely understood. 

Recent evidence suggests that many of the same processes involved in 

neurogenesis during brain development also regulate adult neurogenesis (Faigle 

& Song 2013). Some of these molecular processes are also stimulated by SE 

(Elliott & Lowenstein 2004). For example, data indicate that SE alters Notch1 

and Sonic hedgehog signaling in a manner that would promote cell proliferation 

(Banerjee et al 2005, Sibbe et al 2012). Trophic factors such as brain derived 

neurotrophic factor (BDNF), fibroblast growth factor-2 (FGF-2) and vascular 

endothelial growth factor (VEGF) are increased in hippocampal tissue after SE 

(Gall 1993, Isackson et al 1991, Newton et al 2003, Warner-Schmidt & Duman 

2007), and are also known regulators of adult neurogenesis (Faigle & Song 

2013). An important consideration, however, is that changes observed in these 

signaling cascades after epileptic insults may be incidental to the fact that 

proliferation has been stimulated, rather than the direct mechanism of 

stimulation.  

Importantly, neuronal activity itself can modulate NSC proliferation 

(Deisseroth et al 2004). This effect is mediated through calcium channels, 

NMDA receptors, and possibly GABA-A receptors expressed by NSCs 

(Deisseroth et al 2004, Tozuka et al 2005). In the dentate gyrus, zinc is an 

additional potential link between neural activity and NSC proliferation. Zinc is 

normally released from DGC axon terminals, and zinc chelation after SE 
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reduces NSC proliferation (Kim et al 2012).  Activity dependent epigenetic 

modifications are also associated with altered NSC proliferation after single 

electroconvulsive seizures or chemoconvulsant-induced SE (Jessberger et al 

2007a, Ma et al 2009), although in one of these settings neurogenesis is 

modulated indirectly through epigenetic changes in mature DGCs (Ma et al 

2009). The myriad of diverse signals that have been reported to mediate NSC 

proliferation after discrete seizures or SE cannot be explained by differences in 

epilepsy models because the same models are often used in a number of 

different studies. Rather, because seizures elicit many changes in neural tissue, 

it is likely that within any given model different signals converge to produce a 

robust seizure-induced neurogenic response.   

 

Seizure impact on DGC maturation and integration 

 

The percentage of adult-generated DGCs that survive the initial activity 

dependent selection process is highly variable, even under baseline conditions. 

Some studies have reported as much as 75% survival, others as little as 30%, 

likely reflective of species and strain differences (Dayer et al 2003, Kempermann 

et al 2003, Snyder et al 2009, Tashiro et al 2007). In SE models, the percentage 

of post-SE generated cells that survive and mature seems to be, in part, a 

function of the severity of SE (Mohapel et al 2004) and a consequence of 

inflammation in the epileptic hippocampus (Ekdahl et al 2003). The 

environmental changes that take place during epileptogenesis, as well as in the 
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setting of chronic epilepsy, affect the maturation and integration of the surviving, 

seizure-generated DGCs. Moreover, whether these changes influence DGC 

progenitors to develop in a pro- or anti-epileptic fashion may itself be a function 

of model severity. 

 

Seizures affect the rate of DGC maturation 

 In intact animals, adult-born DGCs progress through distinct 

maturation stages over a period of 3-4 months, after which they are fully 

integrated into the pre-existing network and are indistinguishable from peri-

natally generated DGCs, (Esposito et al 2005, Laplagne et al 2006, Piatti et al 

2006, Toni et al 2008, van Praag et al 2002, Zhao et al 2006). Each stage of 

maturation is regulated by both intrinsic and extrinsic mechanisms. GABA plays 

an important role at many stages (Ge et al 2007). Because of the high internal 

chloride concentration of adult neural progenitors and immature neurons, GABA 

depolarizes the membrane and elicits an excitatory response that is necessary 

for proper development (Ge et al 2006, Overstreet Wadiche et al 2005, Tozuka 

et al 2005). Since the developing cells do not respond to glutamatergic inputs 

until they are about two weeks post-mitotic (Piatti et al 2006), tonic and synaptic 

GABA inputs drive much of the early activity-related development. This effect is, 

in part, mediated by the basic helix-loop-helix transcription factor NeuroD1, 

which is activated by GABA-driven activity and is required for survival and 

maturation of DGCs (Gao et al 2009, Tozuka et al 2005). Many SE models show 

profound changes to GABAergic activity in the dentate gyrus, due to the death of 
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inhibitory interneurons and changes in the structure and function of the 

remaining interneurons (Dudek & Sutula 2007, Thind et al 2010, Zhang et al 

2009). A direct relationship between altered GABA signaling and altered 

neurogenesis has not been explored in the context of TLE models, but this is a 

promising area for future research. Changes in network activity and in levels of 

growth factor expression also affect the rate of maturation and integration of 

adult-born DGCs (Piatti et al 2011, Waterhouse et al 2012). Not surprisingly, 

seizures also strongly affect the rate of DGC development. Under baseline 

conditions, DGC dendrites do not reach the outer molecular layer until around 21 

days after birth (Toni et al 2007). However, some DGCs born after or near the 

time of SE develop extensive dendritic arbors almost a week sooner and receive 

excitatory inputs well before their counterparts in control brains (Overstreet-

Wadiche et al 2006).  

 

Aberrant DGC migration in epilepsy 

  In addition to speeding up maturation and integration, alterations in the 

local environment of the dentate gyrus after SE lead to abnormal DGC 

morphological features and physiology. Adult-born DGCs are generated in the 

subgranular zone (SGZ), between the granule cell layer (GCL) and the hilus. 

Normally, as they mature, they migrate into the GCL where their dendrites 

receive excitatory inputs from perforant path fibers. After SE, a subset of the 

newly generated DGCs migrates aberrantly into the hilus where they are 

innervated by mossy fiber axons (Jessberger et al 2007b, Kron et al 2010, 
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Parent et al 2006, Pierce et al 2005). Newborn DGCs continue to migrate 

ectopically even in chronic epilepsy after the level of neurogenesis has returned 

to baseline (Bonde et al 2006), suggesting that permanent changes to the 

epileptic network underlie the aberrant migration. Although the causes of 

aberrant migration are not well understood, reelin, a migratory signal that is 

involved in embryonic development, is one interesting candidate. Reelin 

signaling is important for proper migration of adult born neurons in the dentate 

gyrus (Gong et al 2007, Teixeira et al 2012), and is potently disrupted by SE 

(Gong et al 2007). Importantly, the loss of reelin signaling within individual DGC 

progenitors in an otherwise normal animal is sufficient to induce ectopic 

migration of the affected cells (Teixeira et al 2012).  

Loss of reelin signaling has also been linked to aberrant locations of 

mature DGCs in the intra-hippocampal kainate model of SE (Heinrich et al 

2006). In this model, the chemoconvulsant kainic acid (KA) is delivered directly 

into the hippocampus of one hemisphere. This induces SE and robust cellular 

pathology, including dispersion of the granule cell body layer, in the ipsilateral 

(injected) hippocampus. This dispersion, which can be observed rapidly 

following the KA injection, is not associated with an increase in neurogenesis 

(Fahrner et al 2007), likely due to disruption of the dentate NSC niche from 

severe injury. Thus, work from different animal models indicates that dispersion 

of the normally compact granule cell body layer may result from both acute 

changes to the structure of mature DGCs and from chronic changes that impair 

migration of developing DGCs.  
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Due to their aberrant location and inputs, hilar ectopic DGCs are thought 

to play an important role in the formation of a recurrent excitatory network after 

SE (Parent & Lowenstein 2002, Scharfman & Gray 2007). In addition to being 

innervated by mossy fiber axons, hilar ectopic DGCs send their axon collaterals 

to the molecular layer to form aberrant synapses onto DGC apical dendrites 

(Scharfman et al 2000). Functionally, they receive more excitatory inputs than 

DGCs located in the GCL (Zhan et al 2010, Zhang et al 2012), and they become 

partially synchronized with pyramidal cells in area CA3 (Scharfman et al 2000). 

However, hilar ectopic DGCs are probably not the only drivers of aberrant 

excitatory activity in the epileptic dentate gyrus. Many, perhaps most, other 

DGCs participate to some extent in the formation of the abnormal epileptic 

network. A major difficulty in defining the net effects of altered DGC 

neurogenesis on epileptogenesis, however, is that the DGCs in the granule cell 

layer, even those only generated after SE, are likely to be a heterogeneous 

population, with some contributing to excess excitability, others having a more 

neutral response, and still others perhaps playing a compensatory role by 

developing reduced excitability.  

 

Aberrant dendritic morphology in epilepsy 

 One sub-population that is believed to contribute to abnormal 

recurrent excitation is DGCs with hilar basal dendrites (HBDs) (Dashtipour et al 

2003, Ribak et al 2000, Shapiro et al 2005, Shapiro & Ribak 2006, Thind et al 

2008). Normally, basal dendrites are transient structures on immature DGCs of 
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rodents that do not become synaptically integrated (Seress & Pokorny 1981). 

After SE, however, synapses rapidly develop onto HBDs (Shapiro et al 2007), 

leading to spine formation (Jessberger et al 2007b, Walter et al 2007) and an 

overall increase in primarily excitatory inputs onto the cell (Thind et al 2008). 

These HBDs persist once the cell has reached maturity (Ribak et al 2000, Walter 

et al 2007). Recent work also indicates that DGCs with a prominent HBD are 

more likely to have a very high spine density on their apical dendrites when 

compared with other DGCs born at the same time (Murphy et al 2011), The 

mechanism for the increased presence of DGCs with HBDs after SE is not 

entirely understood, although the fact that HBDs are part of a normal 

developmental stage for DGCs may be a clue. Only DGCs that are in the 

process of developing at the onset of SE, or those born afterward, show 

increased rates of HBD persistence (Jessberger et al 2007b, Kron et al 2010, 

Walter et al 2007). Thus, DGCs developing in this abnormal environment may 

be unable to retract their HBDs, or alternatively, they may regrow previously 

retracted HBDs, though this is less likely. Importantly, HBDs have been linked 

not only to anatomical measures of excitability, but also to increased 

physiological excitation (Austin & Buckmaster 2004). 

Despite the fact that hilar ectopic DGCs and those with HBDs comprise a 

minority of the total population, the degree to which they are hyper-innervated 

suggests that they may have a powerful influence on overall network excitability. 

Two recent studies suggest that pro-excitatory changes in a relatively small 

subset of DGCs are sufficient to induce epileptic activity. In one, computational 
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modeling of an epileptic dentate gyrus showed that the configuration of synaptic 

connectivity that most reliably produced seizure-like activity was one in which a 

small subset of DGCs (5%) were highly interconnected (Morgan & Soltesz 

2008). By keeping constant the total number of synapses in the network, and 

changing only the distribution of the recurrent DGC inputs, Morgan and Soltesz 

found that a network containing the highly interconnected DGC “hubs” was 

strongly activated by a relatively mild input. In a separate study, Pun and 

colleagues used a conditional transgenic mouse to delete phosphatase and 

tensin homolog (PTEN) in dentate gyrus progenitors and thereby alter the 

development of a subset of adult-born DGCs in the context of an otherwise 

normal brain. The genetically altered DGCs displayed HBDs, increased spine 

density, and ectopic migration into the hilus, similar to DGCs present in models 

of epilepsy. Remarkably, although only 9-24% of DGCs developed these 

abnormal features, animals subsequently developed spontaneous recurrent 

seizures (Pun et al 2012). Together, these studies indicate that small 

populations of DGCs can play a pivotal role in the development of seizure 

activity, and they highlight the need for a better understanding of individual DGC 

abnormalities in the context of TLE. 

 

Axonal reorganization in epilepsy 

Mossy fiber sprouting (MFS) is another important feature of TLE. Under 

normal conditions, DGC axons, which are also called mossy fibers, project 

throughout the hilus and to CA3 (Blaabjerg & Zimmer 2007). In TLE and animal 
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models, mossy fiber axons also extend through the GCL and into the 

supragranular inner molecular layer, where they innervate the apical dendrites of 

other DGCs (Buckmaster et al 2002). This results in an excitatory feedback loop 

that is proposed to underlie recurrent activation of DGCs and therefore the 

development or spread of spontaneous seizure activity (Sutula & Dudek 2007). It 

has been difficult to determine whether specific subpopulations of DGCs 

selectively participate in MFS. Initially, the hypothesis was put forward that adult-

generated-DGCs developing after an epileptogenic insult are responsible for 

MFS (Parent & Lowenstein 1997); however, a study using irradiation to suppress 

neurogenesis provided evidence that ablating DGCs born after SE failed to 

prevent MFS within 4 weeks after SE (Parent et al 1999). With the use of the 

more precise retrovirus birthdating methods, subsequent work suggested that 

only cells that were developing during SE or born afterward contributed to MFS 

(Kron et al 2010). Using superior labeling technology, more recent data, which is 

discussed in Chapter 3 of this dissertation, now show that cells that were mature 

at SE do indeed contribute to MFS. Nevertheless, the role of MFS, at least in the 

supragranular inner molecular layer, in epileptogenesis remains controversial. 

 

Functional significance of adult neurogenesis in TLE 

 

 As stated above, some DGCs generated after SE appear to show 

decreased excitability, perhaps as a means of compensating for the overall 

hyper-excitability within the network. Several recent studies have used 



	
  
	
  

	
  

17	
  

fluorescent reporter labeling using retroviruses or transgenic mice to identify 

DGCs born after SE in order to characterize the morphological and physiological 

characteristics of this population. On one extreme, nearly all of the adult-born 

DGCs examined in an adult rat electrical stimulation-induced SE model 

displayed strongly reduced excitation and increased inhibition (Jakubs et al 

2006), suggesting an anti-epileptogenic role for this population as a whole. In 

other studies of rodent chemoconvulsant TLE models, many of the adult-born 

DGCs display pro-excitatory features and receive increased excitatory inputs 

(Kron et al 2010, Walter et al 2007, Wood et al 2011). Still others report a more 

mixed population, in which some cells clearly display anatomical evidence of 

pro-excitatory features (Jessberger et al 2007b), while others have features that 

are consistent with reduced excitation (Murphy et al 2011). The variability in the 

proportion of cells that might be “pro-excitatory” as opposed to “pro-inhibitory” in 

these models may reflect the use of different SE induction protocols. The type of 

induction protocol can have a dramatic affect on the development of chronic 

epilepsy, affecting number and severity of spontaneous seizures. Moreover, 

post-SE generated DGCs that are continuously exposed to seizures during their 

development show increased excitatory activity, even without a dramatic 

increase in aberrant morphology (Wood et al 2011).  

 

Therapeutic potential of targeting endogenous NSCs 

The structural and functional heterogeneity of DGCs born after SE is one 

major challenge when considering the best way to target these cells for 
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therapeutic intervention. Certainly aberrant integration of and increased 

excitatory inputs onto some of these cells seems to indicate that they have a 

pathological role in the development of spontaneous seizures. Supporting this 

idea is the fact that as little as 9% of aberrantly connected DGCs in an otherwise 

normal animal is sufficient to induce spontaneous seizures (Pun et al 2012). 

However, the subset of cells in this same population that display pro-inhibitory 

features in some epilepsy models may be an important part of the brain’s 

attempt to balance excess network excitability. Experimental efforts to eliminate 

the entire population of DGCs that are born in response to SE as a means of 

understanding the overall impact of this population on seizure development yield 

mixed results. Treatment with anti-mitotic agents after chemoconvulsant-induced 

SE resulted in reduced seizure frequency (Jung et al 2004, Jung et al 2006), 

suggesting a net excitatory effect of this population on the network. However, 

focal brain irradiation to suppress neurogenesis in a kindling model increased 

seizure activity (Raedt et al 2007), a finding that may indicate a net inhibitory 

effect of post-SE neurogenesis. Despite the differences in SE models and 

means of reducing neurogenesis in these experiments, taken together the 

results suggest that a targeted approach that can address aberrant integration of 

this cell population without interfering with the development of compensatory 

mechanisms may be the most effective strategy. 

 Another, perhaps larger, challenge is to understand how the findings in 

rodent models relate to the human disease. When considering this question, it is 

important to note that TLE manifestations in patients are even more diverse than 
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in animal models. Thus, it is perhaps incorrect to try to identify a model that 

“most closely” resembles the human disease. Instead, it seems most relevant to 

focus on the salient features in the different models. 

 Increased neurogenesis, per se, has not been convincingly 

demonstrated in human tissue from adult TLE patients (Fahrner et al 2007), but 

there is evidence for increased numbers of neural progenitors in the dentate 

gyrus of some patients (Crespel et al 2005). However, one must be cautious 

when drawing conclusions from post-mortem human tissue or specimens 

obtained from epilepsy surgery to treat drug-resistant seizures. Often, this tissue 

comes from patients who have had seizures for many years and therefore may 

not reflect the same structural changes that initially led to epilepsy development. 

Because experimental tissue from patients in early stages of TLE is largely 

unavailable, it has been difficult to determine whether hippocampal 

neurogenesis is affected early in the disease. Interestingly, there is some 

evidence of increased neurogenesis in very young children after an 

epileptogenic insult (Blumcke et al 2001). 

 The presence of hilar ectopic DGCs in human TLE tissue is 

described, but is not found in every patient (Parent et al 2006, Parent & Murphy 

2008, Scharfman & Gray 2007). Although lack of hilar ectopic DGCs in some 

tissues could be due to a number of factors, the same issues related to early 

versus late stage disease course apply when comparing findings in human 

tissue to experimental models. In addition to this caveat, another potential issue 

is the fact that the method for identifying cell types based on expression of 
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endogenous markers identified in rodent cells may not be completely effective in 

human tissue. Thus, the presence of hilar ectopic DGCs could be missed if 

investigators only use one method for detection (Scharfman & Gray 2007). 

Nonetheless, hilar ectopic DGCs are present and functionally integrated in tissue 

from at least some patients with TLE (Parent et al 2006, Parent & Murphy 2008). 

Chapter 2 of this dissertation discusses the first investigation of the physiology of 

this aberrant population of DGCs in human tissue. 

 Although the increased presence of HBDs on developing and 

newborn DGCs after SE is a feature of many different models and represents an 

important opportunity for increased recurrent excitatory input between DGCs, 

the relevance of this finding to human TLE is also unclear. While mature DGCs 

in rodent tissue rarely (<6%) have HBDs (Kron et al 2010, Walter et al 2007), 

they are more common on DGCs in non-epileptic humans (10%) and non-

human primates (25%) (Seress 1992). However, several studies suggest that 

the number of cells with HBDs is increased in human TLE (Franck et al 1995, 

von Campe et al 1997), raising the possibility that HBDs contribute to increased 

recurrent innervation. It is unknown whether inputs to these structures are 

altered in TLE patients and more work is needed to understand the potential 

importance of HBDs in human TLE. 

In addition to contributing to seizure generation or spread, the aberrant 

integration of post-SE born DGCs may have other adverse effects on the 

epileptic brain. Great interest exists in understanding the normal function of adult 

neurogenesis, and though there are no definitive answers yet, a number of 
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studies have found links between disrupted neurogenesis and altered learning 

and memory (Deng et al 2010). Although seizures in human TLE and in animal 

models affect many other structures besides the dentate gyrus, the potential 

relationship between aberrant neurogenesis and cognitive impairments in 

epileptic animals and human patients is intriguing. Also of interest is the 

reduction of neurogenesis that occurs in some animals in later stages of chronic 

TLE (Hattiangady et al 2004), and the increased incidence of major depression 

in patients with TLE (Hermann et al 2000). Because the presence of DGC 

neurogenesis appears to be a critical aspect of the effect of anti-depressants, at 

least in some mouse strains (Santarelli et al 2003), patients with TLE and 

comorbid major depression may benefit doubly from a therapy that corrects 

aberrant neurogenesis or stimulates normal neurogenesis. 

