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SUMMARY

The dynamic aspects of epilepsy, in which seizures occur sporadically and are interspersed with 

periods of relatively normal brain function, present special challenges for neuroanatomical studies. 

While numerous morphological changes can be identified during the chronic period, the 

relationship of many of these changes to seizure generation and propagation remain unclear. 

Mossy fiber sprouting is an example of a fequently observed morphological change for which a 

functional role in epilepsy continues to be debated. This review will focus on neuroanatomically-

identified changes that would support high levels of activity in reorganized mossy fibers and 

potentially associated granule cell activation. Early ultrastructural studies of reorganized mossy 

fiber terminals in human temporal lobe epilepsy tissue have identified morphological substrates 

for highly efficacious excitatory connections among granule cells. If similar connections in animal 

models contribute to seizure activity, activation of granule cells would be expected. Increaed 

labeling with two activity-related markers, Fos and phosphorylated extracellular signal-regulated 

kinase, has suggested increased activity of dentate granule cells at the time of a spontaneous 

seizures in a mouse model of epilepsy. However, neuroanatomical support for a direct link 

between activation of reorganized mossy fiber terminals and increased granule cell activity 

remains elusive. As novel activity-related markers are developed, it may yet be possible to 

demonstrate such functional links and allow mapping of seizure activity throughout the brain. 

Relating patterns of neuronal activity during seizures to the underlying morphological changes 

could provide important new insights into the basic mechanisms of epilepsy and seizure 

generation.
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Introduction

Neuroanatomical methods have contributed substantially to our understanding of the 

multiple changes that occur in the epilepsies. From the earliest studies of epilepsy tissue, cell 

loss has been identified as a significant histopathological change in human tissue (Sommer, 

1880; Margerison and Corsellis, 1966), and similar patterns of cell loss have been observed 

in animal models of acquired epilepsy. Subsequently, with the development of 

immunohistochemical methods, it became possible to determine the neurochemical identity 

of many vulnerable neurons (Robbins et al., 1992; Obenaus et al., 1993; Buckmaster and 

Dudek, 1997; Magloczky and Freund, 2005). This has added valuable functional 

information, such as identifying a loss of subgroups of GABA neurons, and has suggested 

ways in which the cell loss could contribute to the pathological process. 

Immunohistochemical methods have also been important in identifying the myriad of 

changes that occur in remaining neurons, including the up-regulation and down-regulation 

of numerous neuropeptides and neurotransmitters, as well as their receptors (Houser and 

Esclapez, 1996; Baraban and Tallent, 2004; Fritschy, 2008; Sperk et al., 2009, for reviews). 

Finally, neuroanatomical studies have provided clear demonstrations of the reorganization of 

axons of several groups of remaining neurons (e.g. Tauck and Nadler, 1985; Sutula et al., 

1989; Houser et al., 1990; Babb et al., 1991; Wenzel et al., 2000; Smith and Dudek, 2002; 

Cavazos et al., 2004; Zhang et al., 2009). All of these findings have played critical roles in 

the formulation of hypotheses that have guided studies of the basic mechanisms of epilepsy.

Although numerous morphological and neurochemical changes have been identified in 

epilepsy, many of these changes appear relatively static after they have developed. Yet 

seizures occur sporadically. Thus the dynamic nature of epilepsy presents special challenges 

for neuroanatomical studies. How do the persistent neuroanatomical alterations relate to the 

abnormal, paroxysmal activity that occurs in the brain during seizure activity and where 

does such activity originate?

To address these questions, a new dimension is needed in our neuroanatomical studies that 

would allow the identification of activated neurons and circuits. This is an exciting 

challenge that will be aided greatly by current progress in the identification of novel 

activity-related markers and the development of unique optical tools for identifying 

activated neurons and, potentially, altered circuits.

This review will focus on efforts of our laboratory and others to relate the morphological 

findings in epilepsy to altered function. The ultrastructural features of reorganized mossy 

fiber terminals in human temporal lobe epilepsy (TLE), as they relate to the possible activity 

of these terminals, will be considered first. We will then discuss initial studies of activity-

related markers that have been used to determine if dentate granule cells, from which the 

reorganized mossy fibers originate, are activated at the time of a spontaneous seizure in an 
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animal model of recurrent seizures. Detailed descriptions of the methods used in these 

studies have been provided in the initial reports (Zhang and Houser, 1999; Peng and Houser, 

2005; Houser et al., 2008).

Ultrastructure predicts strong activity of reorganized mossy fiber terminals

Mossy fiber sprouting provides a prime example of a dramatic morphological change for 

which the functional significance continues to be debated. This pattern of axonal 

reorganization, with a distinct band of aberrant fibers in the inner molecular layer of the 

dentate gyrus (Fig. 1A) remains one of the most consistent changes in human TLE (Sutula et 

al., 1989; Houser et al., 1990; Babb et al., 1991; Swartz et al., 2006; Thom et al., 2009) and 

related animal models. The change in the position of the axon terminals from their 

concentration in the hilus to the inner molecular layer immediately suggests a major change 

in circuitry. However, the functional effects also will depend on the subcellular 

characteristics of the reorganized axon terminals and their postsynaptic targets. The 

ultrastructural features of the reorganized axon terminals in human TLE are particularly 

interesting in this regard as they demonstrate changes that occur in the actual disease process 

and may have developed over many years.

