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      Abbreviations 

  BDNF    Brain-derived neurotrophic factor   
  DCX    Doublecortin   
  DGC    Dentate granule cell   
  FGF-2    Fibroblast growth factor 2   
  GCL    Granule cell layer   
  HBD    Hilar basal dendrite   
  HEGC    Hilar ectopic granule cell   
  IML    Inner molecular layer   
  KA    Kainic acid   
  MFS    Mossy fi ber sprouting   
  MML    Middle molecular layer   
  NSC    Neural stem cell   
  OML    Outer molecular layer   
  SE    Status epilepticus   
  SGZ    Subgranular zone   
  TLE    Temporal lobe epilepsy   
  VEGF    Vascular endothelial growth factor   
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5.1          Introduction 

 Epilepsy is a complex and diverse neurological disorder characterized by spontane-
ous recurrent seizures. 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 phar-
macotherapy (Engel and Pedley  1998 ). In many TLE patients, removal of the sei-
zure focus, which includes the hippocampus and other anteromedial temporal lobe 
structures, alleviates seizures. These resected tissues, along with postmortem tis-
sues, often display hippocampal sclerosis, which includes pyramidal cell death, 
astrogliosis, and structural reorganization within the dentate gyrus (Engel and 
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 ). 

 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 fac-
tors contribute to the diffi culty of understanding the process of epileptogenesis, 
which involves cellular and molecular changes leading to the generation of sponta-
neous recurrent seizures. 

 Because surgical tissue from patients with epilepsy is typically obtained during 
late disease stages, this tissue has limited utility for understanding epileptogenesis. 
Therefore, animal models have been developed to study this process. The most com-
mon models use status epilepticus (SE), a prolonged period of continuous seizures, 
as the initial precipitating injury to 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 days of SE, and after weeks to months, much of the hippocampal histopathol-
ogy resembles that seen in hippocampal tissue from human TLE patients (Buckmaster 
 2004 ). Within the dentate gyrus, this histopathology includes hilar and pyramidal 
cell death, dentate granule cell (DGC) layer dispersion, sprouting of mossy fi bers, 
and ectopic locations of DGC bodies (Dudek and Sutula  2007 ; Houser  1992 ). 

 In the late 1990s two reports showed that seizure activity potently stimulates 
dentate gyrus neural stem cell (NSC) proliferation in rodent models of TLE 
(Bengzon et al.  1997 ; Parent et al.  1997 ). Over the past 15 years, this fi nding has 
been replicated in nearly every rodent TLE model (Scharfman and McCloskey 
 2009 ), and understanding the relationship between altered NSC behavior and epi-
leptogenesis has become a large focus of the fi eld. The data that emerged have led 
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to a paradigm shift in our understanding of epilepsy-related pathology and strong 
interest in the potential for targeting NSCs for therapeutic intervention in TLE. In 
this chapter we will cover the prominent fi ndings related to how seizures affect 
proliferation, survival, and development of DGC progenitors and their progeny. 
Although the impact of epileptic insults on DGC development and its subsequent 
contribution to epilepsy progression remains uncertain, we will describe recent 
work aimed at understanding these processes and offer suggestions for future direc-
tions. Recent data suggest subtle, but important, differences between levels and 
functionality of neurogenesis between rats and mice (Snyder et al.  2009 ). We will 
present pertinent data both from species and from a variety of models, while trying 
to highlight instances where discrepancies in the reported data may relate to the use 
of different species or models.  

5.2    Cell Proliferation 

 Under basal laboratory conditions, about 9,000 new DGCs are generated daily in 
the young adult rat (Cameron and McKay  2001 ). Typically, 25–40 % of newly gen-
erated DGCs survive and functionally integrate into the dentate gyrus network 
(Kempermann et al.  2003 ; Tashiro et al.  2007 ). However, the number of cells gener-
ated and the proportion that survive into maturity are dynamically regulated and can 
be infl uenced by external stimuli at many different stages. For example, traumatic 
brain injury appears to stimulate cell division of a subset of dentate NSCs (Yu et al. 
 2008 ). Environmental enrichment tends to affect survival of newly generated DGCs 
more than the number of cells that are born (Kempermann et al.  1997 ; van Praag 
et al.  1999 ). Seizures, however, probably infl uence adult dentate gyrus neurogenesis 
at all stages in the neurogenic process, including proliferation of multiple NSC 
types, survival, maturation, and integration of adult-generated DGCs. 