 

Dissertation Aims 

 

This thesis describes an investigation into the impact of DGC birthdate 

and morphology on DGC contribution to the development of TLE. DGCs born 

after SE are more likely to exhibit aberrant, seizure-related features, but the 

physiological implications of these changes are not fully understood. In chapter 2, 

the question of whether hilar ectopic DGCs have greater intrinsic excitability than 

normotopic DGCs was addressed in both rat and human TLE tissue. The results 

indicate that ectopic DGCs have altered excitability compared to normotopic, but 

they also highlight potential discrepancies between the disease and the disease 
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model. Chapter 3 describes an investigation into the relationship between DGC 

birthdate and mossy fiber reorganization after SE. The data indicate that axonal 

plasticity is robust in both cells that were mature at SE as well as those born 

afterward. Finally, Chapter 4 provides preliminary insight into the relationship 

between aberrant morphology and synaptic input.  
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Figure 1.1 DGC pathology in TLE is recapitulated in the animal model. A-D. 
Images showing ectopic location of DGC cell bodies in the dentate gyrus of 
human TLE and rat model tissue compared with control. Arrows indicate ectopic 
DGCs.  A. DGCs labeled for neuronal nuclear protein (NeuN) in the GCL of a 
control human tissue section. B. DGCs labeled for NeuN in the GCL and hilus 
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and molecular layer (ml) of TLE patient tissue section. Arrows show hilar and 
molecular layer DGCs. C. DGCs labeled for DGC specific marker prospero 
homeobox-1 (prox-1) in the GCL of a sham-treated rat tissue section. D. DGCs 
labeled for prox-1 in the GCL and hilus of an epileptic rat tissue section. Arrows 
indicate hilar ectopic DGCs. Images from A-D were reproduced from (Parent et al 
2006). 
E-F. Images showing MFS in the inner molecular layer of tissue from human TLE 
and rat model tissue compared with control. Mossy fibers were labeled with 
Timm’s stain. Arrows indicate MFS in the IML, arrowheads indicate termination of 
mossy fiber axons in CA2. E. Sample image of a region of dentate gyrus from 
healthy human tissue that lacks MFS in the IML. F. Section of human 
hippocampus showing MFS in the IML. G. Tissue section from a sham-treated rat 
which lacks MFS in the IML. F. Tissue section from an epileptic rat with MFS in 
the IML. Image from E was reproduced from (Houser et al 1990) Image from F 
was reproduced from (Sutula et al 1989). Images from G and H were reproduced 
from (Buckmaster et al 2002). 
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Figure 1.2 Schematic images of NSC and DGC organization within the intact (A) 
or epileptic (B) adult dentate gyrus. Purple structure represents a radial glia-like 
stem cell, blue represents amplifying neural progenitors, red represents immature 
DGCs, and green represents mature DGCs. OML = outer molecular layer, MML 
= middle molecular layer, IML = inner molecular layer, GCL = granule cell layer, 
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SGZ = subgranular zone. A. In an intact animal, the radial glia-like stem cell and 
amplifying progenitors are present in the SGZ. Radial glia-like cells are relatively 
quiescent and unlikely to be dividing at any given time. Amplifying progenitors 
are a relatively proliferative population and more likely to be dividing. Immature 
neurons are beginning to develop processes and may have a transient hilar 
basal dendrite, but it does not receive synaptic input. Mature DGCs, including 
those born in adulthood, have fully arborized dendritic trees that extend to the 
outer molecular layer and mossy fiber axons that branch in the hilus and extend 
out to area CA3. B. In an animal with epilepsy, radial glia-like stem cells may be 
activated early after SE in some models, but still generally remain quiescent. 
Amplifying progenitors, however, are commonly upregulated by seizure activity in 
many models. Immature neurons develop more rapidly, showing longer 
processes and more dendritic spines. Some immature neurons migrate 
ectopically into the hilus, where they remain throughout maturity. Once the cells 
mature, they may retain hilar basal dendrites, persist ectopically in the hilus, or 
sprout mossy fiber axons into the inner molecular layer. 
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Chapter 2 

 

Intrinsic neurophysiological properties of hilar ectopic and normotopic 
dentate granule cells in human temporal lobe epilepsy and a rat model 

 

Summary 

Hilar ectopic dentate granule cells (DGCs) are a salient feature of aberrant 

plasticity in human temporal lobe epilepsy (TLE) and most rodent models of the 

disease. Recent evidence from rodent TLE models suggests that hilar ectopic 

DGCs contribute to hyperexcitability within the epileptic hippocampal network. 

Here we investigate the intrinsic excitability of DGCs from humans with TLE and 

the rat pilocarpine TLE model with the objective of comparing the 

neurophysiology of hilar ectopic DGCs to their normotopic counterparts in the 

granule cell layer (GCL). We recorded from 36 GCL and 7 hilar DGCs from 

human TLE tissue. Compared to GCL DGCs, hilar DGCs in patient tissue 

exhibited lower action potential (AP) firing rates, more depolarized AP threshold, 

and differed in single AP waveform, consistent with an overall decrease in 

excitability. To evaluate the intrinsic neurophysiology of rat hilar ectopic DGCs, 

we made recordings from retrovirus-birthdated, adult-born DGCs 2-4 months 

after pilocarpine-induced status epilepticus (SE) or sham treatment. Hilar DGCs 

from epileptic rats exhibited higher AP firing rates than normotopic DGCs from 

epileptic or control animals. They also displayed more depolarized resting 
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membrane potential and wider AP waveforms, indicating an overall increase in 

excitability. The contrasting findings between disease and disease model may 

reflect differences between the late stage disease tissue available from human 

surgical specimens and the earlier disease stage examined in the rat TLE model. 

These data represent the first neurophysiological characterization of ectopic 

DGCs from human hippocampus and prospectively birthdated ectopic DGCs in a 

rodent TLE model. They provide novel evidence for alterations in intrinsic 

excitability of aberrantly integrated DGCs in TLE, and highlight potentially 

important differences between the human disease and a commonly used disease 

model. 

 

Introduction 

 

 Temporal lobe epilepsy (TLE) is the most common type of medically 

intractable epilepsy (Ramey et al 2013). The mechanisms of TLE pathogenesis 

are not well understood, but the hippocampus is widely believed to be a critical 

structure for seizure development and progression. In some cases, patients with 

refractory TLE undergo surgical resection of the affected tissue, including the 

hippocampus, as a means of seizure suppression. This procedure provides the 

unique opportunity to study the neurophysiology of living human brain tissue. 

Previous work has demonstrated that resected hippocampal tissue from TLE 

patients displays physiological features consistent with hyperexcitability (Dietrich 

et al 1999, Franck et al 1995, Selke et al 2006, Surges et al 2012).  
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 The hippocampal dentate gyrus is strongly implicated in epileptogenesis, 

largely because of its well-documented plasticity in TLE. Aberrant plasticity such 

as mossy fiber sprouting, persistent hilar basal dendrites, and ectopic location of 

adult-born dentate granule cells (DGCs) have all been implicated in 

hyperexcitability and have been described in both human and experimental TLE 

(de Lanerolle et al 1989, Houser et al 1990, Parent et al 2006, Scharfman & Gray 

2007, Sutula et al 1989, von Campe et al 1997). Recent work suggests that, in 

rodent TLE models, hilar ectopic DGCs represent the subset of DGCs most 

predisposed to hyperexcitability in the epileptic network (Scharfman et al 2000, 

Scharfman & Pierce 2012, Zhan et al 2010). However, the intrinsic 

neurophysiology of hilar ectopic DGCs has not been studied in human tissue, nor 

has it been thoroughly characterized in rodent models. In this study, we compare 

intrinsic excitability of hilar ectopic DGCs to normotopic DGCs (those in the 

granule cell layer; GCL) from human TLE tissue. We also compare birthdated 

hilar ectopic and normotopic DGCs in the rat pilocarpine status epilepticus (SE) 

model to assess alterations in intrinsic excitability in a more controlled 

experimental paradigm. 

 

Methods 

 

Human tissues acquisition 

Surgical specimens were obtained from 24 patients (9 male, 15 female) ages 19-

57 years at surgery (mean 37.7 ± 11.4), with mean epilepsy duration of 18.1 ± 
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12.1 years. All patients had a history of failed antiepileptic drug (AED) treatment, 

and 22 of the 24 were being treated by one or more of the following drugs at the 

time of surgery: lamotrigine, valproic acid, phenytoin, levetiracetam, zonisamide, 

carbamazepine, oxcarbazepine, phenobarbital, clonazepam, lorazepam, gabatril, 

felbamate, topiramate, lacosamide, and gabapentin. Only two subjects had their 

AEDs tapered at the time of surgery. All patients participated after informed 

consent, in accordance with the University of Michigan Institutional Review 

Board. 

 

Animals 

Animal procedures were performed using protocols approved by the 

University Committee on Use and Care of Animals of the University of Michigan. 

Animals were purchased from Charles River and kept under a constant 12 hour 

light/dark cycle with access to food and water ad libitum. Epileptic animals and 

sham controls were generated as described previously (Kron et al 2010). Briefly, 

eight week-old male Sprague Dawley rats were pretreated with atropine 

methylbromide (5 mg/kg i.p.; Sigma-Aldrich, St. Louis, MO) 20 minutes prior to 

pilocarpine hydrochloride (340 mg/kg i.p.; Sigma-Aldrich, St. Louis, MO) for 

epileptic animals, or an equivalent volume of 0.9% saline for sham animals. After 

90 minutes of SE, seizures were terminated with diazepam (10 mg/kg i.p.; 

Hospira Inc, Lake Forest, IL). In our hands, 90% (by observation) to 100% (by 

video/EEG recording) of animals treated according to this protocol exhibit 

spontaneous behavioral seizures after at least 1 week of recovery. Sham 
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controls were treated with diazepam two hours after the saline injection. Four 

days after SE/sham treatment, animals were injected with green fluorescent 

protein (GFP)-expressing retrovirus (RV) bilaterally into the dentate gyrus as 

described previously (Kron et al 2010). Acute slice recordings were made 2-4 

months after SE/sham treatment. 

 

Slice preparation (Human) 

Tissue was acquired in the operating room from subjects undergoing 

anterior temporal lobectomy with amygdalo-hippocampectomy or selective 

amygdalo-hippocampectomy for medically refractory epilepsy. Clinical evaluation 

to localize the region of seizure onsets included neuroimaging and video-

electroencephalographic ictal recordings with scalp and, in some cases, 

intracranial electrodes. During surgery, care was taken to maintain hippocampal 

perfusion until it was resected en bloc and immediately placed in ice cold 

Hibernate A (Brain Bits, LLC, Springfield IL). All reagents for the following 

solutions were obtained from Fisher Scientific, Fair Lawn, NJ unless otherwise 

specified. The tissue was transferred on ice as quickly as possible (5-7 minutes) 

back to the laboratory where it was transferred to ice cold, oxygenated, cutting 

solution containing (in mM): 206 sucrose, 2.8 KCl, 1 MgCl26H2O, 1.25 

NaH2PO4, 1 CaCl2, 10 D-Glucose, 26 NaHCO3, 0.4 Ascorbic Acid (pH 7.4). 

Slices (400 µm thickness) were cut perpendicular to the anterior-posterior axis 

with a vibrating blade microtome (VT1000S, Leica Microsystems Inc, Buffalo 

Grove, IL), allowed to recover for 15 minutes in 340C, oxygenated N-methyl D-
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glutamine (NMDG) based solution containing (in mM): 92 NMDG (Sigma Aldrich 

St. Louis, MO), 2.5 KCl, 1.2 NaH2PO4, 30 NaHCO3, 20 HEPES, 25 Glucose, 5 

sodium ascorbate (Sigma Aldrich St. Louis, MO), 2 thiourea (Sigma, Aldrich St. 

Louis, MO), 3 sodium pyruvate (Gibco Life Technologies, Grand Island, NY), 10 

MgSO47H2O (Sigma Aldrich, St. Louis, MO), 0.5 CaCl22H2O. (pH adjusted to 

7.35 with 10N HCl). We find that recovery in this solution provides a significant 

improvement in the health of slices made from both rat and human tissue (Zhao 

et al 2011). Slices were then rested for at least 1 hour at RT in aCSF containing 

(in mM): 124 NaCl, 2.8 KCl, 2 MgSO4, 1.25 NaH2PO4, 2 CaCl2, 10 D-Glucose, 26 

NaHCO3, 0.4 Ascorbic acid (pH 7.4) before being transferred individually to the 

recording chamber and continuously perfused (~1.5mL/min) with oxygenated 

aCSF heated to 320C.  

 

Slice preparation (Rodent) 

Animals were anesthetized with isoflourane (Vet One, Boise, ID) and 

transcardially perfused with ice-cold cutting solution (as above) for 60 seconds. 

After decapitation, brains were rapidly removed and rested for 2 minutes in ice 

cold, oxygenated cutting solution. Brains were then blocked to isolate the 

hippocampus and 400 µm-thick sections were cut in the coronal plane with a 

vibrating blade microtome (VT1000S, Leica Microsystems Inc, Buffalo Grove, IL) 

in ice cold, oxygenated cutting solution, and from that point on were treated 

identically to human tissue slices. 
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Electrophysiological recordings and analysis 

Cells were visualized using epifluorescence and infrared differential 

interference contrast (IR-DIC) optics. For human neurons, only IR-DIC was used 

to visualize and patch. Rodent GFP+ DGCs were first identified under 

epifluorescence (525 nm emission filter), then visualized and patched using IR-

DIC. Whole cell current clamp recordings were obtained using borosilicate glass 

electrodes (Sutter Instruments, Novato, CA) with a 4-7 MΩ open tip resistance. 

Pipettes contained 0.3% biocytin (Sigma Aldrich, St. Louis, MO) in internal 

solution made with either (in mM): 120 potassium methyl sulfate (Sigma Aldrich, 

St. Louis, MO) or 120 potassium gluconate (Sigma Aldrich, St. Louis, MO), and 

20 KCl, 10 HEPES, 0.2 EGTA, 2 MgCl6H2O, 4 Na2 ATP, 0.3 Tris-GTP, 7 

phosphocreatine, pH adjusted to 7.25 with KOH. Recordings were obtained using 

a Dagan Cornerstone amplifier (Minneapolis, MN) in bridge mode, filtered at 2 

kHz and digitized at 10 kHz. Data were acquired using pClamp 10.0. Synaptic 

stimuli were delivered via a glass theta electrode filled with aCSF and positioned 

in the molecular layer.  

  Seal resistances of >1 GΩ were achieved before breaking into whole cell 

mode. Resting membrane potential (RMP) was determined in each cell 

immediately after break in. Each neuron was sequenced through a series of 

current clamp protocols to determine input resistance, sag ratio, spike frequency 

accommodation (SFA), action potential (AP) properties, and post-burst slow 

afterhyperpolarization (sAHP). Sag was determined by injecting hyperpolarizing 

steps to -0.1 pA and calculated as the ratio of the steady state response over the 
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peak negative potential. To measure AP threshold and spike properties, short (10 

ms) current steps were delivered at increasing amplitudes of 15 pA until a single 

AP was elicited. Threshold was defined as the membrane potential measured 

just before the spike upstroke. Spike height was measured from threshold to 

peak, and half-width was defined as the width (in ms) of the spike at half maximal 

height. Input resistance and spike train firing properties were assessed by longer 

intracellularly injected current steps (-150 pA to 500 pA, 500 or 1000 ms). Input 

resistance was determined by the slope of the linear portion of the V/I plot 

generated by all traces that did not contain AP firing. SFA index was determined 

in traces that contained 4 or more APs by dividing the interspike intervals by the 

interspike interval of the first two spikes in a given train. Cells were not all driven 

by the same levels of injected current. As a result, firing frequency of each group 

was determined by generating scatter plots of the data for every cell and fitting 

each data set with a Poisson regression line through the origin.  

In a subset of cells, sAHP was measured by eliciting 5 or 6 APs in a 100 

ms time period, with cells either at their resting potential or held at 5 mV below 

AP threshold. The magnitude of the sAHP was then determined by comparing 

the membrane potential immediately prior to the 100 ms current injection with the 

membrane potential 1 second after the end of the current step. Synaptic input 

was also assessed in a subset of cells by placing a stimulating electrode in the 

molecular layer and delivering stimulations of increasing magnitude, to elicit 

maximum EPSP response or AP firing in the post-synaptic cell. 
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Immunohistochemistry 

Following recording, slices were immediately placed in 4% 

paraformaldehyde (Sigma Aldrich, St. Louis, MO) in phosphate buffered saline 

(PBS) (pH 7.4), and refrigerated for up to 1 week. For biocytin visualization, 

slices were rinsed with PBS and endogenous peroxidase activity was quenched 

with 0.1% hydrogen peroxide in 10% methanol and PBS. After a second wash in 

PBS, slices were permeabilized with 2% Triton X-100 (Sigma Aldrich, St. Louis, 

MO) in PBS and then incubated at room temperature in avidin/biotinylated 

enzyme complex (Vector Labs, Burlingame, CA). After 1-2 days, slices were 

rinsed with PBS and then reacted with 3,3’-Diaminobenzidine (Invitrogen, Grand 

Island, NY) until the cells could be visualized. Slices were slide-mounted before 

cresyl violet counterstaining and coverslipping. Images were acquired on a Leica 

DSM-IRB inverted microscope (Leica Microsystems Inc, Buffalo Grove, IL) 

connected to a SPOT Flex digital camera (SPOT Imaging Solutions, Sterling 

Heights, MI).  

 

Statistics 

Off-line analysis was completed in Clampfit and statistical comparisons 

were made using GraphPad Prism 6 software. RMP, input resistance, sag ratio, 

AP threshold, AP spike height, and AP half-width were compared between 

groups using one way ANOVA with Tukey’s post-hoc test for multiple 

comparisons. Data are presented as mean +/- SEM with the significance level set 

at p < 0.05. SFA distribution and single AP type distribution were compared 
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between groups using Fisher’s Exact test with the significance level set at p < 

0.05. Data are presented as contingency histograms. The slopes of the lines 

describing AP firing rate were generated using the nonlinear regression, line 

through the origin function in Prism. The best-fit values for slope were compared 

using the extra sum of squares F test with the significance level set at p < 0.05. 

Mean amplitudes of sAHP were compared using unpaired student’s t-test 

(human) or one way ANOVA (rodent), with data presented as mean +/- SEM and 

the significance level set at p < 0.05.  

 

Results 

 

In the present study we investigated intrinsic neurophysiological properties 

of DGCs in tissue resected from subjects with intractable TLE, as well as from 

pilocarpine or sham treated rats. Results from cells in human tissue are 

discussed first, followed by results from rodent cells.  

 

Differentiating DGCs from interneurons. 

 We used a set of neurophysiological criteria to distinguish DGCs from 

dentate interneurons, and DGC morphology and cell location were confirmed 

with biocytin staining in a subset of cases (Figure 2.1). Intrinsic membrane 

properties are reported in Table 2.1. Neurophysiological characteristics that 

identify DGCs include SFA, a hyperpolarized RMP (more negative than -60mV), 

and lack of sag current (Fournier & Crepel 1984, Fricke & Prince 1984, Staley et 
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al 1992). A SFA index value was calculated for each cell that fired at least four 

APs in response to depolarizing current steps (Figure 2.2). This value is 

approximately 1 for cells that do not accommodate and becomes larger as the 

degree of accommodation increases. In our data set, 6 cells showed no 

accommodation (SFA index 0.9-1.2), and were therefore classified as 

interneurons (Figure 2.2A3). An additional 5 cells exhibited weak 

accommodation (SFA index 2.0-3.0), but had other features that did not fit the 

electrophysiological profile of a DGC, such as obvious sag current and 

depolarized RMP (less negative than -60mV). These cells were also classified as 

interneurons; all 11 cells were excluded from further analysis. The remaining 43 

cells in this data set fit the neurophysiological criteria for DGCs. 