In electron microscopic studies of human tissue, reorganized mossy fibers have been 

identified by Timm’s staining, intracellular injections of biocytin and immunohistochemical 

localization of dynorphin (Sutula et al., 1989; Babb et al., 1991; Isokawa et al., 1993; Franck 

et al., 1995; Zhang and Houser, 1999), and each method has provided unique information. 

Because dynorphin labeling is concentrated primarily around dense core vesicles it allows a 

particularly clear view of other features of the terminals, and the abundance of synaptic 

vesicles is one of the most striking features (Fig. 1B–D). Virtually all labeled terminals are 

packed with small synaptic vesicles that presumably contain glutamate, the major excitatory 

neurotransmitter in these terminals. A second critical feature is the presence of numerous 

asymmetric synaptic contacts (Fig. 1B–D). These ultrastructural features immediately 

suggest fully developed and functional excitatory connections in this region (Amaral and 

Dent, 1981). Furthermore, the dense packing of synaptic vesicles adjacent to synaptic 

contacts, as well as throughout the interior of the terminals, are consistent with a large pool 

of readily releasable vesicles, as well as a large reserve pool of vesicles, that could support 

sustained, repetitive firing.

Dense core vesicles that are labeled for dynorphin are distributed throughout the terminals 

and serve as markers of mossy fiber terminals in this region (Fig. 1C). However, the 

function of dynorphin within the reorganized mossy fiber pathway remains unclear. While 

several studies have suggested that dynorphin could mediate anticonvulsant effects 

(Simmons and Chavkin, 1996; Simonato and Romualdi, 1996; Loacker et al., 2007; Pirker et 

al., 2009), a recent study suggests that dynorphin, through activation of kappa opioid 

receptors, could increase the excitability of dentate granule cells (McDermott and Schrader, 

2011).

Other ultrastructural features which suggest that reorganized terminals could support strong 

synaptic activity include a large number of mitochondrial profiles that are either dispersed 
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throughout the mossy fiber terminal or concentrated in clumps among the synaptic vesicles 

(Fig. 1B). The presynaptic mitochondria would be expected to support the metabolic 

demands of these terminals. However, they also could provide a local source of calcium that 

could contribute to short-term enhancement of synaptic activity such as post-tetanic 

potentiation, as has been described for large mossy fiber terminals in normal rats (Lee et al., 

2007). This in turn could support trains of spikes in mossy fiber terminals that appear to be 

necessary for discharging their postsynaptic targets in normal animals (Henze et al., 2002).

The majority of synaptic contacts of the reorganized mossy fibers were with either dendritic 

spines or dendritic shafts (Fig. 1C,D), and in some instances the postsynaptic element was 

also labeled with dynorphin. These findings suggest that the postsynaptic targets are granule 

cells. Granule cell to granule cell contacts have also been described in other studies of 

human epilepsy tissue as well as most animal models (Represa et al., 1993; Franck et al., 

1995; Okazaki et al., 1995; Buckmaster et al., 2002; but also see Sloviter et al., 2006).

As further evidence for a strongly interconnected excitatory circuit, many of the reorganized 

mossy fiber terminals formed multiple synapses within a single section (Fig. 1C,D). In some 

instances, the synapses were formed with several different postsynaptic profiles (Fig. 1B–

D). It is not known whether the different postsynaptic profiles belong to the same or 

different granule cells, but contacts on several different postsynaptic neurons, as suggested 

in several studies of animal models (Okazaki et al., 1995; Buckmaster et al., 2002), could 

enhance synchronous firing among the granule cells. In addition, multiple synaptic contacts 

were often formed on the same postsynaptic profile (Fig. 1C,D), and such connectivity 

would be expected to have particularly strong influences on the postsynaptic targets.

One could speculate that ongoing seizure activity, if it were to engage the reorganized mossy 

fibers, could contribute to the remodeling of the presynaptic terminals as well as the 

postsynaptic spines. Indeed, recent studies demonstrate that mossy fiber terminals can 

undergo considerable growth and remodeling even in normal adult mice in response to 

spiking activity and an enriched environment, and these changes could, in turn, increase 

their synaptic strength (Galimberti et al., 2006). The ultrastructural features of mossy fiber 

sprouting are particularly interesting when viewed from this perspective.