5.2.1    Response of Progenitor Populations to Seizures 

 The population of NSCs in the adult dentate gyrus is complex and heterogeneous, 
and this heterogeneity is not well understood. This has recently been comprehen-
sively reviewed (Duan et al.  2008 ; Faigle and Song  2013 ). Determining the responses 
of the different subsets of NSCs 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 
NSCs which are typically quiescent but participate in the early proliferative response 
to SE in the rodent dentate gyrus (Fig.  5.1 ) (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 
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  Fig. 5.1    Schematic images of NSC and DGC organization within the intact ( a ) or representative 
epileptic ( b ) adult dentate gyrus.  Purple  structure represents a radial glia-like stem cell,  blue  repre-
sents 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, 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 fi ber 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 pro-
cesses 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, be 
ectopically located in the hilus, or sprout mossy fi ber axons into the inner molecular layer       

 

A.L. Althaus and J.M. Parent



91

initial SE episode and, depending on the severity and duration of SE, continue to 
accumulate for up to 4 weeks afterward (Jessberger et al.  2005 ; Jessberger et al. 
 2007b ; Parent et al.  1997 ,  1999 ). 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 suffi cient to 
increase neurogenesis several weeks later (Bengzon et al.  1997 ).

5.2.2       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 infl u-
ences this age-related decline. Recent work suggests that 5 months after 
chemoconvulsant- induced SE, rats have dramatically reduced basal neurogenesis 
compared to same-aged controls (Hattiangady et al.  2004 ). Although the mecha-
nism for this reduction is unknown, it may result from impaired NSC function in the 
epileptic brain, or perhaps from a reduction in the available “NSC pool.” However, 
others have found that 6 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 (1–4 months 
of age). Animals within this age range have equivalent levels of post-SE neurogen-
esis, 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 and Shetty  2008 ; Rao et al.  2008 ). Importantly, this fi nding is not the 
result of a general unresponsiveness of NSCs in aged animals, since increased neu-
rogenesis in response to voluntary exercise is maintained in senescent animals (van 
Praag et al.  2005 ). Instead, the differential response suggests a specifi c reduction in 
NSC activation by seizures in the aged brain.  

5.2.3     Possible Mechanisms of Proliferative 
Response to Seizures 

 Clues as to why the NSC response differs among models or between the young and 
old brain may come from a better understanding of the molecular mechanisms that 
lead to enhanced proliferation after an epileptogenic insult. Part of the diffi culty in 

5 Role of Adult Neurogenesis in Seizure-Induced Hippocampal Remodeling…



92

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 and Song  2013 ). Some 
of these molecular pathways are also stimulated by SE (Elliott and Lowenstein 
 2004 ). For example, data indicate that SE alters Notch1 and Sonic hedgehog signal-
ing 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), 
fi broblast 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 and Duman  2007 ) and are also known regula-
tors of adult neurogenesis (Faigle and 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 termi-
nals, and zinc chelation after SE reduces NSC proliferation (Kim et al.  2012 ). 
Activity-dependent epigenetic modifi cations 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, neu-
rogenesis 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 studies using dif-
ferent epilepsy models because the same models are often used in a number of dif-
ferent studies. Rather, because seizures elicit a variety of changes in neural tissue, it 
is likely that within any given model, many different signals converge to produce a 
robust seizure-induced neurogenic response.   

5.3    Cell 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 refl ective 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 infl ammation in the epileptic hippo-
campus (Ekdahl et al.  2003 ). The environmental changes that take place during 
epileptogenesis, as well as in the setting of chronic epilepsy, affect the maturation 

A.L. Althaus and J.M. Parent



93

and integration of the surviving, seizure-generated DGCs. Moreover, whether these 
changes infl uence DGC progenitors to develop in a pro- or antiepileptic fashion 
may itself be a function of model severity. 

5.3.1    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 preexist-
ing network and are indistinguishable from perinatally 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 progeni-
tors and immature neurons, GABA depolarizes the membrane and elicits an excit-
atory 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 2 weeks postmitotic (Piatti et al.  2006 ), 
tonic and synaptic GABA inputs drive much of the early activity-related develop-
ment. 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 inhibitory interneurons and changes in the structure and function of 
the remaining interneurons (Dudek and 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 about 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 ).  