 

Spike frequency accommodation 

 Pro-excitatory changes in SFA have been reported in DGCs from human 

TLE tissue (Dietrich et al 1999). In fact, it has been suggested that DGCs with a 

reduced SFA are an aberrant subpopulation of DGCs in TLE (Selke et al 2006). 

Since ectopic location also defines an aberrant subpopulation of DGCs that is 

thought to be pro-excitatory (Hester & Danzer 2013, Scharfman et al 2000, Zhan 

et al 2010), we asked whether ectopic DGCs show reduced SFA compared to 

normotopic DGCs in the GCL. We calculated SFA index values for all cells that 

fired 4 or more APs within a single current step; 17 GCL and 4 hilar neurons 

displayed strong accommodation (index value ≥ 3.0: Figure 2.2 A1, B), 9 GCL 

and 2 hilar neurons displayed weak accommodation (index value 2.0-3.0: Figure 
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2.2 A2, B). However, SFA index could not be calculated for 10 GCL and 1 hilar 

cells, which are called “low-firing” neurons because they could not be induced to 

fire more than 3 APs in response to prolonged injected current (Figure 2.2 A4). 

We observed no significant difference (p = 0.75, Fisher’s Exact test) in the 

distribution of firing patterns between DGCs in the hilus or the GCL (Figure 2.2 

C). 

 

Firing frequency  

A common method of assessing intrinsic excitability is to measure the 

number of APs fired by a cell in response to somatic current injection. We 

delivered current steps of increasing magnitude to DGCs in the hilus and GCL 

and compared their responses. There was considerable variation in the AP firing 

response and amount of injected current required to drive AP firing in individual 

DGCs, regardless of cell location. Poisson regression lines through the data from 

each group revealed that DGCs in the hilus exhibited a modest but statistically 

significant reduction in firing rates when compare to DGCs in the GCL (slope of 

0.01 ± 0.0014 vs. 0.023 ± 0.0012 respectively; p < 0.0001, extra sum of squares 

F test; Figure 2.3). 

 

Post-burst afterhyperpolarization 

Dentate granule neurons exhibit a post-burst AHP (Podlogar & Dietrich 

2006, Tanner et al 2011), and the slow component (sAHP) is thought to regulate 

firing rate and SFA in neurons (Faber & Sah 2003). Therefore, we hypothesized 
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that the sAHP would be larger in ectopic relative to normotopic DGCs, and that 

this might account for the decreased firing frequency observed in ectopic DGCs. 

Subsets of cells (6 in the hilus and 30 in the GCL) were driven to fire at 50 Hz for 

100 ms. The sAHP was measured at 1000 ms after the offset of the current step. 

Notably, it has been suggested that DGCs in human tissue from TLE patients do 

not exhibit a sAHP (Dietrich et al 1999). While we did not observe sAHP in 30% 

of cells tested, we did record a sAHP of at least -0.27 mV amplitude in the 

majority of cells. However, there was no difference in the mean sAHP amplitude 

between the two groups (p = 0.76, unpaired t-test) (Figure 2.4). We observed 

some heterogeneity in the post-burst AHP waveform among DGCs, but there 

was also no difference in the amplitude of the medium AHP (measured at 250 ms 

after the current offset) between the two groups (p = 0.83, unpaired t-test) 

(Figure 2.4).  

 

Individual action potential waveform 

 Although several reports have described the repetitive firing properties of 

human DGCs, there is relatively little data carefully evaluating single AP 

waveforms. Therefore, we investigated the properties of individual APs by 

eliciting a single spike with a 10 ms current injection at the AP threshold (Figure 

2.5). We observed two distinct shapes of AP traces: APs with (Figure 2.5 A1) or 

without (Figure 2.5 A2, A3) an afterdepolarization (ADP). Both AP waveforms 

were observed in cells in the GCL, with a majority of GCL cells exhibiting an 

ADP. However, AP traces from cells recorded in the hilus (Figure 2.5 B) all 
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lacked ADP. In a subset of cells in both the hilus and GCL, molecular layer 

stimulation could drive a cell to fire a single AP. Interestingly, we observed 

distinct AP shapes with this type of stimulation as well (Figure 2.5 C1, C2).  

 

sAHP amplitude and disease duration 

Hilar ectopic DGCs have been shown in multiple animal models of TLE to 

exhibit anatomical and physiological features of disease-related plasticity 

(Althaus & Parent 2014, Parent & Murphy 2008). By comparing recordings from 

ectopic DGCs to normotopic DGCs, we identified neurophysiological features 

that we believe are likely to represent disease-related plasticity in human TLE. 

These features include reduced firing frequency in response to injected current, a 

higher AP threshold, and an AP waveform without an ADP. Since the tissue 

included in this study came from patients with a wide range of disease duration 

(time from clinical diagnosis of TLE to surgical resection of 18.78 ± 12.10 years), 

we examined whether disease duration correlated with differences in these 

neurophysiological features. Using Pearson correlation analysis, we found no 

correlation between the patients’ disease duration and sAHP amplitude (R2 = 

0.033, p = 0.29), firing rate (R2 = 0.039, p = 0.40), SFA index (R2 = 0.00057, p = 

0.91) or ADP amplitude ( R2 = 0.040, p = 0.24). However, in the absence of 

control tissue (e.g. from patients with extrahippocampal, nonepileptic lesions) we 

have limited ability to determine whether the observed differences are caused by 

disease-related plasticity in a subpopulation of DGCs, normal biological 

variability, or uncontrolled variables in our sample population. 
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Neurophysiology of ectopic DGCs in a rodent TLE model  

To study mechanistic questions of DGC abnormalities in TLE under more 

controlled conditions, we turned to the pilocarpine-induced status epilepticus 

(SE) model in adult male rats. This model allows comparison to non-seizure 

controls and avoids confounds present for human tissue. These confounds 

include variability in age of seizure onset and severity, medication history, 

gender, and birthdates of individual DGCs. DGCs are generated in the human 

and rodent brain throughout adulthood and into senescence (Eriksson et al 1998, 

Kuhn et al 1996). In rodent models of TLE, DGC age at the onset of 

epileptogenesis is a critical factor in determining the cell’s response to the insult. 

Cells that are born after the epileptogenic insult show the greatest degree of 

morphological disease-related plasticity, and are the only DGCs that migrate 

ectopically (Jessberger et al 2007, Kron et al 2010, Walter et al 2007). Using the 

rodent model and retroviral reporter labeling to birthdate and prospectively 

identify specific DGC cohorts, we directly compared hilar ectopic DGCs with 

normotopic DGCs that were the same age with respect to SE, as well as to 

similar aged, birthdated cells in intact tissue.   

 

Confirming DGC identity 

In animals that underwent SE, GFP labeled cells (Kron et al 2010) were 

patched from throughout the GCL and the hilus. In sham treated animals, 

fluorescent cells were only present in the GCL. In a subset of experiments, DGC 
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morphology and location was confirmed with biocytin staining (Figure 2.6 A, B). 

All cells that were patched in rodent tissue exhibited neurophysiological features 

characteristic of DGCs including SFA, hyperpolarized RMP, and lack of sag 

current (Table 2). In a subset of sham treated animals, GFP-negative cells were 

patched from the GCL to determine whether the RV labeling affected the cells’ 

intrinsic properties. We found that GFP-negative cells (n = 13) exhibited RMP of -

75.79 ± 1.340, IR of 302.57 ± 33.30, were mostly low firing (10 out of 13), and 

had a prominent ADP. The values for GFP-negative cells were not significantly 

different from those of GFP-positive cells from sham animals (p > 0.05 for RMP 

and p > 0.05 for Rin, student’s t-test). These data suggest that the RV-GFP does 

not alter the intrinsic neurophysiological properties of DGCs that were measured 

in this study.    

 

Firing behavior in response to injected current steps 

 In total, we made successful recordings from 45 RV-GFP-labeled DGCs in 

SE rats and 6 labeled cells from sham treated rats.  Most DGCs (n=30) from all 

groups were low firing (i.e. fired 3 AP or less even at the maximal amplitude of 

injected current).  All adult-born DGCs from control tissue fired less than 3 AP in 

response to this stimulation intensity (Figure 2.7 A, D). The DGCs from SE 

tissue that fired 4 or more APs in response to prolonged somatic current injection 

(n=15) all exhibited strong accommodation, with a SFA index of at least 3.0 

(Figure 2.7 B). Interestingly, a subset of both normotopic and ectopic cells from 

pilocarpine-treated animals fired unique AP doublets (Figure 2.7 C). These cells 
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were classified as burst firing because the two APs were within 10 ms of one 

another and on the same depolarizing envelope (Metz et al 2005). There was no 

significant difference in the distribution of low firing, strongly accommodating, or 

burst firing cells between normotopic and ectopic DGCs in pilocarpine-treated 

animals (Figure 2.7 D, p = 0.73 Fisher’s Exact test). 

 

Firing frequency in response to somatic current injection 

We were surprised to find that ectopic DGCs in human tissue tended to 

fire fewer APs in response to injected current than normotopic DGCs, although 

there has been some recent evidence in rats that some cells born after an 

epileptogenic insult, albeit in the GCL, show an overall reduction in excitability 

(Jakubs et al 2006). To determine whether hilar DGCs have lower firing rates 

than their age-matched normotopic counterparts, we compared the firing 

frequency of hilar ectopic and normotopic DGCs in tissue from rats that 

experienced SE (Figure 2.8). DGCs from sham treated animals were excluded 

from this analysis because none of these cells fired APs in response to current 

levels ≤ 130 pA. For each cell, we plotted the number of APs evoked by current 

injections of increasing amplitudes and fit the data from each group with Poisson 

regression lines through the origin. In contrast to the data from human TLE 

patients, ectopic DGCs from epileptic rats displayed modest but significant 

increased firing rates when compared to their normotopic counterparts (slope 

0.032 ± 0.0038 vs 0.017 ± 0.0014 respectively; p< 0.0001, extra sum of squares 

F test).   
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Post-burst slow afterhyperpolarization 

Although sAHP was not a primary determinant of cell firing frequency in 

human DGCs, we wanted to assess whether the more controlled environment of 

the rodent tissue might reveal a relationship between sAHP and firing frequency. 

Post-burst sAHP was recorded in a subset of cells from each group (3 sham, 27 

normotopic, 6 ectopic; Figure 2.9 A). The waveform of the post-burst AHP in 

rodent DGCs differed somewhat from that recorded in most human cells, but 

DGCs in both sham and SE treated rats exhibited a prominent sAHP. In the 

rodent DGCs, as in human, the mean amplitudes of the sAHP were not 

significantly different between any of the groups (Figure 2.9 B; p = 0.31, one-way 

ANOVA). 

 

Individual action potential waveform 

When individual APs were evoked with brief current injections, we 

observed two distinct AP shapes in the recordings from rodent cells (Figure 2.10 

A1, A2). However, in contrast to what was observed from human DGCs, cells 

without an ADP were much rarer in the rodent tissue. Only 1 in 6 sham cells, 4 in 

38 normotopic, and 1 in 7 hilar cells lacked ADP. There was no difference 

between ectopic and normotopic DGCs, or between these groups and sham 

treated DGCs, in the distribution of cells where the AP lacked an ADP (Figure 10 

B) (p = 0.91,Fisher’s exact test). Because ADP size is correlated with burst firing 

in other cell types (Metz et al 2005), we measured the amplitude of the ADP 
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relative to RMP at 5 ms after the fast repolarization phase to determine if there 

was a relationship in our data set between ADP size and burst firing. 

Interestingly, the mean amplitude of ADP for burst firing cells (25.11 ± 0.84) was 

significantly larger than the mean ADP amplitude for non-burst firing cells (15.39 

± 1.1) from SE tissue (p < 0.0001, unpaired t-test). 

 

Discussion 

 

The goal of this study was to determine whether hilar ectopic DGCs in 

TLE display altered intrinsic neurophysiological features when compared to 

normotopic DGCs in the GCL. We examined ectopic DGCs from resected human 

TLE tissue and from pilocarpine rat TLE model tissue. The recordings from 

human neurons provided powerful data because they allowed us rare insight into 

living, diseased human brain function. However, the lack of human control tissue 

and uncontrolled variables somewhat limited the ability to draw definitive 

conclusions about the nature of neurophysiological differences observed among 

human DGCs. Combining human and rodent studies provided greater insight into 

the likely relationship between intrinsic neurophysiology in human DGCs and 

epileptogenesis.  

The primary findings are that hilar DGCs in hippocampal tissue from 

epileptic patients tend to fire fewer APs in response to somatic current injection, 

have a more depolarized AP threshold, and lack an ADP after a single AP. These 

features all suggest decreased excitability. While this may seem counter-intuitive 
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because disease-related plasticity is often thought of as being pro-epileptogenic, 

and therefore pro-excitatory, there is evidence from multiple rodent models for 

the development of compensatory mechanisms that may reduce excitability after 

epileptogenesis (Jakubs et al 2006, Peng et al 2013, Zhan & Nadler 2009, Zhang 

et al 2009). One possible explanation for the lower firing frequency in the human 

tissue is that ectopic DGCs represent a subset of DGCs that develop 

compensatory mechanisms to reduce excitability. However, our recordings from 

rat tissue suggest that hilar DGCs are actually more excitable than their 

normotopic counterparts, and normotopic DGCs in an SE animal are more 

excitable than their sham control counterparts. These results are consistent with 

previous reports suggesting ectopic DGCs from rodent tissue are more active 

(Dashtipour et al 2001, Scharfman et al 2000, Zhan & Nadler 2009).  

This discrepancy between results from human and rodent cells may be 

due to species related differences, but it could also stem from qualitative 

differences between the disease and the disease model. The pilocarpine SE 

model mimics severe epilepsy, but our recordings are made 2-4 months post SE, 

which is early in the chronic stage. Conversely, the patients who participated in 

this study had experienced seizures for 18.1 ± 12.3 years and were refractory to 

multiple anti-seizure medications. Their tissue is likely reflective of the late stage 

of the disease. Perhaps hilar DGCs exhibit increased excitability early in the 

course of epilepsy, but over time develop compensatory or homeostatic 

mechanisms to intrinsically reduce their activity levels. One such mechanism 

might be a shift toward more depolarized AP threshold, which we observed in 
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this population. Alternatively, hyperexcitable ectopic DGCs may initially be 

present during early epileptogenic stages, but might be selectively eliminated 

over the course of the disease, biasing the surviving population toward 

hypoexcitability. To our knowledge the intrinsic excitability of hilar ectopic DGCs 

in late stage rodent model tissue remains unknown, and we believe this is an 

important area for further research. However, it is important to acknowledge the 

variability in firing rate among individual cells. In this data set from human tissue, 

DGCs in the GCL have the capacity to be more excitable than DGCs in the hilus. 

However, this does not necessarily mean that GCL DGCs increase overall 

network excitability and hilar cells decrease network excitability. Likewise, it is not 

necessarily true that only ectopic DGCs from rodent tissue contribute to 

increased network excitability. Rather, there may be cell autonomous factors, in 

addition to location, that contribute to the overall role of individual cells in 

modulating network properties.   

The size of the sAHP is thought to play a role in regulating firing frequency 

in some neurons (Faber & Sah 2003). However, we found no difference in the 

sAHP amplitude between hilar and GCL DGCs in human, suggesting that the 

lower firing frequency is not correlated with a larger sAHP. Similarly, we found no 

relationship between sAHP amplitude and firing frequency in rodent DGCs: there 

was no significant difference in sAHP amplitude among control, normotopic-SE 

or ectopic-SE groups, and the sAHP amplitude did not correlate with number of 

APs generated regardless of cell location.  
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We observed considerable qualitative variability in the shape of the AHP 

waveform among human DGCs, which was far less prevalent among rodent 

DGCs. The AHP of most human DGCs had a fast peak (as seen in Figure 2.4A1 

and A2), some had a prominent medium peak (as seen in Figure 2.4A1), and 70% 

had a slow component. In contrast, the AHP of nearly all rodent DGCs examined 

lacked discernible fast and middle peaks, but had a slow component (as seen in 

Figure 2.9A1–A3). Our data suggest the possibility of calcium dysregulation as an 

underlying factor in the observed physiological variability and uncoupling of AHP 

and firing frequency. Calcium and calcium-activated potassium conductances 

regulate numerous aspects of neuronal firing, including the post-burst AHP 

(Faber & Sah 2003). However, the relative heterogeneity among human DGCs – 

which is not present among rodent DGCs – suggests that these cells experience 

dysregulated calcium homeostasis in a variety of cell autonomous ways. For 

example, SK channels are important in some cell types for producing the post-

burst mAHP (Faber & Sah 2003), which varies considerably among cells in our 

data set. BK channels, which also contribute to the AHP (Faber & Sah 2003), are 

altered in a rodent model of epilepsy (Pacheco Otalora et al 2008). Therefore, it 

is reasonable to hypothesize that SK and BK channels could both be differentially 

expressed among individual DGCs. 

Previous reports using tissue from human TLE patients have implicated 

changes in SFA as a feature of disease-related plasticity (Dietrich et al 1999, 

Selke et al 2006). Non-epileptic rodent and human DGCs (DGCs from tissue that 

was resected due to tumors) typically exhibit strong accommodation (Selke et al 
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2006, Staley et al 1992). Dietrich et al. and Selke et al. found that, in human TLE 

tissue, some DGCs exhibited weak or no SFA, which they attributed to loss of 

interspike mAHP. We also found that some human DGCs were weakly 

accommodating; however, we rarely observed interspike mAHPs, even when 

cells exhibited strong accommodation. Interestingly, there was no difference in 

distribution of weakly and strongly accommodating cells between hilar and GCL 

DGCs, suggesting that a weak SFA may not be an identifying feature of the most 

aberrant subset of DGCs from human TLE tissue. We did, however, find a trend 

toward a positive correlation (R2 = 0.115, p = 0.078 Pearson correlation analysis) 

when we examined the relationship between sAHP and SFA index for individual 

cells, irrespective of cell location. This suggests that the post-burst sAHP may 

contribute to regulating SFA in human DGCs in TLE. Interestingly, SFA of rodent 

DGCs was less heterogeneous; all exhibited strong accommodation or low firing 

activity. This suggests that a change in SFA is not a necessary feature of an 

epileptic network. However, it is also possible that altered SFA is an important 

feature of TLE in humans that the rat pilocarpine model fails to recapitulate. 

Hilar DGCs from human TLE hippocampal specimens all exhibited a 

single AP waveform that lacked a prominent ADP, while the majority of GCL 

DGCs exhibited an AP waveform with an ADP. Previous work characterizing the 

AP of DGCs from other species suggested that, under normal conditions, AP 

waveforms from nearly all DGCs contain a prominent ADP (Aradi & Holmes 

1999, Dudek et al 1976, Zhang et al 1993). As such, an AP waveform that lacks 

ADP may represent a shift from normal neurophysiology. In sham treated rats, 
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the majority of cells exhibited an AP waveform with a prominent ADP. 

Interestingly, a comparable percentage of both normotopic and ectopic DGCs 

from epileptic rodents also exhibited an ADP+ AP waveform. Therefore, the 

chronic epilepsy phase in rodents does not appear to be associated with an 

altered DGC ADP following a single AP.  

It is important to note that ADP+ and ADP- denote only the most obvious 

differences in the AP waveforms that we observed. There was considerable 

qualitative variability in the shape of the AP waveforms within each ADP-defined 

group, which was most pronounced among DGCs from human tissue. Similar to 

the variability observed in the human AHP waveforms, we propose that 

dysregulation of calcium conductances underlies the heterogeneity in AP 

waveforms from human DGCs. In intact rodents, the ADP is primarily generated 

by T-type calcium channels (Zhang et al 1993). However, the shape of the ADP 

can be influenced by other calcium and calcium-activated channels. Using 

computational modeling to study the complement of calcium and calcium-

activated currents that could produce DGC firing behavior, Aradi and Holmes 

(Aradi & Holmes 1999) confirmed that T-type channels are critical for generating 

an ADP+ AP waveform, but also found that other combinations of L-type, N-type, 

BK and SK channels regulated ADP waveforms in ways that closely mimic many 

of the shapes we observed in the human DGCs. Importantly, calcium is not alone 

in regulating the ADP. Persistent sodium current can influence the ADP in some 

cell types, and it is altered in both clinical and experimental TLE (Agrawal et al 

2003, Azouz et al 1996, Chen et al 2011, Vreugdenhil et al 2004). 
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In DGCs from rodent tissue, epilepsy related changes in ADP could be 

driving the burst firing that we observed in a subset of neurons. About 15% of 

ectopic and normotopic cells from pilocarpine-treated rat tissue fired AP doublets 

(in some cases triplets). This type of burst firing has been described previously, 

but was only found in hilar ectopic DGCs and was thought to be related to 

dendritic morphology or the age of the individual cell (Zhan & Nadler 2009). Cells 

born after SE in the rodent model are the most likely to develop aberrant 

features, and are the only group susceptible to ectopic migration (Kron et al 

2010). As a result, the ectopic cells from the prior study would all have been born 

after SE, while the normotopic cells could have been born well before SE. Our 

method of birthdating adult-born DGCs provides high confidence that they were 

all generated after the onset of epileptogenesis and were at least 8 weeks old 

and functionally mature at the time of recording. This suggests that the age of the 

cell with respect to SE, rather than the cell’s location, may be the more important 

factor in its propensity for burst firing. This propensity for burst firing might be 

driven by an increase in T-type calcium channels, similar to what has been 

reported for CA1 pyramidal cells in a rat model of TLE (Su et al 2002). 

Though some of the intrinsic properties of DGCs in the rodent epileptic 

tissue were less heterogeneous than DGCs from human tissue, important 

epilepsy-related changes were present among rodent DGCs. Recordings from 

the rodent hippocampus revealed that the birthdated DGCs all displayed strong 

SFA or low firing activity, similar size and shape of post-burst AHP, and most 

exhibited a single AP waveform that included a large ADP. However, notable 
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differences between DGCs of sham treated and SE animals were an increase in 

firing rate, the emergence of burst firing, and a more depolarized RMP. These 

differences all point to an increase in intrinsic excitability of DGCs born after SE 

as compared to adult-born DGCs in a sham treated animal.  

In summary, we have found that hilar ectopic DGCs from human TLE 

tissue were less excitable than normotopic DGCs in the GCL. Interestingly, we 

found the opposite relationship in pilocarpine-treated rat tissue; hilar ectopic 

DGCs were more excitable than normotopic DGCs and, furthermore, normotopic 

DGCs were more excitable than DGCs from sham treated rats. We believe the 

discrepancies between results from the human disease and the disease model 

are related, at least in part, to the different stages of the disease. Human tissue 

was obtained from patients who had experienced epilepsy for many years, 

sometimes decades, and represents the late stage of disease. The rat model is 

designed to mimic severe epilepsy, but recordings were made early in the 

chronic stage of the disease. Unfortunately, due to the relatively small sample 

size, our human tissue data set was not amenable to a subgroup analysis of 

subjects with the shortest epilepsy durations. Furthermore, it is not clear how 

disease progression in rodent models compares to that in humans.  

The discrepancies may also result from unresolved species-related 

differences or limitations of the animal model. Perhaps DGCs from healthy 

human tissue are naturally more heterogeneous than DGCs from rodent tissue. 

Alternatively, human DGCs may exhibit features of disease-related plasticity that 

rodent DGCs would not exhibit regardless of the stage of disease. Rodent 
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models are more homogenous by design, but there is still heterogeneity present 

among individual animals within any given model. More data from later stage 

epileptic rodents and from patients earlier in the disease course would help 

determine whether animal models can recapitulate the same level of 

heterogeneity seen in the human tissue.  
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Granule Cell Layer 
DGCs (36)  

Hilar DGCs (7) Interneurons (11) 

Resting membrane 
potential (mV)* 

-70.47 ± 0.82 -68.81 ± 1.96 
 

-64.18 ± 1.23 ‡ 

Input resistance (MΩ)* 
 

198.58 ± 15.43 153.32 ± 16.9 142.07 ± 57.04 

Sag ratio* 
 

1.12 ± 0.01 1.07 ± 0.04 1.25 ± 0.08 ‡ 

Action potential 
threshold (mV)* 

-42.98 ± 1.45 -22.87 ± 8.14 ‡ -42.47 ± 2.51 † 

Action potential spike 
height (mV)* 

79.69 ± 2.21  53.72 ± 11.37 ‡ 69.96 ± 4.01 

Action potential half-
width (ms) 

0.99 ± 0.05 0.92 ± 0.13 0.77 ±0.09 

 

Table 2.1 Specific passive membrane properties were used to differentiate 
DGCs from interneurons and to investigate differences between hilar DGCs and 
those in the GCL. Analyses were done using one-way ANOVA with Tukey’s post-
hoc test for multiple comparisons. AP characteristics were measured from single 
spike protocol. *Main effect determined by one-way ANOVA. ‡Significantly 
different from Granule Cell Layer with post-hoc analysis. †Significantly different 
from hilar DGCs with post-hoc analysis. All data presented as mean ± SEM. 
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Normotopic SE 
(38) 

Ectopic SE (7) Normotopic Sham 
(6) 

Resting membrane 
potential (mV)* 

-71.62 ± 0.65 -65.22 ± 3.15 † -71.57 ± 1.37 

Input resistance (MΩ)  
 

282.50 ± 31.65  273.45 ± 31.75    226.0 ± 32.71 

Sag ratio  
 

1.005 ± 0.001 0.999 ± 0.002 1.003 ± 0.001 

Action potential 
threshold (mV)  

-40.79 ± 1.20 -41.07 ± 2.59 -37.87  ± 2.29 

Action potential spike 
height (mV)  

72.04 ± 2.93 63.48 ± 4.84 67.49 ± 6.53 

Action potential half-
width (ms)* 

0.99 ± 0.03 1.3 ± 0.14 † ‡ 0.95 ± 0.07 

 

Table 2.2 Passive membrane properties of all cells recorded from rodents 
displayed features of DGCs. Ectopic DGCs had depolarized RMP and wider AP 
than normotopic or sham DGCs respectively. Analyses were done using one-way 
ANOVA with Tukey’s post-hoc test for multiple comparisons. *Main effect 
determined by one-way ANOVA. †Significantly different from Normotopic SE with 
post-hoc analysis. ‡Significantly different from Sham with post-hoc analysis.  All 
data presented as mean ± SEM. 
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Figure 2.1 Biocytin filled cells display DGC morphology. A. Typical human 
dentate granule cell (DGC) with soma in the granule cell layer (GCL), dendrites in 
the molecular layer (ML), and axon in the hilus. B. Physiologically identified 
human DGC with hilar ectopic soma. 
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Figure 2.2 Cells display distinct SFA patterns, which help to distinguish DGCs 
from interneurons. A. Representative traces of firing pattern in response to a 
depolarizing step (500 ms): A1) Strong accommodation (n = 21); A2) Weak 
accommodation (n = 11); A3) No accommodation (n = 6); A4) Low firing (did not 
fire more than 3 AP in a spike train at the highest level of stimulation). For such 
cells (n = 11), SFA index could not be calculated. Scale bar 200 ms, 25 mV. B. 
Plot of SFA index vs AP interval. Strongly accommodating cells reached an SFA 
index value of at least 3 by the end of the spike train, while the value for weakly 
accommodating cells never exceeded 2.5, and the value for non-accommodating 
cells never exceeded 1.2. Error bars represent SEM. C. Distribution of SFA types 
amongst DGCs in the GCL, DGCs cells in the hilus, and cells that do not fit 
physiological characterization of DGCs (putative interneurons). There was no 
significant difference in the distribution of firing patterns between DGCs in the 
hilus or the GCL (p = 0.75, Fisher’s Exact test). 
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Figure 2.3 Hilar DGCs are slightly, but significantly, less excitable than DGCs in 
the GCL. All cells fire at least one AP in response to ≥ 300 pA of injected current. 
The solid black and gray lines were generated by fitting the respective colored 
scatter plot data with a Poisson regression line that passes through the origin. 
The slope of the regression line for hilar cells (0.01794 ± 0.001277) is 
significantly different from the slope of the line for GCL cells (0.02266 ± 0.0015, p 
= 0.0019), extra sum of squares F test). 
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Figure 2.4 Cells in GCL and hilus exhibited a prominent post-burst 
afterhyperpolarizaion. A1) Sample trace from a cell in the GCL; A2) trace from a 
cell in the hilus. Arrows indicate when the slow AHP component was measured. 
B. The average amplitude of the slow afterhyperpolarization recorded from cells 
in the GCL (n=30) and the hilus (n=6) was not significantly different (p = 0.48 
unpaired t-test). Data presented as mean ± SEM. Scale bars 1 s, 2 mV.   
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Figure 2.5 Cells in the GCL exhibit two distinct single AP waveforms in response 
to short depolarizing pulses, while hilar DGCs all exhibit similar waveforms. A. 
Example traces of APs elicited by direct, somatic current injection. Cells in the 
GCL display AP traces A1) with an after depolarization (ADP), A2) or without an 
ADP. A3) Hilar cells only exhibit APs without an ADP. B. Distribution of cells that 
fired each type of AP classified by location. The majority of cells in the GCL fired 
APs with an ADP (25/36) while none of the 7 hilar cells exhibited an ADP. C. A 
subset of cells in both the GCL and hilus could be driven synaptically to fire 
single APs. Of these cells, some fired an AP C1) with ADP and others fired an AP 
C2) without ADP. Scale bars 25 ms and 20 mV. 
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Figure 2.6 Biocytin filled cells display DGC morphology. A. Typical rat dentate 
granule cell (DGC) with soma in the granule cell layer (GCL) and dendrites in the 
molecular layer (ML). B. Rat DGC with hilar ectopic soma. 
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Figure 2.7 All cells from rodent tissue display firing behavior characteristic of 
dentate granule cells. A. Sample trace from a low firing cell. These cells only 
fired up to 3 AP in response to injected current. B. Sample trace from a cell with 
sustained firing in response to injected current. Cells that fired four or more APs 
always exhibited strong SFA (an index value of at least 3.0). Scale bars 200 ms, 
25 mV. C. A small subset of cells from epileptic tissue fired AP doublets, even in 
response to low levels of current injection. Inset presents a larger image of the 
doublet. These were classified as burst firing cells. Scale bar 20 ms, 5 mV. D. 
Distribution of firing patterns among cells in each group. There was no significant 
difference between the firing pattern distributions of normotopic vs. ectopic DGCs 
(p = 0.73 Fisher’s Exact test).  
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Figure 2.8 Ectopic DGCs from rodent SE tissue exhibit a moderate, but 
significant, increase in excitability as compared to normotopic DGCs. Both 
normotopic and ectopic DGCs born after SE exhibit more excitability than age-
matched DGCs from sham treated animals. All cells in the sham group were low 
firing cells, so only cells from SE-treated animals were included for comparison of 
firing frequency. The solid black and grey lines were generated by fitting the 
respective colored scatter plot data with a Poisson regression line that passes 
through the origin. The slope of the line for ectopic DGC firing (0.032 ± 0.0038) is 
significantly different from the slope of the line for normotopic DGC firing (0.017 ± 
0.0014; p< 0.0001, Extra sum of squares F test). 
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Figure 2.9 A subset of cells from each group exhibited post-burst sAHP. 
Representative traces from A1) a cell from a sham-treated animal, A2) a 
normotopic cell from an SE treated animal, and A3) an ectopic cell from an SE 
treated animal. B. There was no significant difference in the mean size of the 
post-burst sAHP between any of the groups (p = 0.311, one-way ANOVA). All 
data are presented as mean ± SEM. Scale bars 500 ms, 2 mV. 
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Figure 2.10 Two distinct shapes of single AP traces were observed in all three 
groups of rodent DGCs. Example trace showing AP A1) with a prominent ADP 
and A2) without an ADP. B. Graph showing the distribution of single spike AP 
type across all groups. There was no significant difference in the percentage of 
cells that fired each type of AP across any of the three groups (p = 0.91, Fisher’s 
exact test). Scale bars 20 ms, 25 mV. 
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Chapter 3 

 

Axonal plasticity of age-defined dentate granule cells in a rat model of 
temporal lobe epilepsy     

 
                                                   

Summary 

 Dentate granule cell (DGC) mossy fiber sprouting (MFS) in TLE is thought 

to underlie the creation of aberrant circuitry which promotes the generation or 

spread of spontaneous seizure activity. Understanding the extent to which 

subpopulations of DGCs participate in this circuitry could help determine how it 

develops and potentially identify therapeutic targets for regulating the aberrant 

activity of these circuits. In this study, we investigated the potential role of DGC 

birthdate in MFS into the inner molecular layer (IML) as well as other aspects of 

axonal plasticity. We used a retrovirus (RV) carrying a synaptophysin-yellow 

fluorescent protein (syp-YFP) fusion gene to birthdate cells and brightly label 

their axon terminals. With this approach, we studied DGCs born during the 

neonatal period and in adulthood from animals that underwent pilocarpine-SE or 

sham treatment. We found that both neonatal and adult-born populations of 

DGCs participate, to the same extent, in MFS within the inner molecular layer 

and in CA2. Interestingly, we did not observe changes in boutons within the hilus 

for either population of DGCs in SE tissue when compared to control. These data 
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indicate that axonal reorganization is independent of DGC birthdate in the rat 

TLE model. 

 

Introduction 

 

 Dentate granule cell (DGC) axonal reorganization is a common feature of 

dentate gyrus histopathology in patients with temporal lobe epilepsy (TLE) that is 

recapitulated in many animal models of the disease (Sutula & Dudek 2007). 

Schleibel and colleagues first discovered the presence of aberrant terminals of 

DGC axons, known as mossy fibers, in the inner molecular layer (IML) of TLE 

patients in 1974 (Scheibel et al 1974). In rodent models of TLE, mossy fiber 

sprouting (MFS) into the IML creates a functional excitatory feedback loop, 

primarily forming synapses onto DGC apical dendrites, with a minority of 

sprouted synapses in the IML onto interneurons (Buckmaster et al 2002, 

Scharfman et al 2003). MFS has been linked with reverberant firing of the DGC 

network (Tauck & Nadler 1985) and positively correlated with the number of 

spontaneous seizures (Hester & Danzer 2013, Xu et al 2004). However, the role 

of MFS in epileptogenesis has recently been called into question by data that 

suggests it may not be involved in spontaneous seizure activity (Buckmaster 

2014, Buckmaster et al 2009). Importantly, the focus of most research on DGC 

axonal reorganization in TLE has been on IML MFS, but this plasticity occurs 

throughout the hilus and CA region as well.  
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 The mechanisms that drive axonal reorganization of DGCs in TLE models 

are not fully understood. IML sprouting has been correlated with seizure-induced 

changes such as cell death, changes in extracellular matrix protein expression, 

and loss of axon guidance cues (Cavazos et al 1991, Cavazos & Sutula 1990, 

Holtmaat et al 2003, Pollard et al 1994). Plasticity of MFs in CA3 can occur in 

response to physiological stimuli such as exercise, in addition to seizures, and 

has been linked to loss of synaptic contacts in CA3 in a TLE model (Danzer et al 

2010, McAuliffe et al 2011, Schwarzer et al 1995, Toscano-Silva et al 2010). 

While nothing is known about seizure-related plasticity at the MF-CA2 synapse, 

recent data indicates that this synapse can be modulated by exercise and 

inflammation (Llorens-Martin et al 2015). 

 In addition to these external stimuli, there are cell-autonomous factors, 

such as mTOR signaling, that influence axonal reorganization within individual 

DGCs (Buckmaster et al 2009). Not every DGC contributes to MFS (Buckmaster 

& Dudek 1999), but it is not known what influences the likelihood to contribute. 

DGC birthdate is one potential influence because of the well-documented role of 

adult-born DGCs in seizure-related plasticity (Jessberger et al 2007, Kron et al 

2010, Walter et al 2007). Previous research suggested that DGCs developing 

during or after an epileptogenic insult are responsible for most, if not all, MFS in 

the IML (Kron et al 2010). However, the retroviral (RV) GFP labeling used in 

these experiments did not allow for reliable resolution of small MF boutons in the 

IML and hilus, and extensive dendritic labeling made it difficult to distinguish 

GFP+ axons in the IML. In addition, a potential relationship between DGC 
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birthdate and axonal plasticity within the hilus and hippocampal pyramidal cell 

regions has not previously been investigated. 

In this study, we compared MF structural plasticity of DGCs born in the 

neonatal period, and thus mature at the time of injury, with those generated in 

adulthood after injury in the rat pilocarpine model of TLE. To more specifically 

label the synaptic boutons of birthdated DGCs, we utilized a construct carrying 

the synaptophysin (syp) gene fused to yellow fluorescent protein (YFP) to direct 

YFP to synaptic vesicles (Umemori et al 2004), and this construct was packaged 

in a RV vector to limit infection to actively dividing cells. 

With this tool, we found that both neonatal and adult-born populations of 

DGCs participate in MFS in the pilocarpine SE model of TLE, with some subtle 

but significant differences in other forms of aberrant axonal remodeling. We also 

found that the DG-CA2 “alternative trisynaptic circuit” is altered after SE. Our 

findings suggest that both pre-existing, mature DGCs and those generated after 

SE contribute to various aspects of seizure-induced axonal plasticity. 

 

Methods 

 

Virus production 

We generated the syp-YFP RV using a vesicular stomatitis virus G-protein 

(VSV-G) pseudotyped Moloney murine Leukemia virus backbone in which the 

expression of syp-YFP is driven by the human synapsin-1 promoter. The 

synaptophysin-YFP fusion gene was amplified from the pCMV-synaptophysin-
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YFP plasmid (generously provided by Dr. Hisashi Umemori (Umemori et al 

2004)) via PCR using primers 5’-cgagctcaaggatccaattctgcagtcg-3’ and 5’-

ctgattatgatcacgcgtcgcggcc-3’. To express the syp-YFP under the control of the 

synapsin promoter, the amplified and isolated syp-YFP fragment was subcloned 

into the RV vector pCAG-mCherry-WPRE (woodchuck post-transcriptional 

regulatory element) by replacing the mCherry fragment between pCAG and 

WPRE. The accuracy of the cloned syp-YFP fragment in the construct was 

verified by DNA sequencing and the expression of syp-YFP was tested by 

transfecting HEK 293 cells using LIpofectamineTM (Invitrogen, CA). The cells 

were cultured at 37oC for 3 days prior to analysis. We also used a GFP-

expressing RV as described previously (Kron et al 2010). 