5.3.2    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 
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(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 fi bers. After SE, a subset of the newly generated DGCs migrates 
aberrantly into the hilus where they are innervated by mossy fi ber axons (Jessberger 
et al.  2007b ; Kron et al.  2010 ; Parent et al.  2006 ; Pierce et al.  2005 ). Newborn DGCs 
continue to migrate ectopically even in chronic epilepsy after the level of neurogen-
esis 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 impor-
tant for proper migration of early postnatal and 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 DGCs in an 
otherwise normal animal is suffi cient 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 hippo-
campus of one hemisphere. This induces SE and robust cellular pathology, includ-
ing 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 dis-
ruption 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 both from acute changes to the structure of mature DGCs and from 
chronic changes that impair migration of developing DGCs. 

 Due to their aberrant location and inputs, hilar ectopic granule cells (HEGCs) are 
thought to play an important role in the formation of a recurrent excitatory network 
after SE (Parent and Lowenstein  2002 ; Scharfman and Gray  2007 ). In addition to 
being innervated by mossy fi ber axons, HEGCs 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 synchro-
nized with pyramidal cells in area CA3 (Scharfman et al.  2000 ). However, HEGCs 
are probably not the only drivers of aberrant excitatory activity in the epileptic den-
tate gyrus. Many, perhaps most, other DGCs participate to some extent in the forma-
tion of the abnormal epileptic network. A major diffi culty in defi ning 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 heteroge-
neous 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.  
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5.3.3    Aberrant Dendritic Morphology in Epilepsy 

 One subpopulation that is believed to contribute to the recurrent network is DGCs 
with hilar basal dendrites (HBDs) (Dashtipour et al.  2003 ; Ribak et al.  2000 ; Shapiro 
et al.  2005 ; Shapiro and Ribak  2006 ; Thind et al.  2008 ). Normally, basal dendrites 
are transient structures on immature DGCs of rodents that do not become synaptically 
integrated (Seress and 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 develop-
mental stage for DGCs may be a clue. Only DGCs that are in the process of devel-
oping at the onset of SE, or those that are born afterward, show increased rates of 
HBD persistence (Jessberger et al.  2007b ; Kron et al.  2010 ; Walter et al.  2007 ). 
Thus, it seems more likely that DGCs developing in this abnormal environment are 
for some reason unable to retract their HBDs, than DGCs that regrow HBDs after 
they have been retracted. Importantly, HBDs have been linked not only to anatomi-
cal measures of excitability but to increased physiological excitation as well (Austin 
and Buckmaster  2004 ). 

 Despite the fact that HEGCs 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 infl uence on overall network excitability. Two studies suggest 
that pro-excitatory changes in a relatively small subset of DGCs are suffi cient to 
induce epileptic activity. In one study, computational modeling of an epileptic den-
tate gyrus showed that the confi guration of synaptic connectivity that most reliably 
produced seizure-like activity was one in which a small subset of DGCs (5 %) were 
highly interconnected (Morgan and Soltesz  2008 ). By keeping constant the total 
number of synapses in the network, and changing only the distribution of the recur-
rent 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 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.  
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5.3.4    Axon Reorganization in Epilepsy 

 Mossy fi ber sprouting (MFS) is another important feature of the recurrent epileptic 
network, but it has been diffi cult to determine whether specifi c subpopulations of 
DGCs selectively participate in this abnormality. Initially, the hypothesis was put 
forward that adult-generated DGCs developing after an epileptogenic insult are 
responsible for MFS (Parent and Lowenstein  1997 ); however, a study using irradia-
tion 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 ). Recently, with an even more refi ned retrovirus, which targets 
yellow fl uorescent protein to axon terminals by conjugating it to the synaptic vesicle 
protein synaptophysin (Umemori et al.  2004 ), we have found that neonatally gener-
ated DGCs that are mature at the time of SE do participate in MFS, along with those 
born during adulthood (unpublished data). Nevertheless, the role of MFS, at least in 
the supragranular inner molecular layer, in epileptogenesis remains controversial.  

5.3.5    Potential Compensatory Role for New DGCs in Epilepsy 

 As mentioned earlier, some DGCs generated after SE appear to show decreased 
excitability, perhaps as a means of compensating for the overall hyperexcitability 
within the network. Several recent studies have used fl uorescent 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 electri-
cal 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 mod-
els, 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 
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 pro-
portion of cells that might be “pro-excitatory” as opposed to “pro-inhibitory” in 
these models may refl ect the use of different SE induction protocols. The type of 
induction protocol can have a dramatic effect on the development of chronic epi-
lepsy, infl uencing the 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 ).   
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5.4    Functional Signifi cance 

 The structural and functional heterogeneity of DGCs born after SE is one major 
challenge when considering the best way to target these cells for therapeutic inter-
vention. Certainly aberrant integration of and increased excitatory inputs onto some 
of these cells seems to indicate that they play a pathological role in the development 
of spontaneous seizures. Supporting this idea is the fact that as little as 9 % of aber-
rantly connected DGCs in an otherwise normal animal is suffi cient to induce spon-
taneous 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. 