High-titer, replication incompetent pseudotyped RV was produced as 

described previously (Kron et al 2010) by co-transfection of CAG-GFP-WPRE 

and VSV-G plasmids into GP2-293 packaging cell line (Clontech, CA). Cells were 

plated in 10 ml DMEM supplemented with 10% FBS the day prior to transfection. 

The co-transfection was performed using calcium phosphate precipitation. The 

transfected cells were incubated at 37OC for 6 hours, the medium was replaced 

and cells were allowed to grow for 65 hours. The supernatant containing RVs 

were harvested and filtered through a 0.45-µM pore size filter (Gelman Sciences, 

MI). The filtered supernatant was concentrated by centrifugation in a Sorvall 

model RC 5C PLUS at 50,000xg at 4OC for 90 min. The RV-containing pellet was 

resuspended in 1X PBS, aliquoted, and was stored at -80OC until use. Final RV 
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titers ranged between 2-5 X 108 cfu/ml as measured by YFP or GFP colony 

formation on NIH 3T3 cells.  

 

Animals 

Animal procedures were performed using protocols approved by the 

University Committee on Use and Care of Animals of the University of Michigan. 

Animals were purchased from Charles River and kept under a constant 12 hour 

light/dark cycle with access to food and water ad libitum. Epileptic animals (n = 

32) and sham controls (n = 11) were generated as described previously (Kron et 

al 2010). Briefly, eight week-old male Sprague Dawley rats were pretreated with 

atropine methylbromide (5 mg/kg i.p.; Sigma-Aldrich, St. Louis, MO) 20 minutes 

prior to induction of SE with pilocarpine hydrochloride (340 mg/kg i.p.; Sigma-

Aldrich, St. Louis, MO) for epileptic animals, or an equivalent volume of 0.9% 

saline for sham animals. After 90 minutes of SE, seizures were terminated with 

diazepam (10 mg/kg i.p.; Hospira Inc, Lake Forest, IL). Sham controls were 

treated with diazepam two hours after the saline injection.  

 

Intrahippocampal RV injections 

Animals were injected with Syp-YFP RV, or in some cases GFP RV, 

bilaterally into the dorsal dentate gyrus at either postnatal day 7 (P7) or postnatal 

day 60 (P60) as described previously (Kron et al 2010). Briefly, male P7 rat pups 

were anesthetized on ice and placed on an ice cold neonatal rat stereotax 

adaptor (Stoelting, Wood Dale, IL) in a Kopf (Tujunga, CA) stereotaxic frame. 
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Bilateral burr holes were drilled in the skull and 1 µl of RV was injected, using a 

Hamilton syringe and microinjection pump, at 0.1 µl/min into each hemisphere 

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

caudal 2.0, lateral 1.5, deep 2.7. P60 male rats were anesthetized with a 

ketamine/xyelzine mixture and placed in a Kopf stereotaxic frame. Bilateral burr 

holes were drilled in the skull and 2.5 µl of RV was injected the same as for 

neonatal rats but with the following coordinates (in mm from bregma and mm 

below the skull): caudal 3.9, lateral 2.3, deep 4.2. 

 

Immunohistochemistry 

 At 1, 2, 4, or 8-10 weeks post SE or sham treatment, rats 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. Sixty µm sections were cut in the coronal plane using a vibrating blade 

microtome (VT1000S, Leica Microsystems Inc, Buffalo Grove, IL). 

Representative sections (4-6 sections, 720 µm apart) through the rostro-caudal 

axis of the brain were processed with standard fluorescent immunohistochemical 

techniques using the following primary and secondary antibodies: mouse anti-

bassoon (1:1000, Enzo Life Sciences), rabbit or chicken anti-GFP (1:2000 both, 

Invitrogen and Aves), mouse anti-striatal enriched phosphatase (STEP) (1:1000, 

Cell Signalling), rabbit anti-zinc transporter-3 (Znt3) (1:3000, Synaptic Systems). 

Fluorescent signals were achieved using Alexa Fluor secondary antibodies: goat 



	
  
	
  

	
  

88	
  

anti-mouse 594, goat anti-mouse 647, goat anti-rabbit 488 and 594, and goat 

anti-chicken 488. 

 

Microscopy 

 Images were acquired using a Zeiss LSM 510-META Laser Scanning 

Confocal Microscope or Leica Upright SP5X Confocal Microscope. For 

confirmation of co-localization and analysis of bouton size and density, images 

were acquired with a 63x objective at 2x optical zoom as 1 µm stacks through the 

z-plane with the pinhole set at 1 Airy unit and 0.5 µm step size. For analysis of 

amount of axon sprouting into the IML and pyramidal cell regions, sections were 

imaged at 2048 resolution with a 10x objective at 1 or 2x optical zoom, as 40-60 

µm stacks through the z-plane with the pinhole set at 1 Airy unit and a 6 µm step 

size.  

 

Image analysis and statistics 

 Image files were imported into ImageJ for analysis. Statistical analyses 

were performed using GraphPad Prism 6.0 software. Co-localization of YFP-

positive bouton-like structures was first established using 1 µm optical slice 

images, prior to further image processing. To calculate IML and hilar bouton 

density, axon segments were first traced through image stacks and straightened. 

Images were then made binary and the analyze particle function was used to 

count all boutons with at least 10% circularity and an area larger than 0.25 µm2. 

The number of boutons was then divided by the length of axon segment to 



	
  
	
  

	
  

89	
  

determine bouton density. The average density was determined for each animal, 

and group means were compared with a one-way ANOVA and Sidak’s multiple 

comparisons test.       

      Relative amounts of sprouting into the IML by birthdated DGCs was 

determined from z-projections by identifying regions within tissue sections 

containing IML sprouting where labeled axons were present but labeled apical 

dendrites were not. Regions in the IML were outlined using the Region of Interest 

(ROI) function in ImageJ, The same sized ROI was then copied and placed over 

the hilus directly below the GCL. Using the same ROI for both areas of each 

section allowed for direct comparison of the percentage of YFP labeling within 

the ROI. Once ROIs were determined for all sections within the image, the image 

was made binary and the number of labeled and unlabeled pixels was 

determined using the histogram function. From these data, the percentage of 

labeled pixels was determined for each ROI. The percent of labeling in the IML 

ROI was divided by the percent of labeling in the hilar ROI to determine the 

sprouting ratio for that section. The sprouting ratios for all sections from a given 

animal were averaged to determine a single sprouting ratio for each animal. 

Group means were statistically compared using student’s t-test.  

 Length of CA2 was determined for each section containing syp-YFP 

labeled boutons by using the segmented line function in ImageJ and tracing the 

cell body layer of STEP-labeled cells. The borders of CA2 were defined by a 

sharp reduction in STEP label intensity. Sections for which the borders of CA2 

could not be clearly delineated were not included in the analysis. The amount of 



	
  
	
  

	
  

90	
  

syp-YFP innervation in the CA2 region was measured with the segmented line 

function by starting from the CA3/CA2 border and tracing to the furthest syp-YFP 

labeled structure within the STEP. The length of the syp-YFP-containing region in 

CA2 was divided by the length of CA2 within an individual slice to determine 

percent of CA2 that is innervated by labeled axons. 

 

Results 

 

Synaptophysin-YFP retrovirus labels DGC axon terminals 

 Previous work from our lab and others has used RV carrying a 

cytoplasmic GFP reporter as a means of birthdating and labeling subsets of 

DGCs to study them after they mature (Jessberger et al 2007, Kron et al 2010, 

van Praag et al 2002). This tool is excellent for studying changes in soma 

location, dendritic morphology, and giant MF boutons, but its utility is limited for 

studying changes in finer axon structures. Given our interest in seizure-induced 

plasticity of MF axons, we therefore developed a RV that preferentially labels 

axon structures to better visualize axonal changes.  

 Synaptophysin is a synaptic vesicle-associated protein that is abundant in 

synaptic terminals (Li & Murthy 2001). The syp-YFP fusion protein is comprised 

of full-length synaptophysin directly conjugated to full-length YFP, such that YFP 

expression is highly enriched in synaptic boutons. Delivering this construct in a 

RV vector thus allows us to simultaneously birthdate DGCs and intensely label 

the MF terminals to a much greater extent than the cytoplasmic GFP RV (Figure 



	
  
	
  

	
  

91	
  

3.1 A1,2). RV overexpression of syp-YFP often leads to diffuse, albeit weaker, 

labeling in the soma and dendrites (Figure 3.1 A2, arrowheads) in addition to 

strong labeling at putative MF boutons. While the difference in label intensity 

between MF boutons and non-bouton labeled structures provides a 

straightforward means of distinguishing them, we also used 

immunohistochemistry (IHC) to identify co-labeling of syp-YFP+ MF boutons with 

the synaptic protein bassoon, which is expressed exclusivel in pre-synaptic 

terminals (tom Dieck et al 1998) (Figure 3.1 C). Most tissues showed well-

delineated bassoon immunoreactivity, and all syp-YFP-labeled putative boutons 

(identified on the basis of their size and shape) were co-labeled with bassoon. 

  

Both adult- and neonatal-born DGCs contribute to MFS in the IML 

 Previous work from our laboratory using a GFP-expressing RV showed 

that neonatal-born DGCs that were 7 weeks old when animals underwent SE did 

not exhibit gross anatomical hallmarks of seizure-induced plasticity, whereas 

DGCs born after SE exhibited the most aberrant plasticity, including HBDs, 

ectopic locations, or MFS (Kron et al 2010). To better assess seizure-induced 

axonal changes, we used syp-YFP RV to label similar DGC cohorts and 

examined YFP immunolabeling in hippocampal sections. Rats received syp-YFP 

RV at P7 or P60, underwent pilocarpine-induced SE at P56 and were euthanized 

8 weeks later. These two time points were chosen for RV injection to label DGCs 

at two different stages of development during epileptogenesis: pre-existing, 

mature DGCs and those generated 4 days after SE.  
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 The syp-YFP RV allowed us to clearly distinguish between axons and 

dendrites in the IML and also to identify low levels of MFS, because axon 

terminals in the IML were visible even at low magnification and were labeled to a 

much greater extent than with eGFP RV (Figure 3.1 B). Using this approach, we 

found that both neonatal and adult-born DGC populations contributed to MFS in 

the IML at 8 weeks after SE (Figure 3.2 A). Others have shown that sprouted MF 

terminals begin to appear in the IML early after SE in rodent models and continue 

to increase in number until the IML is densely packed with MF terminals 

(Cavazos et al 1991, Mello et al 1993). We performed a time course experiment 

in which tissues were collected at 2 and 4 weeks after SE to determine when the 

two populations of cells began to contribute to MFS. We found that sprouted MFs 

from neonatal-born DGCs, but not adult-born DGCs, were present in the IML by 

2 weeks post SE (Figure 3.2 B). At 4 weeks post SE, sprouted MF from both 

populations could be observed in the IML (Figure 3.2 C), and the amount of MFS 

appeared to increase by 8 weeks post-SE (Figure 3.2 D). To further support the 

finding that MFS from neonatal-born DGCs, which are mature at the time of SE, 

begins sooner after SE than for adult-born DGCs, we also examined the 

neonatal-born DGCs at 1 week after SE. We observed fairly robust sprouting at 

this time point in 2 of 4 animals (Figure 3.2 E). These data support the idea that 

syp-YFP+ DGCs labeled by P7 injections were mature at the time of SE, rather 

than arising from from P7 labeling of NSCs that continued to generate DGCs into 

adulthood. 
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Features of IML and hilar MF boutons are similar between adult- and neonatal-

born DGCs after SE 

To investigate the relationship between DGC birthdate and amount of IML 

sprouting, we determined a sprouting ratio for each animal by measuring the 

percentage of bouton labeling in the IML vs. hilus of discreet regions within the 

dentate gyrus (excluding the apex). There was no significant difference in the 

mean sprouting ratio between birthdated groups (Figure 3.3; p = 0.65, student’s 

t-test).  

 We next examined the density of boutons on individual sprouted fibers in the 

IML and hilus from pilocarpine- and sham-treated animals. We identified axon 

segments that could be easily distinguished from other structures and 

determined the average number of boutons per micron for each animal. The 

dentate hilus undergoes substantial structural changes during epileptogenesis 

that may influence local MF synapses. These include rapid loss of interneurons 

and a progressive increase in aberrant DGC dendrites, either from HBDs or 

ectopic cells (Althaus & Parent 2014, Buckmaster & Dudek 1997). We found no 

significant difference in bouton density across the 4 populations (P7 vs. P60 

birthdate and SE vs. sham) of DGCs (Figure 3.4 A,B. However, axon segments 

of adult-born DGCs, but not neonatal-born DGCs, had a greater bouton density 

in the IML than in hilus (Figure 3.4 B; p = 0.0052, one-way ANOVA with Sidak’s 

multiple comparison’s test).   

 

Plasticity of pyramidal cell innervation by MFs 
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DGCs synapse onto CA3 pyramidal neurons as part of the classic 

trisynaptic circuit in the hippocampus. The giant boutons form synapses primarily 

onto the basal dendrites of pyramidal cells in stratum lucidum. Under normal 

conditions, a small proportion of MF boutons also synapse onto apical dendrites 

in stratum oriens (Blaabjerg & Zimmer 2007). In some TLE models, MFs sprout 

additional collaterals into more caudal regions of SO (Schwarzer et al 1995). We 

observed syp-YFP labeled axons in CA3 SO of DGCs in all four treatment groups 

(data not shown). In sham treated animals, axon terminals from both neonatally 

generated and adult-born DGCs were present in SO of rostral sections. However, 

we did not observe any apparent differences in amount of SO labeling across 

any of the groups.  

 An “alternative trisynaptic circuit” was recently identified in which small 

boutons of DGCs functionally innervate CA2 pyramidal neurons (Kohara et al 

2014). We investigated whether this changes after SE and if so, whether there is 

a difference between neonatal and adult-born DGCs. Using an antibodies against 

the CA2-specific markers STEP, we observed considerable damage to CA2 

neurons in many animals that had undergone SE (Figure 3.5 A, B). When we 

compared the size of the CA2 region across animals, we found that it was 

significantly smaller in animals that underwent SE (Figure 3.5 B; p = 0.0006, 

student’s t-test). As a result, we normalized each measurement to the length of 

CA2 within individual sections to determine the percent by length of CA2 that was 

innervated by syp-YFP labeled axons. We found that labeled axons from both 

neonatal and adult-born DGCs innervate a greater percentage of CA2 after SE 
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when compared to sham-treated animals (Figure 3.5 C; p = 0.01, one-way 

ANOVA with Sidak’s multiple comparisons test), but there was no difference 

between birthdated populations within the same treatment group.  

 

Discussion 

 

 The goal of this study was to determine the relative contributions of age-

defined cohorts of DGCs to aberrant axonal organization in a rat TLE model. 

Using syp-YFP RV to birthdate neonatal- and adult-born DGCs and label their 

axon terminals, we found that cells that are mature at SE and cells that are born 

after contribute similarly to seizure-related axonal plasticity. We also report a 

novel type of seizure-induced plasticity, which involves changes to mossy fiber 

innervation of CA2 pyramidal cells. 

 Initially, we were surprised to find sprouted MF axons from neonatal-born 

DGCs in the IML after SE. Previous work from our laboratory found that DGCs 

that were born neonatally and were 7 weeks old when animals underwent SE 

were resistant to seizure-related plasticity, whereas many DGCs born after SE 

exhibited HBDs, ectopic somas, or MFS (Kron et al 2010). This study also found 

that intermediate-aged cells exhibited intermediate levels of seizure-induced 

plasticity; about 15% of DGCs that were 4 weeks at SE and about 35% that were 

2 weeks at SE retained HBD and cells of both ages contributed to MFS, but none 

from either population migrated ectopically (Kron et al 2010). These data suggest 

that susceptibility to seizure-induced plasticity is commensurate with a cell’s 
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developmental stage. Indeed, this study found that neonatal-born DGCs, which 

were mature at the onset of SE, do not contribute to IML sprouting (Kron et al 

2010). However, those results were obtained using a cytoplasmic eGFP RV, 

which causes strong somatic and dendritic labeling, but weaker labeling of axon 

processes and small boutons. With the syp-YFP RV, we identified labeled axons 

from both birthdated populations in the IML after SE and confirmed the presence 

of synaptic boutons by double labeling with bassoon.  

 The RV vector that we use only infects cells that are dividing at the time of 

the intrahippocampal injections (Zhao et al 2006). However, we considered the 

possibility that a small number of radial glia-like (RG-like) neural stem cells could 

have been infected when RV was injected in neonatal animals. RG-like cells are 

relatively quiescent and so could retain the label and divide after SE to produce 

post-SE, adult-born DGCs, which might be responsible for the observed MFS 

after P7 RV injections. The time course data indicate, however, that the labeled 

fibers do indeed arise from DGCs that were born neonatally and were mature at 

SE because MFS arises from this population within one week post-SE, while 

MFS could not be detected from the adult-born population until four weeks post 

SE.  

 It is interesting that the axons of adult-born DGCs examined at 2 weeks 

post-SE are not yet found in the IML, considering the fact that they are already 

present in the hilus. This points to factors above and beyond the initial injury as 

being involved in the regulation of axon innervation of the IML. Excitatory 

synaptic activity, via LTP induction in the perforant path, induces MFS in the 
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absence of the deleterious effects of SE (Adams et al 1997), suggesting that 

differential synaptic activity could account for differences in timing of sprouting or 

even the identity of individual cells that participate in sprouting. To label adult-

born DGCs, the RV is injected four to five days after SE. Therefore, these cells 

are 9-10 days old at 2 weeks post-SE. At this stage in normal rodents, adult-born 

DGCs have short processes and do not receive excitatory synaptic input 

(Overstreet-Wadiche et al 2006a, Zhao et al 2006). After SE, adult-born DGCs 

have been shown to develop more rapidly (Overstreet-Wadiche et al 2006b), but 

10 day-old cells are still unlikely to be receiving significant amounts of excitatory 

synaptic input.  

We observed that the amount of labeled axons in the IML varied among 

animals at the 8 week post-SE time point, and wondered whether DGC birthdate 

impacts contribution to MFS. To determine relative amount of MFS, we 

calculated a sprouting ratio for each animal, which was variable across animals, 

but not different between the neonatal- and adult-born populations. From these 

data, we cannot determine whether the degree of sprouting is determined by 

small subpopulations of DGCs exhibiting very robust MFS, or by large 

proportions of DGCs that develop less extensive MFS. Interestingly, the mean 

sprouting ratio was about 30% for both populations, which supports the 

hypothesis that a subset of cells participate in MFS at any given time. 

We did find a significant difference in bouton density between IML and 

hilar axon segments of adult-born DGCs, but not between IML and hilar axon 

segments of neonatal-born DGCs. Without a measurement of total axon length in 



	
  
	
  

	
  

98	
  

IML vs hilus, it is difficult to speculate on the net impact of this increased bouton 

density. Several comprehensive studies examining the structure of DGC axon 

arbors from epileptic and intact tissue indicate that there is an increase in the 

total axon length of DGCs in epileptic tissue (Acsady et al 1998, Buckmaster & 

Dudek 1999, Claiborne et al 1986, Sutula et al 1998). One study, using the kainic 

acid SE model of TLE, also found a significant increase in IML bouton density 

when compared to hilar bouton density, as well as a small, but significant 

increase in hilar bouton density when compared with control animals (Sutula et al 

1998). None of the aforementioned studies identified DGC birthdate. Our finding 

of greater IML bouton density on adult-born DGCs is consistent with the idea that 

this population is more involved in recurrent excitation of DGCs than the 

neonatal-born population.  

In addition to axonal reorganization within the dentate gyrus, we examined 

seizure-related plasticity of DGC axons in pyramidal cell layers CA3 and CA2. 

While others have found sprouting of MF axons into SO of CA3, we were unable 

to consistently detect axons of birthdated cells – either neonatal or adult-born – in 

this region. This is likely due to variability in viral infection and location of labeled 

DGCs within the granule cell layer, because the path of DGC axons is influenced 

by their location within the different blades of the layer (Claiborne et al 1986). 

 To our knowledge, this is the first report of seizure-induced plasticity at the 

MF-CA2 synapse. Pyramidal cell death occurs throughout the CA subfields, 

including CA2 in the pilocarpine-SE model of TLE (Fujikawa 1996). Our data also 

indicate substantial cell death in CA2, since the average length of the CA2 
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pyramidal cell body layer is shorter in animals that underwent SE. We found that 

MFs of both birthdated populations of DGCs extend further into CA2 in epileptic 

tissue than in controls, even when controlling for the shorter length of CA2. More 

work is needed to determine the functional implications of this plasticity, but it is 

consistent with an increase in DG output to CA2 pyramidal cells in this TLE 

model.  

  The data presented in this chapter show that both neonatal- and 

adult-born DGCs, participate in MFS in the IML and axonal plasticity in the 

hippocampus proper. Recent data from others have called into question the role 

of MFS in the IML for epileptogenesis. While the impact of axonal plasticity in 

TLE appears to be a net increase in excitatory post-synaptic output, the 

functional implications of this plasticity for spontaneous seizure activity are still 

unclear (Buckmaster 2014, Buckmaster & Lew 2011, Buckmaster et al 2002, 

Sutula et al 1998). Inhibiting MFS with rapamycin treatment may not be the most 

effective means of studying the impact of this plasticity because it has off target 

effects that compromise the interpretation of the data. Instead, more work needs 

to be done to determine the proportion of DGCs that participate in MFS, what 

factors influence individual DGCs to participate, and how the physiology of 

sprouting cells compares to non-sprouting cells in both TLE and control tissue.  
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Figure 3.1 The syp-YFP RV allows better resolution of small MF boutons in the 
hilus and IML of the DGC as compared to eGFP RV. Blue channel is Hoescht, 
green channel is YFP or GFP, and red channel is bassoon.  A. 40x confocal z-
stacks of A1) eGFP or A2) syp-YFP expressing DGCs from a SE-treated animal. 
Note the lack of hilar axon labeling of eGFP expressing cells as compared to 
syp-YFP expressing cells. Arrows indicate MFS in the IML. Arrowheads indicate 
dendritic and somatic labeling from syp-YFP overexpression. Scale bar = 50 µm 
B. Representative images (10x objective) from rats that experienced SE and 4 
days later received injections of B1) eGFP or B2) syp-YFP RV to label DGC 
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progenitors. Rats were euthanized 8 weeks later. MFS and hilar boutons can be 
detected at this magnification from DGCs that express syp-YFP (B2). Arrows 
indicate MFS in the IML. Scale bar = 250 µm C. Confocal z-stack images 
obtained with a 63x objective and 2x optical zoom of a hilar axon segment from a 
syp-YFP expressing DGC. C1) YFP alone C2) Bassoon, a pre-synaptic terminal 
maker. C3) YFP/Bassoon overlay showing co-localization of YFP and bassoon in 
boutons. 
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Figure 3.2 Both neonatal- and adult-born DGCs contribute to MFS in the IML. A. 
10x images of A1) neonatal-born and A2) adult-born DGCs showing syp-YFP 
labeling of putative axon terminals in the IML. Scale bar = 250 µm B-D. 20x 
images showing neonatal-born and adult-born DGCs at B) 2 weeks, C) 4 weeks, 
and D) 8 weeks post SE. Arrowheads indicate putative axon terminals in the IML. 
Note the absence of labeling in B2 at 2 weeks post SE for adult-born DGCs. E. 
20x image of neonatal born DGCs at 1 week post SE. Arrowheads indicate IML 
labeling. Scale bar = 50 µm. 
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Figure 3.3 Neonatal-born and adult-born DGC populations contribute to a similar 
degree to MFS in the IML. A. MFS in the IML from neonatal-born DGCs. B. MFS 
in the IML from adult-born DGCs. White outlines indicate ROI segments which 
were measured for number of labeled pixels and compared to determine MFS 
ratio for that section and correct for variability in the degree of labeling. Scale bar 
= 50 µm. C. Histogram of mean MFS ratio for neonatal-born and adult-born 
DGCs. The means of the two populations were not significantly different (p = 
0.65, student’s t-test). 
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Figure 3.4 Hilar bouton density is not influenced by SE or DGC birthdate, but 
adult-born DGCs have increased bouton density in the IML than in the hilus after 
SE. A. Representative images of axon segments from each respective group. All 
images are z-projections from confocal stacks acquired with a 63x objective at 2x 
optical zoom. Bassoon labeling is the red channel, syp-YFP labeling is in the 
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green channel. Scale bar = 20 µm. B. Histograms of average bouton density. 
The increase in density for IML boutons compared to hilar boutons of adult-born 
DGCs in SE tissue is statistically significant (p = 0.03, one-way ANOVA, Sidak’s 
multiple comparisons test. 
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Figure 3.5 Seizures are associated with CA2 damage and cell death. Axon 
terminals from both neonatal-born and adult-born DGCs extend further into CA2 
after SE. A. Representative images from all four groups (acquired with 10x 
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objective) of syp-YFP labeling into CA2. White arrows indicate the location where 
syp-YFP labeling ends in CA2. Proximal refers to the CA3-CA2 border, distal 
refers to the CA2-CA1 border. STEP labeling is in the purple channel, Hoescht 
nuclear stain is in the blue channel, syp-YFP labeling is in the green channel. 
Scale bar = 50 µm. B. Graph showing total length of CA2 in sham and SE (data 
from sham and SE animals for this measurement were not separated according 
to age at RV injection). There was a significant reduction in size of CA2 for SE 
animals (p = 0.0006, student’s t-test). C. Graph showing percent, by length, of 
CA2 that is innervated by syp-YFP labeled terminals. The differences were 
significant between SE vs sham treated animals for both neonatal born and 
adult-born DGCs, but there was no difference among sham or SE animals (p = 
0.01 one-way ANOVA, Sidak’ multiple comparisons test).  
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Chapter 4 
 
 

Electrophysiological properties of age-defined dentate granule cells in a 
rodent model of temporal lobe epilepsy. 

 
 

Summary 

Dysregulated hippocampal neurogenesis is a prominent feature of 

temporal lobe epilepsy (TLE). Anatomical data indicate that most dentate granule 

cells (DGCs) generated in response to an epileptic insult develop features that 

promote increased excitability, including ectopic location, persistent hilar basal 

dendrites (HBDs) and mossy fiber sprouting (Jessberger et al 2007, Kron et al 

2010, Walter et al 2007). However, some appear to integrate normally, and even 

exhibit reduced excitability compared to other DGCs (Jakubs et al 2006, Murphy 

et al 2011). Using a retroviral (RV) enhanced green fluorescent protein (eGFP) 

reporter to birthdate DGCs, our laboratory found that DGCs that were mature at 

status epilepticus (SE) were resistant to morphological abnormalities, while the 

majority of those born after SE display TLE-related pathology (Kron et al 2010). 

This may suggest that post-SE generated DGCs promote pathological function 

while established DGCs retain normal function. Much of what is known about 

aberrant DGC neurogenesis comes from anatomical data; relatively few studies 

have investigated the physiological properties of age-defined cells. To examine 

the relationship between DGC age and activity within an epileptic network, we 
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recorded from RV birth-dated DGCs born either neonatally, or during adulthood 

in an epileptic or intact animal. We found that, in TLE tissues, both adult-born 

and neonatal-born populations of DGCs appear to receive increased excitatory 

input compared with age-matched controls in intact tissues. Furthermore, adult-

born DGCs that display aberrant morphology in TLE tissue receive more 

excitatory input than their normotopic counterparts in TLE.  

 

Introduction 

  

 Since it was discovered that seizures potently upregulate dentate granule 

cell (DGC) neurogenesis, many studies have investigated the role of post-seizure 

born DGCs in epileptogenesis (Scharfman & McCloskey 2009). A considerable 

amount of anatomical data has implicated DGCs that are developing after an 

epileptogenic insult as the likeliest to drive hyperexcitability of the dentate gyrus 

network (Althaus & Parent 2014, Scharfman & McCloskey 2009). Importantly, 

this population is an exceptionally heterogeneous group; some DGCs born post-

insult appear morphologically normal, while others have a variety of dendritic, 

axonal, and somatic abnormalities (Jessberger et al 2007, Kron et al 2010, 

Murphy et al 2011, Walter et al 2007). This is in contrast to cells that are mature 

at the onset of epileptogenesis, which primarily maintain normal morphology 

(Kron et al 2010, Walter et al 2007). 

 One recent study suggested that these post-insult born DGCs exhibit 

reduced excitatory and increased inhibitory synaptic inputs when compared to 
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cells that were presumably mature at insult, thereby having a net homeostatic 

effect on network excitability (Jakubs et al 2006). However, this study did not 

include ectopically integrated DGCs, which comprise up to 25% of post-injury 

born DGCs (Kron et al 2010, Walter et al 2007). In a different study, which did 

not report DGC age, ectopic cells were found to receive a greater proportion of 

excitatory inputs, relative to normotopic DGCs (Zhan et al 2010). In addition, 

ectopic DGCs exhibited greater intrinsic excitability when compared to age-

matched normotopic DGCs in SE and sham tissue (Scharfman et al 2000, Zhan 

& Nadler 2009).  

While individual DGCs may contribute to network excitability in a variety of 

heterogeneous ways, identifying subpopulations that are particularly prone to 

hyperexcitability may help to identify therapeutic windows and potential 

treatments. Therefore, the goal of the study described in this chapter is to better 

understand the relationship between age, morphology, and excitability of 

individual DGCs in a model of TLE. To investigate this question, we birthdated 

DGC cohorts with a GFP-expressing retrovirus (GFP-RV) and recorded the 

excitatory synaptic inputs onto DGCs from epileptic or sham-treated animals. 

These experiments are part of an ongoing investigation and will be combined 

with additional excitatory data as well as recordings of inhibitory synaptic inputs 

onto the same cohorts of cells.  

 

Methods 
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Animals 

Animal procedures were performed using protocols approved by the 

University Committee on Use and Care of Animals of the University of Michigan. 

Animals were purchased from Charles River and kept under a constant 12 hour 

light/dark cycle with access to food and water ad libitum. Epileptic animals and 

sham controls were generated as described previously (Kron et al 2010). Briefly, 

postnatal day 56 (P56) male Sprague Dawley rats were pretreated with atropine 

methylbromide (5 mg/kg i.p.; Sigma) 20 minutes prior to pilocarpine 

hydrochloride (340 mg/kg i.p.; Sigma) for epileptic animals, or an equivalent 

volume of 0.9% saline for sham animals. After 90 minutes of SE, seizures were 

terminated with diazepam (10 mg/kg i.p.; Hospira Inc). Sham controls were 

treated with diazepam two hours after the saline injection. Acute slice recordings 

were made 3-5 months after SE/sham treatment. 

 

Bilateral intrahippocampal RV 

Animals were injected with GFP-YFP RV bilaterally into the dentate gyrus 

at either P7 or P60 as described previously (Kron et al 2010). Briefly, to label 

neonatal-born DGCs, male P7 rat pups were anesthetized on ice and placed on 

an ice cold neonatal rat stereotax adaptor (Stoelting) in a Kopf stereotaxic frame. 

Bilateral burr holes were drilled in the skull and 1 µl of RV was injected, using a 

Hamilton syringe and microinjection pump, at 0.1 µl/min into each hemisphere 

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

caudal 2.0, lateral 1.5, deep 2.7. To label adult-born (AB) DGCs, P60 male rats 
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were anesthetized with a ketamine/xyelzine mixture and placed in a Kopf 

stereotaxic frame. Bilateral burr holes were drilled in the skull and 2.5 µl of RV 

was injected at 0.1 µl/min into each hemisphere with the following coordinates (in 

mm from bregma and mm below the skull): caudal 3.9, lateral 2.3, deep 4.2. 

 

Slice preparation 

Animals were anesthetized with isoflourane (Vet One) and transcardially 

perfused for 60 seconds with ice-cold cutting solution containing (mM): 206 

sucrose, 2.8 KCl, 1 MgCl2·6H2O, 1.25 NaH2PO4, 1 CaCl2, 10 D-Glucose, 26 

NaHCO3, 0.4 Ascorbic Acid (pH 7.4). After decapitation, brains were rapidly 

removed and rested for 2 minutes in ice cold oxygenated, cutting solution. Brains 

were then blocked to isolate the hippocampus and 400 µm-thick coronal slices 

were cut with a vibrating blade microtome (VT1000S, Leica Microsystems Inc) in 

ice cold, oxygenated cutting solution. Slices were allowed to recover for 15 

minutes in 340C, oxygenated N-methyl D-glutamine (NMDG) based solution 

containing (mM): 92 NMDG (Sigma), 2.5 KCl, 1.2 NaH2PO4, 30 NaHCO3, 20 

HEPES, 25 Glucose, 5 sodium ascorbate (Sigma), 2 thiourea (Sigma), 3 sodium 

pyruvate (Gibco Life Technologies), 10 MgSO4·7H2O (Sigma), 0.5 CaCl2·2H2O. 

(pH adjusted to 7.35 with 10N HCl). We find that recovery in this solution 

provides a significant improvement in the health of slices made from aged, 

epileptic rats (Zhao et al 2011). Slices were then rested for at least 1 hour at 

room temperature in aCSF containing (mM): 124 NaCl, 2.8 KCl, 2 MgSO4, 1.25 

NaH2PO4, 2 CaCl2, 10 D-Glucose, 26 NaHCO3, 0.4 Ascorbic acid (pH 7.4) before 
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being transferred individually to the recording chamber and continuously 

perfused (~1.5mL/min) with oxygenated aCSF heated to 320C. To record 

spontaneous EPSCs (sEPSCs), 100 µm picrotoxin (PTX) was added to the 

aCSF, to record mini EPSCs (mEPSCs), 100 µm PTX and 1 µm tetrodotoxin 

(TTX) were added to the aCSF. 

 

Electrophysiological recordings and analysis 

GFP+ DGCs were first identified under epifluorescence (525 nm emission 

filter), then visualized and patched using infrared differential interference contrast 

(IR-DIC) optics. Recordings were obtained using borosilicate glass electrodes 

(Sutter Instruments) with a 4-7 MΩ open tip resistance. Pipettes contained 0.3% 

biocytin (Sigma) in cesium gluconate-based internal solution (in mM, all from 

Sigma): 100 Gluconic Acid, 0.2 EGTA, 5 MgCl2, 40 HEPES, 2 Mg-ATP, 0.3 Na-

GTP, pH to 7.2 with concentrated CsOH. A Dagan Cornerstone amplifier in 

bridge mode was used, and data were filtered at 3 kHz and digitized at 10 kHz. 

Data were acquired using pClamp 10.0 (Molecular Devices). Seal resistances of 

> 1 GΩ were achieved before breaking into whole cell mode. Once successful 

break-in was achieved, capacitance was compensated and series resistance was 

monitored. Cells were held at -70 mV. sEPSCs and mEPSCs were recorded 

gapfree for 5 minutes and analysis was performed off-line using MiniAnalysis 6.0 

(Synaptosoft, Inc).  

For both sEPSCs and mEPSCs, events were identified manually as 

having a fast rise time to a peak that was >3x the root mean square of the noise. 
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Statistical analysis was performed using using Prism 6.0 (GraphPad). Cumulative 

fractions were compared using a Kruskal-Wallis test, with Dunn’s post-hoc 

correction for multiple comparisons and group means were compared using one-

way ANOVA with Sidak’s post-hoc correction for multiple comparisons. 

 

Immunohistochemistry 

Following recording, slices were immediately placed in 4% 

paraformaldehyde (Sigma) in phosphate buffered saline (PBS) (pH 7.4), and 

refrigerated for up to 1 week. For biocytin visualization, slices were rinsed with 

PBS and endogenous peroxidase activity was quenched with 0.1% hydrogen 

peroxide in 10% methanol and PBS. After a second wash in PBS, slices were 

permeabilized with 2% Triton X-100 (Sigma) in PBS and then incubated at room 

temperature in avidin/biotinylated enzyme complex (Vector Labs). After 1-2 days, 

slices were rinsed with PBS and then reacted with 3,3’-Diaminobenzidine 

(Invitrogen) until the cells could be visualized. Slices were slide-mounted before 

cresyl violet counterstaining and coverslipping. Images were acquired on a Leica 

DSM-IRB inverted microscope (Leica Microsystems Inc) connected to a SPOT 

Flex digital camera (SPOT Imaging Solutions).  

 

Results 

 

 The results presented herein represent the preliminary findings of an 

investigation into how age and morphology affect the synaptic integration of 
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individual DGCs in a model of TLE. This work will be followed up during a post-

doctoral position in Dr. Jack Parent’s lab in collaboration with Drs. Geoffrey 

Murphy and Shannon Moore.  

 

Identification of DGC morphology 

 GFP-expressing DGCs were identified under epifluorescence and patched 

under IR-DIC. To confirm correct targeting, we imaged the patched cell under 

both epilfluoresence and IR DIC (Figure 4.1 A) to see the electrode in the GFP+ 

cell. We observed cell morphologies in the live slices, and confirmed them with 

biocytin staining in a subset of cells. All cells with somas in the GCL that lacked 

HBDs were classified as normotopic. Cells born post-SE that had somas in the 

GCL and HBD were classified as HBD+, and those with somas in the hilus or 

molecular layer were classified as ectopic. Normotopic DGCs were found in 

slices from all groups, while HBD+ and ectopic cells were only collected from the 

adult-born, post-SE population (Figure 4.1 B-F). Under normal conditions, as 

DGCs mature and age, they migrate away from the sub-granular zone (SGZ), 

toward the molecular layers and populate the outer region of the GCL (Ma et al 

2009). Therefore, in addition to GFP-expressing neonatal-born DGCs, an outer 

granule cell layer (OGCL) cohort was recorded from both SE and sham treated 

animals to assess synaptic input onto cells that should have been mature at the 

time of insult. OGCL cells displayed morphology similar to normotopic DGCs. 

DGCs from all groups were patched from the dentate gyrus (Figure 4.2).  
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DGCs in TLE model tissue receive larger amplitude, greater frequency sEPSCs 

than DGCs in sham tissue 

The amplitudes of individual sEPSCs were measured and plotted as both 

the cumulative fraction of all events as well as mean amplitudes for each cell. 

When we examined the effect of treatment (SE vs Sham), we observed a shift 

toward larger amplitude sEPSCs after SE for both neonatal- and adult-born 

DGCs relative their age-matched counterparts in sham tissue (Figure 4.3 A). 

When we examined the effect of age (neonatal- vs adult-born), we observed that 

the neonatal population exhibited a small number of sEPSCs that are much 

larger in amplitude than the adult-born population both after SE and in sham 

tissue. However, these events did not affect shape of the overlapping portion of 

the curves for either sham or seizure animals (Figure 4.3 B). Interestingly, there 

appeared to be no difference in the mean amplitudes for individual cells between 

any of the populations (Figure 4.3insets). 