5.4.1    Neurogenesis Ablation Studies 

 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. For example, treatment with an antimitotic 
agent after chemoconvulsant-induced SE results 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 fi nding 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. 

5.4.1.1    Neurogenesis and Human Temporal Lobe Epilepsy 

 Another, perhaps larger, challenge is to understand how the fi ndings in rodent mod-
els relate to the human disease. When considering this question, it is important to 
note that TLE manifestations in patients are even more diverse than in animal mod-
els. Thus, it is perhaps incorrect to try to identify a model that “most closely” resem-
bles 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 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 postmortem human 
tissue or specimens obtained from epilepsy surgery to treat drug-resistant seizures. 
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Often, this tissue comes from patients who have had seizures for many years and 
therefore may not refl ect 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 diffi cult to determine whether hippocampal neuro-
genesis 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 HEGCs in human TLE tissue is well documented, but is not 
found in every patient (Parent et al.  2006 ; Parent and Murphy  2008 ; Scharfman and 
Gray  2007 ). Although lack of HEGCs 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 fi ndings in human tissue to experimental models. In addition to this 
caveat, another potential diffi culty is the fact that the method for identifying cell 
types based on expression of endogenous markers identifi ed in rodent cells may not 
be completely effective in human tissue. Thus, the presence of HEGCs could be 
missed if investigators only use one method for detection (Scharfman and Gray 
 2007 ). Nonetheless, HEGCs are present and functionally integrated in tissue from 
at least some patients with TLE (Parent et al.  2006 ; Parent and Murphy  2008 ). No 
obvious differences in intrinsic measures of excitability or perforant path connectiv-
ity are apparent between HEGCs and those in the GCL in human surgical TLE tis-
sue (Parent and Murphy  2008 ; A. Althaus, G. Murphy and J. Parent, unpublished 
data). However, this fi nding is also largely true in animal models (Scharfman et al. 
 2003 ) and does not necessarily mean HEGCs do not play important roles in the 
network-level changes in excitability. Other electrophysiological studies of HEGCs 
in animal models have not yet been replicated in human tissue. Reasons include the 
reduced availability of living tissue and the diffi culty in controlling for factors like 
slice angle and location within the rostro-caudal axis within the hippocampus when 
making acute slices from 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 opportu-
nity for increased recurrent input between DGCs, the relevance of this fi nding 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 nonhuman 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 inte-
gration of post-SE born DGCs may have other adverse effects on the epileptic 
brain. Great interest exists in understanding the normal function of adult neuro-
genesis, and though there are no defi nitive answers yet, a number of studies have 
found links between disrupted neurogenesis and disruptions in learning and mem-
ory (Deng et al.  2010 ). Although seizures in human TLE and in animal models 
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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 antidepressants, at least in some mouse strains 
(Santarelli et al.  2003 ), patients with TLE and comorbid major depression may 
benefi t doubly from a therapeutic target that corrects aberrant neurogenesis or stim-
ulates normal neurogenesis.    

5.5    Conclusions 

 Seizure activity has such profound and widespread effects on all aspects of neuro-
genesis in the dentate gyrus that it may not be possible to understand the implica-
tions of any single aberrant feature on its own. Similarly, nearly all TLE models 
disrupt the normal function of many brain regions, making it extremely diffi cult to 
determine the “net” contribution of aberrant neurogenesis to epilepsy-related patho-
physiology in animal models as well as human disease. However, the robust and 
reproducible nature of the data implicating aberrant DGC neurogenesis in the 
pathogenesis of TLE indicates the need for a more comprehensive understanding of 
how aberrant features develop and highlights the exciting potential for targeting 
aberrant neurogenesis as a therapeutic strategy. An important consideration going 
forward is the heterogeneity of DGC responses to seizures. In particular, much more 
work is needed to determine the potential compensatory or “anti-epileptogenic” 
function of some subpopulations of DGCs. A better understanding of the factors 
that infl uence DGCs to develop either pro- or anti-excitatory features should be use-
ful in developing treatments not only for TLE but also for other neurological condi-
tions that are believed to involve dysregulated neurogenesis.     
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