Frequency was calculated as events per second for each cell, as well as 

interevent interval (IEI) for all events. IEI was plotted as the cumulative fraction 

and mean frequency was plotted as a bar graph. We found a similar effect of 

treatment on sEPSC frequency; both neonatal- and adult-born DGCs in SE 

tissue received more frequent sEPSC input when compared to birthdated DGCs 

in sham tissue. This was true for both IEI and mean cell frequency (Figure 4.4 A, 

Ainset). When we compared neonatal- to adult-born DGCs in sham tissue, we 

observed a slight shift toward shorter IEI for adult-born DGCs, but no difference 
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in mean cell frequency. The neonatal- and adult-born DGCs in SE tissue did not 

differ in either IEI or mean cell frequency (Figure 4.4 B, Binset). 

 

Ectopic and HBD+ DGCs exhibit the largest amplitude, highest frequency 

sEPSCs 

 We observed considerable variability in the mean amplitude and 

frequency of individual DGCs within the population of DGCs born after SE. To 

examine whether this was related to variability in DGC morphology among this 

population, we analyzed adult-born DGCs from SE tissue separated into 

normotopic, ectopic, and HBD+ DGC subgroups. We found that the normotopic 

population exhibits the lowest frequency (longest IEI) and smallest amplitude 

sEPSCs, while the ectopic and HBD+ populations both exhibit sEPSCs with 

larger amplitude and higher frequency (not different from each other) (Figure 4.5 

A,B).  

 

DGC position in the OGCL as a proxy for cell age 

 Prospectively birthdating DGCs born during the neonatal period is a 

powerful and reliable method of identifying cells that are mature in adulthood. We 

chose to use this method to identify DGCs that are mature at SE. However, 

another means of identifying cells that are likely mature at the time of SE is to 

record from cells in the OGCL. We recorded from this population in addition to 

the prospectively birthdated, neonatal-born population to replicate previously 

published experiments that exclusively used the OGCL population as the cohort 
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of mature DGCs (Jakubs et al 2006). In sham treated animals, amplitude and 

frequency of sEPSCs were different between the neonatal-born RV-labeled 

DGCs and the OGCL population. However, there was a slight rightward shift of 

OGCL DGCs in SE when compared to neonatal-born DGCs in SE (Figure 4.6). 

We hypothesize that it could be related to the fact that after SE the organization 

of the GCL can change in a variety of ways. There is often dispersion of the 

normally compact GCL and newborn DGCs can migrate aberrantly toward the 

molecular layer (Parent et al 2006). Therefore, this OGCL population in SE could 

be comprised of both cells mature at SE which retained an OGCL location, as 

well as cells born at any other time which are normotopically integrated, but do 

not truly belong to the mature population. Overall, we believe that these data 

support the  of our prospective labeling approach and suggest that this is critical 

for studying the relationship between DGC age and features of TLE. 

 

Adult-born, post-SE DGCs exhibit larger, more frequent mESPCs 

 sEPSCs are comprised of both TTX-insensitive and TTX-sensitive 

synaptic events, and therefore can include action potential-dependent 

neurotransmitter release. Miniature ESPCs (mEPSCs) are excitatory post-

synaptic currents that are recorded in the presence of TTX to block voltage-gated 

sodium channels. When sESPC and mESPC data are considered together, it 

provides a better understanding of how cells are integrated into the network and 

whether the observed changes are the result of pre- or post-synaptic changes. 

Thus far, mEPSC data have only been acquired from a subset of the age- and 
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morphology-defined groups, but appear to be following a similar trend as the 

sEPSC data. Adult-born DGCs exhibited the largest and most frequent mEPSCs, 

as compared to neonatal-born and OGCL DGCs in SE tissue, and OGCL DGCs 

in sham tissue (Figure 4.7).  

 

Discussion 

 

 The goal of this study is to determine how DGC age and morphology 

affect synaptic activity onto DGCs in a rat TLE model. We recorded both sEPSCs 

and mEPSCs from age-defined populations of DGCs in slices from SE and 

sham-treated animals. This work is ongoing, but our preliminary findings suggest 

that there is considerable heterogeneity among adult-born DGCs in SE, with 

aberrantly integrated cells exhibiting the largest, most frequent sEPSCs. 

Thus far, we have observed an increase in sEPSC amplitude and 

frequency onto both neonatal- and adult-born DGCs from animals that underwent 

SE, which indicates an increase in excitatory input onto DGCs in the TLE model. 

The data are consistent with some previous reports of synaptic activity onto 

DGCs in various TLE models (Wuarin & Dudek 2001, Zhan et al 2010, Zhang et 

al 2012). Increases in excitatory input onto DGCs after SE can be observed early 

in epileptogenesis and become more pronounced as the disease progresses 

(Wuarin & Dudek 2001). We performed all experiments when animals were 

between 2.5 and 5 months of age, which allows sufficient time for adult-born 

DGCs to mature. Previous reports of sEPSCs and mEPSCs onto DGCs in the 
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GCL from animals with chronic epilepsy indicate a significant increase in both 

amplitude and frequency when compared to DGCs from sham animals (Wuarin & 

Dudek 2001, Zhan et al 2010). In addition, Zhan and colleagues recorded 

mESPCs onto hilar ectopic DGCs and found an even greater increase in 

frequency for this population (Zhan et al 2010). However, DGC age was 

unknown in these studies.  

In order to specifically investigate adult-born DGCs in a rat TLE model, 

Jakubs and colleagues retrovirally birthdated DGCs after electrical SE or running 

control treatment. They found that adult-born DGCs in epileptic tissue received 

less excitatory synaptic input when compared to both unlabeled DGCs in 

epileptic tissue and to adult-born DGCs in control tissue (Jakubs et al 2006). 

From these data, they concluded that the post-SE born population serves a 

homeostatic function to dampen overall excitation within the network. Notably, 

nearly all of the adult-born cells in this study were normotopically integrated (2 

had HBDs, none were ectopic) (Jakubs et al 2006).  

Our data set provides evidence that may reconcile these two, seemingly 

disparate findings. We found that cells with aberrant morphology were driving 

much of the observed increase in excitatory input among the adult-born DGCs. 

Indeed, when we separated the this population into morphologically-defined 

subgroups, we found that ectopic and HBD+ DGCs have larger amplitude and 

higher frequency sEPSCs than normotopic post-SE born. In fact, we actually find 

that normotopic exhibit sEPSC amplitudes and frequency that are similar to 

adult-born DGCs in sham treated animals. Therefore, adult-born normotopic 



	
  
	
  

	
  

126	
  

DGCs receive reduced excitatory input, when compared to both adult-born DGCs 

with aberrant morphology and neonatal-born DGCs. 

Larger EPSC amplitudes are thought to be driven by changes in post-

synaptic channel density (O'Brien et al 1998), but this may be less applicable 

when measuring spontaneous currents, since larger amplitude currents could 

also result from the summation of multiple synaptic events. Similarly, more 

frequent events are believed to reflect pre-synaptic changes like greater release 

probability or the presence of more synapses (Redman 1990) but this cannot be 

determined from sEPSC data alone because increased frequency could be due 

to a more active network. In order to gain more insight into the mechanisms 

driving the changes we observe in sEPSCs, we began to record mESPCs from 

the same populations of DGCs. At this stage, we are finding that post-SE born 

DGCs exhibit the largest amplitude, highest frequency mEPSCs. However, it is 

important to note that there is considerable heterogeneity within this group, and 

due to our current small sample size, this conclusion should be adopted 

cautiously.  

The data presented herein suggest an interesting relationship between 

DGC age, morphology, and synaptic excitability. Neonatal-born DGCs retain a 

mostly normal morphology, but still receive increased excitatory input when 

compared to same-aged DGCs in sham tissue. Adult-born DGCs that integrate in 

the GCL receive less excitatory input than same-aged DGCs with aberrant 

morphology but similar input when compared to same-aged DGCs in sham 

tissue. In addition to increasing the number of cells in each of these age and 



	
  
	
  

	
  

127	
  

morphologically defined groups, we will need to determine the spontaneous and 

miniature inhibitory inputs onto all populations. Understanding the balance of 

excitation and inhibition for these populations is required in order to assess the 

potential impact of these cell populations on the activity within the epileptic 

network. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



	
  
	
  

	
  

128	
  

References 

Althaus AL, Parent JM. 2014. Role of adult neurogenesis in seizure-induced 
hippocampal remodeling and epilepsy. In Endogenous Stem Cell-Based 
Brain Remodeling in Mammals, ed. J M.-P., KS G. Boston, MA: Springer 
US : Imprint: Springer 

Jakubs K, Nanobashvili A, Bonde S, Ekdahl CT, Kokaia Z, et al. 2006. 
Environment matters: synaptic properties of neurons born in the epileptic 
adult brain develop to reduce excitability. Neuron 52: 1047-59 

Jessberger S, Zhao C, Toni N, Clemenson GD, Jr., Li Y, Gage FH. 2007. 
Seizure-associated, aberrant neurogenesis in adult rats characterized with 
retrovirus-mediated cell labeling. The Journal of neuroscience : the official 
journal of the Society for Neuroscience 27: 9400-7 

Kron MM, Zhang H, Parent JM. 2010. The developmental stage of dentate 
granule cells dictates their contribution to seizure-induced plasticity. The 
Journal of neuroscience : the official journal of the Society for 
Neuroscience 30: 2051-9 

Ma DK, Bonaguidi MA, Ming GL, Song H. 2009. Adult neural stem cells in the 
mammalian central nervous system. Cell research 19: 672-82 

Murphy BL, Pun RY, Yin H, Faulkner CR, Loepke AW, Danzer SC. 2011. 
Heterogeneous integration of adult-generated granule cells into the 
epileptic brain. The Journal of neuroscience : the official journal of the 
Society for Neuroscience 31: 105-17 

O'Brien RJ, Kamboj S, Ehlers MD, Rosen KR, Fischbach GD, Huganir RL. 1998. 
Activity-dependent modulation of synaptic AMPA receptor accumulation. 
Neuron 21: 1067-78 

Parent JM, Elliott RC, Pleasure SJ, Barbaro NM, Lowenstein DH. 2006. Aberrant 
seizure-induced neurogenesis in experimental temporal lobe epilepsy. 
Annals of neurology 59: 81-91 

Redman S. 1990. Quantal analysis of synaptic potentials in neurons of the 
central nervous system. Physiological reviews 70: 165-98 

Scharfman HE, Goodman JH, Sollas AL. 2000. Granule-like neurons at the 
hilar/CA3 border after status epilepticus and their synchrony with area 
CA3 pyramidal cells: functional implications of seizure-induced 
neurogenesis. The Journal of neuroscience : the official journal of the 
Society for Neuroscience 20: 6144-58 

Scharfman HE, McCloskey DP. 2009. Postnatal neurogenesis as a therapeutic 
target in temporal lobe epilepsy. Epilepsy research 85: 150-61 



	
  
	
  

	
  

129	
  

Walter C, Murphy BL, Pun RY, Spieles-Engemann AL, Danzer SC. 2007. 
Pilocarpine-induced seizures cause selective time-dependent changes to 
adult-generated hippocampal dentate granule cells. The Journal of 
neuroscience : the official journal of the Society for Neuroscience 27: 
7541-52 

Wuarin JP, Dudek FE. 2001. Excitatory synaptic input to granule cells increases 
with time after kainate treatment. Journal of neurophysiology 85: 1067-77 

Zhan RZ, Nadler JV. 2009. Enhanced tonic GABA current in normotopic and hilar 
ectopic dentate granule cells after pilocarpine-induced status epilepticus. 
Journal of neurophysiology 102: 670-81 

Zhan RZ, Timofeeva O, Nadler JV. 2010. High ratio of synaptic excitation to 
synaptic inhibition in hilar ectopic granule cells of pilocarpine-treated rats. 
Journal of neurophysiology 104: 3293-304 

Zhang W, Huguenard JR, Buckmaster PS. 2012. Increased excitatory synaptic 
input to granule cells from hilar and CA3 regions in a rat model of temporal 
lobe epilepsy. The Journal of neuroscience : the official journal of the 
Society for Neuroscience 32: 1183-96 

Zhao S, Ting JT, Atallah HE, Qiu L, Tan J, et al. 2011. Cell type-specific 
channelrhodopsin-2 transgenic mice for optogenetic dissection of neural 
circuitry function. Nature methods 8: 745-52 

 
 



	
  
	
  

	
  

130	
  

 

Figure 4.1 We visualized GFP labeling and ectopic location or presence of HBD 
online, and confirmed the morphology of biocytin-filled DGCs offline with 
immunohsitochemistry. All GFP labeled cells are identified under fluorescence 
and patched using IR-DIC. A. Overlay of the two images to confirms that we 
recorded from the target cell. B-F: Representative DGCs from each birthdate or 
morphology defined group, all from SE tissue B. Neonatal-born C-F adult-born. 
The morphology of neonatal-born was similar between sham and TLE tissue. 
The morphology of adult-born in sham tissue was similar to normotopic, adult-
born in SE tissue. 
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Figure 4.2 DGCs were patched from throughout the dentate gyrus for recording 
spontaneous activity. A. Schematic of the locations of a sample of cells from 
each of the birthdated populations. B. Representative traces for each of the 
birthdated populations.	
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Figure 4.3 Both neonatal- and adult-born DGCs exhibited larger amplitude 
sEPSCs in TLE model tissue/ A. There was a rightward shift in the cumulative 
histogram comparing neonatal-born in sham to neonatal-born in SE as well as 
the histogram comparing adult-born in sham to adult-born in SE. This shift 
reached statistical significance for the adult-born populations (p < 0.001).  Ainset. 
There was a trend toward larger mean amplitude as measured by cells when 
comparing adult-born SE to adult-born sham. B.  The cumulative fraction curves 
for neonatal- and adult-born in sham and for neonatal- and adult-born in SE 
overlap except for a small fraction of sEPSC very large events in the neonatal-
born populations for both treatment conditions. Binset. The cell mean values did 
not differ for any groups. 
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Figure 4.4 DGCs in SE tissue exhibited more frequent sEPSCs when compared 
to same-age DGCs in sham tissue. A. There was a leftward shift in the 
cumulative histograms when comparing neonatal-born in sham to neonatal-born 
in SE and adult-born in sham to adult-born in SE (inset). Further, there was a 
trend (which does not reach statistical significance) toward more frequent 
sEPSCs when comparing cell means between these groups. B. There was a 
slight leftward shift in the cumulative histogram for adult-born DGCs compared to 
neonatal-born in sham tissue, but no difference in cell means (inset). The 
cumulative histogram and cell means were not different when comparing 
neonatal- and adult-born DGCs in SE tissue.  
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Figure 4.5 When the adult-born, post-SE DGC population was separated into 
subgroups according to morphology, the cumulative frequency plots of DGCs 
with HBD or ectopic soma were right-shifted for amplitude, indicating larger 
amplitude, and left-shifted for IEI, indicating higher frequency. The cell mean 
values for both amplitude and frequency were highly variable for all groups. 
 

Relation of DGC morphology to  

sEPSC amplitude and frequency 
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Figure 4.6 OGCL DGCs are not necessarily equivalent to prospectively 
birthdated NB DGCs. A. sEPSC amplitude was similar for neonatal-born and 
OGCL DGCs from sham, but slightly right-shifted for the neonatal-born 
population compared to OGCL DGCs in SE. Cell means for amplitude were not 
different between any of the groups (insets). B. IEI was similar for neonatal-born 
and OGCL DGCs from sham, but slightly left-shifted for the neonatal-born 
compared to OGCL populations in SE. The mean frequency also tended to be 
greater for neonatal-born compared to OGCL in SE tissue, but not different in 
sham tissue (insets). 
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Figure 4.7 Adult-born DGCs exhibited largest amplitude, highest frequency 
mEPSCs of any groups measured thus far, but outliers were present in both 
OGCL sham and adult-born SE populations. Further work will be necessary to 
determine the significance of these observations. 
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Chapter 4 

 

 Discussion 

 
 

Summary of results 
 

Pathphysiological changes of dentate granule cells (DGCs) in temporal 

lobe epilepsy (TLE) appear to function as a positive feedback loop, with 

increased network activity eliciting DGC plasticity, which, in turn, increases the 

activity of the network. However, it is not yet known how the various aspects of 

seizure-related plasticity individually affect network excitability. Some may be 

homeostatic or neutral, in which case interfering with these aspects of seizure-

related induced plasticity could exacerbate seizures. The long-term goal of the 

experiments described in this dissertation is to understand the relationship 

between ongoing DGC neurogenesis and epileptogenesis in TLE. The results of 

the completed and ongoing studies indicate that, while adult neurogenesis 

impacts the development of aberrant circuits in TLE, the mature, pre-existing 

population of DGCs also contributes to seizure-related plasticity and aberrant 

connectivity.  

 

MFS involves axons of both neonatal- and adult-born DGCs 
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 MFS into the dentate gyrus inner molecular layer (IML), which creates 

novel excitatory connections between DGCs, is hypothesized to participate in the 

generation or spread of seizure activity through the hippocampus because of the 

correlations observed between the presence of MFS and reverberant firing of DG 

neurons (Sutula & Dudek 2007). Under normal conditions, the dentate gyrus is 

believed to act as a “gate” for excitatory input coming in to the hippocampus 

(Heinemann et al 1992). In models of epilepsy, this gating function can be 

compromised, allowing excitatory activity to spread more easily through the DG 

to the hippocampus proper (Heinemann et al 1992, Mello et al 1993, Pathak et al 

2007). As a result, much research has focused on trying to identify and 

understand the mechanisms that drive MFS in the hopes that intervening to block 

or reverse the development of this pathology would ameliorate seizure activity.  

 Previous work revealed that DGCs that are developing during or after an 

epileptogenic insult are responsible for most instances of aberrant DGC 

morphology, and that DGCs that are mature prior to epileptogenesis do not 

exhibit aberrant features (Jessberger et al 2007, Kron et al 2010, Walter et al 

2007). These data suggested that developmental mechanisms are a necessary 

aspect of aberrant plasticity for DGCs in TLE. However, our use of a novel 

retrovirus (RV) to fluorescently label axon terminals with synaptophysin-YFP, 

showed that that neonatal-born and adult-born DGCs appear to participate 

equally in MFS in the IML (Figure 3.3), as well as in axonal plasticity in CA2 

(Figures 3.5). In fact, time-course data suggested that cells that are more mature 

participate readily in MFS, since sprouted fibers could be detected among this 
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population very early after SE, while sprouted fibers from the adult-born 

population were not detected until 4 weeks after SE (Figure 3.2). Thus, MFS is 

not only caused by the disruption of normal DGC development, but rather 

involves plasticity of both mature and developing DGCs. The latter is evidenced 

by our finding of MFS within 4 weeks after SE arising from adult-born DGCs 

labeled 24 days earlier.  

 Axonal plasticity of mature neurons is required for normal brain function, 

so it is perhaps not surprising that mature neurons participate in axonal plasticity 

in epilepsy. DGC axonal plasticity, even IML MFS, can occur in response to 

physiological stimuli, albeit to a much lesser extent than occurs after SE (Adams 

et al 1997, Schwarzer et al 1995, Toscano-Silva et al 2010). Perhaps, then, MFS 

in TLE is an extension of this normal plasticity. It has been posited that MFS may 

not even be pathological or pro-epileptogenic (Buckmaster 2014). Recent work 

showed that seizure-induced MFS could be blocked by continuous treatment with 

rapamycin (Buckmaster et al 2009, Zeng et al 2009). Interestingly, this treatment 

does not reliably affect seizure frequency, and MFS in the IML can recover once 

rapamycin treatment is stopped (Buckmaster et al 2009, Buckmaster & Lew 

2011, Lew & Buckmaster 2011). These data indicate that MFS is not necessary 

for the development of spontaneous seizure activity in rodent TLE models, and 

that there is no critical window during epileptogenesis for the development of 

MFS.  

Importantly, however, DGC MFS is not the only feature of seizure-related 

plasticity that is affected by continuous rapamycin treatment. Rapamycin acts to 
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block m-Tor signaling, which is involved in many cellular processes, including 

new protein synthesis (Sandsmark et al 2007). Rapamycin treatment also blocks 

inhibitory axon sprouting, which is hypothesized to be an important homeostatic 

mechanism to reduce network excitability (Buckmaster & Wen 2011). In addition, 

the effects of this treatment on axonal plasticity in the dentate hilus, CA3 and 

CA2, or on other aspects of seizure-related plasticity have not been fully 

examined. Therefore, the effect of rapamycin treatment on seizure activity should 

not be regarded as equivalent to the effect blocking MFS on seizure activity.  

Still, MFS could certainly be a neutral or even homeostatic type of 

plasticity. MFS into the IML has long been associated with aberrant recurrent 

excitability and excess excitatory input onto DGCs, but the total number of 

excitatory inputs onto DGCs in the IML is actually reduced in an animal model of 

TLE (Yamawaki et al 2015). In a normal, healthy dentate gyrus, excitatory input 

to DGCs in the IML comes primarily from mossy cells, which are innervated by 

DGCs, and provide a form of positive feedback onto DGCs, though the net effect 

of mossy cells on DGCs is not known (Scharfman & Myers 2012). Additionally, 

the pattern of excitatory innervation of DGCs from the entorhinal cortex is such 

that many DGCs are innervated by single cortical cells (Tamamaki & Nojyo 

1993). Thus, widespread excitatory and feedback activation of DGCs is not 

unique to the epileptic dentate gyrus, and MFS may be an attempt to restore this 

type of activation after mossy cell death. In a healthy dentate network, inhibitory 

activity regulates the sparse activation of DGCs (Yu et al 2013). Perhaps in 
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epileptic networks, it is the loss of inhibition, rather than the increase in MFS, that 

is critical for epileptogenic hyperexcitability. 

There is still much work that needs be done in order to determine the net 

impact of DGC axonal reorganization on network hyperexcitability. The data 

discussed in Chapter 3 shows that both adult-born and neonatal-born DGCs can 

participate in all aspects of seizure-related axonal plasticity. However, these data 

also indicate that only a subset of cells from both populations do so. It will need 

to be determined which DGCs participate in MFS, what factors govern their 

participation, and whether the extent of axonal plasticity varies for individual cells. 

Previous approaches to labeling DGC axons did not allow for distinguishing 

axons of individual, birthdated DGCs. In vivo biocytin labeling has been used 

effectively to trace individual axons, but this approach is very low throughput and 

does not allow for DGC birthdating. The RV mediated labeling could be adjusted 

to reduce cell infection rate, which would allow for tracing the axon arbors of 

individual, birthdated DGCs, but this approach would still be very low throughput. 

Fortunately, recently developed technology offers an intermediate 

approach that provides both higher throughput data acquisition and the ability to 

resolve individual, birth-dated DGCs. Gomez-Nicola and colleagues established 

a system of viral vector labeling that drives the expression of up to three different 

fluorescent proteins in infected cells, thereby allowing for single cell identification 

via a unique combination of the three fluorescent markers being expressed in 

each cell (Gomez-Nicola et al 2014). When packaged into a RV, these 

fluorescent proteins distinguished individual adult-born DGCs and provided 
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identification of individual cells’ boutons in CA3 (Gomez-Nicola et al 2014). To 

study hilar and IML axons, the system could be modified to drive expression of 

three different colors of synaptophysin-conjugated fluorescent proteins. With this 

approach, the axons of birthdated DGCs could be identified both at the 

population level and at the individual cell level. This would reveal the proportion 

of DGCs that participate in MFS, the extent to which individual cells participate 

(e.g. length of axon and width/breadth of axon arbor), and could help identify 

which factors might account for an individual cell’s propensity for MFS. 

 

Aberrant DGC morphology contributes to increased excitability in a rodent 
TLE model 

 

Part of the utility of animal models of TLE is that they recapitulate 

histopathology observed in tissue from many TLE patients. This includes ectopic 

DGCs in the hilus or molecular layer and increased presence of hilar basal 

dendrites (HBDs) on DGCs. Both of these aberrant features are consistent with 

an increased opportunity for excitatory input, especially from other DGCs: the 

presence of a HBD results in a net increase in excitatory inputs onto DGCs 

(Thind et al 2008), and ectopic DGCs receive a greater proportion of excitatory 

inputs than their normotopic counterparts and DGCs from control tissue (Zhan et 

al 2010). One interesting recent hypothesis is that these aberrantly integrated 

cells are acting as “hubs” for integrating and propagating excitatory activity. This 

hypothesis was developed using computational modeling studies which showed 

that a network in which a small number of DGCs are hyper-connected to one 
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another is more effective for promoting seizure-like activity than one in which all 

DGCs have increased inter-connectivity relative to the control condition (Morgan 

& Soltesz 2008). Owing to their role in the epileptic network, these hyper-

connected cells were termed “hub cells” (Morgan & Soltesz 2008).  

It is not known whether hub-like cells actually exist in epileptic dentate 

gyrus networks, but if they do, then identifying them and understanding their 

function could provide promising new targets for therapeutic intervention. DGCs 

with HBDs or ectopic location are candidates for these potential hub-like cells 

because of both their increased excitatory input and their relative scarcity within 

the network. Interestingly, a recent study using inducible transgenic alteration of 

mTOR signaling to disrupt normal development of a minority of post-natal born 

DGCs provides a biological proof-of-principal for the idea that the aberrant 

development of a subset of DGCs is sufficient to induce spontaneous seizures 

(Pun et al 2012). However, it remains unknown whether such a mechanism can 

underlie seizures in a TLE model. 

The preliminary findings presented in chapter 4 indicate that these 

aberrant subpopulations do indeed receive greater functional excitatory input 

relative to age-matched, normotopic DGCs (Figure 4.4). However, the increased 

input onto the adult-born, aberrant populations is similar to the increased input 

onto neonatal born DGCs after SE. Thus the difference between aberrantly 

integrated and normotopic adult-born DGCs appears to be caused by lower 

levels of excitatory input onto normotopic DGCs rather than greater input onto 

aberrant DGCs. These results only include the spontaneous excitatory input, and 
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data on inhibitory and miniature excitatory inputs are needed to put these results 

in context. However, a decrease in excitatory input has been reported for post-

SE born DGCs that are normotopically integrated in another TLE model (Jakubs 

et al 2006). These data suggest that post-SE born DGCs can participate in both 

pro- and anti-epileptogenic types of seizure-related plasticity.  

One question that arises from these preliminary data is whether aberrantly 

integrated DGCs could still function as hub-like cells even if they do not have 

dramatically increased excitatory input when compared to neonatal-born DGCs. 

In the computational model, hub cells are defined by their anatomical, excitatory 

synaptic connectivity (Morgan & Soltesz 2008). However, biological hub-like cells 

might exhibit a variety of anatomical and physiological features that converge to 

make them more likely to receive and send excitatory activity. One way in which 

this could be accomplished is if inhibitory inputs were reduced in this aberrant 

population relative to the normotopic adult- or neonatal-born DGC populations. 

This would lead to a shift in excitatory/inhibitory input ratio, which has been 

reported for ectopic DGCs, relative to normotopic (Zhan et al 2010), but has not 

been investigated in DGCs with HBDs. The current ongoing investigation 

described in chapter 4 will assess this question directly by measuring both 

excitatory and inhibitory inputs onto these populations. 

 Additionally, aberrantly integrated DGCs could still function as hub-like 

cells if they were more likely to functionally innervate greater numbers of 

downstream targets. Data from the previously proposed study using the RV 

driving expression in three different synaptophysin-conjugated fluorescent 
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proteins would provide anatomical information about the synaptic output of 

aberrantly integrated compared to normotopic DGCs. In addition, the 

physiological effects of these cells on their downstream targets must be 

determined in order assess their potential role as hub-like cells. Recently, Yu and 

colleagues combined two live imaging techniques, voltage-sensitive dye and 

multicellular calcium imaging, in an elegant study designed to examine the 

response of cells in the dentate gyrus and CA3 to activation of the perforant path 

(Yu et al 2013). This approach is well suited for exploring the physiological 

impact of individual DGC activity on post-synaptic partners because it is sensitive 

enough to resolve the activity of individual cells and allows for the visualization of 

both sub-threshold and action potential activity of the post-synaptic cells (Yu et al 

2013). Individual, birthdated DGCs would be driven to fire action potentials in 

acute, live slices loaded with voltage-sensitive and calcium-sensitive dyes, so 

that the post-synaptic responses could be visualized and compared between 

aberrantly integrated and normotopic adult-born DGCs as well as neonatal-born 

DGCs. In this way, the impact of individual DGC activity within the network could 

be determined. Finally, these aberrantly integrated cells could still function as 

hub-like cells if they have greater intrinsic excitability, which would mean similar 

levels of excitatory synaptic input could more reliably result in action potential 

firing and activation of downstream cells.  

 

Intrinsic neurophysiological properties of DGCs from both human and 
rodent model tissue are affected in TLE 
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Changes in synaptic inputs are one way in which network activity can be 

modified, but changes in intrinsic excitability of DGCs may also play an important 

role in the development of network hyperexcitability. Most studies examining 

intrinsic neurophysiology of DGCs in animal models of TLE have reported only 

minor or subtle changes in membrane or firing properties(Mody & Staley 1994). 

However, many of these studies did not account for DGC birthdate or aberrant 

morphology, and therefore other changes may not have been detected. Indeed, 

the studies that investigated the physiology of hilar ectopic DGCs reported 

spontaneous AP firing as well as less polarized resting membrane potential in 

ectopic DGCs compared to those that are normotopic (Scharfman et al 2000, 

Zhan & Nadler 2009). In these studies, neither the normotopic nor ectopic 

populations were birthdated, but nearly all ectopic DGCs in rodent TLE models 

are born after SE (Kron et al 2010, Walter et al 2007), while most DGCs in the 

granule cell layer are already mature when SE is induced in adulthood. Thus, it is 

not known whether the observed changes in intrinsic excitability are due to the 

fact that ectopic cells have aberrant morphology or that they were born after SE. 

The data reported in Chapter 2 of this dissertation showed that ectopic 

DGCs in the rat TLE model exhibit a less polarized resting membrane potential 

and a greater firing rate when compared to normotopic post-SE born DGCs and 

adult-born DGCs in sham tissue (Figure 2.8, Table 2.2). This is consistent with 

increased intrinsic excitability and therefore with the hypothesis that this 

population acts as hub-like cells to promote excitatory activity in TLE. 

Interestingly, however, ectopic DGCs from patient tissue exhibit reduced firing 
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rate and less polarized action potential threshold when compared to normotopic 

(Figure 2.3, Table 2.1), both of which are consistent with reduced intrinsic 

excitability. Additionally, variability in spike frequency accommodation and action 

potential waveform were observed among DGCs from patient tissue but not the 

rat model. These discrepancies between data from patient and rat model tissue 

raise questions about the validity of animal models and the potential role of 

ongoing plasticity in TLE. 

	
   The question of appropriate animal models is an ongoing area of concern 

in TLE research. The utility of any given animal model should always be 

considered in relation to a particular research question. For example, the 

pilocarpine-induced SE rat model is useful for studying the contribution of 

aberrant DGC plasticity because it reliably produces many morphological 

abnormalities observed in TLE. In addition, it is a commonly used model, which 

provides a large framework of pre-existing data within which to evaluate the 

meaning of newly collected data. In fact, in this sense, data from animal models 

can be more reliable than data from human tissue. Due to the wide range in 

patient age, disease severity, and medication history, the variability we observed 

among DGCs from patient tissue could result from many different influences and 

is difficult to interpret. Thus, when discrepancies are observed between the 

disease and disease model, data from the disease model is often favored. This is 

unfortunate because access to living human brain tissue provides a rare and 

precious opportunity to study the neurophysiology of human cells. 
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A much larger data set of the neurophysiological properties of human 

DGCs is needed in order to understand the implications of the heterogeneity 

described in Chapter 2. Anterior temporal lobectomy is performed on many TLE 

patients every year, but the majority of resected tissue is not used for 

neurophysiological studies. A large-scale effort across many universities to 

characterize the anatomy and physiology of all available neuronal subtypes from 

resected temporal lobe structures should be undertaken to build a database of 

human neuronal activity. This would provide a framework for understanding not 

only TLE-related heterogeneity, but also, potentially, age- or medication- related 

heterogeneity. Moreover, studying samples from patients who undergo surgery 

early in their disease course would be particularly informative. 

 As discussed in Chapter 2, one likely cause of discrepancies between the 

human and rat data was the difference in disease duration between the patient 

population and the rodent population. Perhaps ectopic DGCs exhibited reduced 

excitability in human tissue because of homeostatic mechanisms that come into 

play in later stages of the disease. Plasticity that is presumed to be homeostatic, 

such as inhibitory axon sprouting, accumulates over time in animal models (Peng 

et al 2013, Zhang et al 2009). However, plasticity that is presumed to be 

pathological, including ectopic DGCs, also accumulates over time in animal 

models (Parent et al 2006). The relationship between disease duration and 

pathology needs to be better elucidated in the rat model. For intrinsic physiology 

of ectopic DGCs, this could be accomplished with fairly straightforward time 

course experiments in which the birthdated DGCs are examined at six-month 
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intervals starting six months after SE. These experiments should include both 

DGCs born soon after SE and DGCs born later in the chronic stage of epilepsy, 

such as one year after SE, in order to distinguish between how intrinsic 

properties may change over time and how newly added DGCs may respond to 

the changing environment.  

 

A look to the future 

 

 Identifying which aspects of brain injury-induced plasticity lead to epilepsy 

and why, is a primary focus of TLE research. The long-term goal is to develop 

ways to block or reverse the plasticity in order to treat the cause of epilepsy 

rather than just the symptoms.  However, this line of research might be based on 

incorrect assumptions about distinctions between pro- and anti-epileptogenic 

plasticity. The mechanisms of epileptogenesis are likely to involve interaction of 

multiple aspects of aberrant plasticity. The contribution of any one feature may 

not be truly separable from others, and may, in fact, vary among individuals and 

even change over the course of disease. 

 Studies in animal models have attempted to block aspects of seizure-

related plasticity that are presumed to be epileptogenic with mixed results. The 

effects of blocking MFS were discussed previously in this chapter and illustrate 

the difficulty in separating one aspect of seizure-related plasticity from the others 

and determining the net impact of a given feature. Another attempt to interfere 

with epileptogenic plasticity has been to block the post-SE upregulation of 
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neurogenesis. Some studies reported a reduction in seizure activity when neural 

stem cell proliferation is blocked with antimitotic drugs or by reducing 

inflammatory signals (Jung et al 2004, Jung et al 2006), while others found that 

reducing adult-born neurons with irradiation or genetic manipulation can increase 

the response to SE and does not reduce spontaneous seizure activity (A. 

Althaus, unpublished observations) (Iyengar et al 2014). Perhaps some of the 

discrepancy in these results can be explained by the use of different methods of 

suppressing neurogenesis, different models of epilepsy, and even different 

rodent species in these experiments. Importantly, as with the MFS data, off-

target effects of these treatments have to be considered when interpreting the 

results. Targeting the inflammatory response or general cell division reduces 

activated microglia in addition to neurogenesis, and can affect cell death and 

other features associated with SE (Jung et al 2004, Jung et al 2006). Thus, the 

impact of blocking neurogenesis in these experiments cannot be separated from 

the effects of interfering with these other types of plasticity. 

 Of course, data that challenge pre-conceived ideas about what types of 

plasticity are pro- or anti-epileptogenic must be considered carefully, and not 

simply explained away. It is certainly possible that MFS is not pro-epileptogenic 

and there is now a considerable amount of data suggesting that adult-

neurogenesis contributes to both pro- and anti-epileptogenic plasticity. However, 

eliminating a phenomenon to determine its overall impact may not be the best 

approach for investigating this type of reactive plasticity, even if it could be 

accomplished without interfering with other aspects of plasticity. When 
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considering the effect of blocking any type of plasticity, one must also consider 

potential compensatory mechanisms employed by the network in response to the 

loss. Loss of neurogenesis in otherwise normal laboratory mice results in 

compensatory plasticity throughout the rest of the dentate gyrus that eventually 

restores activity thought to be normally mediated by immature neurons (Singer et 

al 2011). While this is not necessarily an indication of how a diseased network 

would respond, it suggests the possibility for compensatory mechanisms that 

could confound data interpretation. Rather than eliminating various aspects of 

DGC pathology outright, a better strategy for therapeutic intervention in epilepsy 

would be to focus on understanding ongoing plasticity in chronic epilepsy, as in 

the time course experiment proposed for studying potential homeostatic changes 

in ectopic DGCs.  

 Intervening in seizure-related plasticity prior to the onset of epilepsy may 

be ideal, but it is currently impossible. Many patients with TLE do not experience 

an obvious precipitating injury and there is no way of knowing whether an 

individual patient who experiences a precipitating injury such as SE will go on to 

develop epilepsy (Harvey et al 1997). Some progress is being made toward the 

identification of factors that are associated with eventual development of TLE, 

and therefore toward a potential ability for pre-epileptogenic intervention (Choy et 

al 2014, Lewis et al 2014), but there is an immediate need for better treatment 

options for patients who currently have epilepsy. An elegant study by Hunt and 

colleagues recently offered promising evidence of the potential for restoring 

normal function to a network damaged by SE, which was accomplished by 
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transplantation of inhibitory interneurons (Hunt et al 2013). However, this 

required invasive transplantation and a fetal mouse stem cell donor into a mouse 

TLE model. Ongoing plasticity has been described for existing inhibitory 

interneurons that promotes inhibition of the dentate gyrus in TLE models 

(Halabisky et al 2010, Houser et al 2012, Zhan & Nadler 2009, Zhang et al 2009). 

Additionally, the development of inhibitory circuitry is, at least at some stages, 

differentially regulated from the development of excitatory circuitry, and therefore 

could be differentially targeted for intervention (Terauchi & Umemori 2012). Thus, 

exploring the mechanisms that drive plasticity of inhibitory networks, in particular 

with an eye to identifying mechanisms that are unique to inhibitory circuit 

development, could provide novel therapeutic opportunities.  

The effort to understand seizure-related plasticity in DGCs is an important 

step in the study of TLE, and the data presented in this dissertation provide novel 

insight into the impact of cell age and morphology on TLE plasticity. However, a 

comprehensive understanding of how aspects of seizure-related plasticity affect 

excitability, both individually and in coordination with other features, will likely 

require large-scale computational modeling. Modeling allows for both the isolated 

manipulation of variables without off-target effects (eg altering only DGC axon 

sprouting, but retaining inhibitory axon sprouting), and the concurrent 

manipulation of variables that often cannot be concurrently studied in bioloigical 

experiments (eg altering dendritic morphology and ion channel composition). A 

number of computational studies have already explored the contribution of 

aberrant DGC morphology to hyperexcitability in TLE and their findings have 
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generated important new hypothesis, including the hub cell hypothesis discussed 

above (Tejada & Roque 2014). Of course, the construction of good 

computational models requires good experimental data and open communication 

among scientists. The current primary means of sharing data is inefficient for 

facilitating widespread collaborative efforts. Technological advancements in data 

storage and sharing could be better utilized by the scientific community to create 

free, open access to one anothers’ raw and analyzed data. This would maximize 

resources, reduce waste, and speed scientific progress. 
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