The large size of many of the reorganized mossy fiber terminals is one of the most unique 

and striking features of these terminals in human TLE (Fig. 1B–D), and would be consistent 

with their involvement in an active circuit. Single profiles as large as 6.2 μm in major 

diameter were identified, with a mean of 2.3 μm (Zhang and Houser, 1999). Thus these 

reorganized terminals approach the size of normal large mossy fiber terminals that contact 

mossy cells in the hilus and CA3 pyramidal cells. This contrasts with some findings in 

rodent models in which most mossy fiber terminals were small to moderate in size (Okazaki 

et al., 1995; Cavazos et al., 2003). This difference could be related to the more extended 

time course of epilepsy in humans (years) compared to that in most animals models (weeks 

to months).

The spines that are contacted by the large reorganized mossy fibers may also display 

activity-related changes. In the human tissue, the large mossy fiber terminals often formed 
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synaptic contacts with spines that extended into the mossy fiber terminals and appeared to 

be complex spines (Zhang and Houser, 1999). Similar complex spines in contact with 

reorganized mossy fibers have also been observed in the alumina gel model of TLE in 

monkeys (Ribak et al., 1998). While complex spines or thorny excrescences are prominent 

postsynaptic targets of mossy fiber terminals as they extend from mossy cells in the hilus or 

pyramidal cell dendrites in CA3, such spines are generally not found on normal dentate 

granule cells in the inner molecular layer. Thus it is possible that complex spines could have 

been induced by the large reorganized mossy fibers (Represa et al., 1993; Ribak et al., 1998)

Multiple synaptic contacts were commonly observed on the large spines, and many are 

likely to be perforated synapses (Fig. 1D). Such synapses consist of distinct active zones 

with thickened postsynaptic densities that are separated by a short segment of plasma 

membrane which lacks a postsynaptic thickening. The synaptic contacts were often 

separated by an extension from the spine that could contribute to more complete functional 

separation of the active zones (Fig. 1D), and thus could increase synaptic strength (Edwards, 

1995). Such perforated synapses are considered to be highly active and are increased in the 

dentate gyrus following kindling and long term potentiation (Geinisman et al., 1990; 

Geinisman et al., 1991). Interestingly, increased expression of some glutamatergic AMPA 

receptors have been observed at perforated synapses, compared to non-perforated synapses, 

in CA1 pyramidal cell dendrites in normal animals (Ganeshina et al., 2004). Furthermore, in 

AMPA glutamate receptor 2 (GluR2) knockout mice, the proportion of synapses with 

perforated post-synaptic densities was significantly decreased in the dentate gyrus, 

supporting the suggestion that GluR2 AMPA receptors have a significant influence on 

synapse and spine architecture (Medvedev et al., 2008). Since increased AMPA receptor 

expression has been observed in the molecular layer in humans with TLE and some animal 

models (Babb et al., 1996; Lynd-Balta et al., 1996; Lynd-Balta et al., 2004), it would be 

quite interesting to find that AMPA receptors are enriched at the perforated synapses that are 

postsynaptic to reorganized mossy fiber terminals in the epilepsy tissue.

Studies in animal models provide additional information on the patterns of reorganization of 

mossy fibers, and confirm the formation of numerous direct, monosynaptic excitatory 

connections among granule cells, in contrast to the virtual lack of connectivity among 

granule cells in normal animals. In addition, the rostral-caudal projections of reorganized 

mossy fibers are expanded in the epileptic animals (Buckmaster and Dudek, 1999), 

contrasting with the lamellar organization of normal mossy fibers (Amaral and Witter, 

1989).

These numerous changes provide the morphological substrates for a highly interconnected 

network of granule cells that could contribute to hyperexcitability and an increase in 

synchronous firing of these neurons (Nadler, 2003; Sutula and Dudek, 2007, for reviews). 

However, in many electrophysiological studies, additional experimental manipulations that 

either decrease inhibition or increase excitation are generally required to elicit epileptiform 

activity in granule cells in many animal models of epilepsy. Whether such changes occur 

spontaneously in vivo remains unknown, but it is possible that periodic decreases in 

inhibition or increases in extracellular potassium or excitatory input, could lead to activation 
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of granule cells and, through the reorganized mossy fiber terminals, to increased activity 

throughout large regions of the dentate gyrus.

Indeed, if reorganized mossy fibers play a role in seizure activity, then activation of granule 

cells would be expected to occur at the time of a spontaneous seizure. However, since 

numerous changes, in addition to mossy fiber sprouting, occur in dentate granule cells in 

epilepsy, increased granule cell firing is not solely or necessarily related to mossy fiber 

sprouting. Nevertheless, if mossy fiber sprouting is critically involved in the seizure process, 

granule cell activity should be detected. In an effort to map granule cell activity in mice with 

recurrent seizures, we used activity-related markers to determine if granule cells are 

activated at early time points after detection of a spontaneous seizure.

Fos expression suggests granule cell activity in association with 

spontaneous seizures

Expression of the immediate early gene c-fos and the protein Fos has been used in many 

experimental paradigms, including induced seizures, to demonstrate activated neurons. 

However, only a few studies have examined Fos expression after spontaneous seizures, and 

the results have differed (Harvey and Sloviter, 2005; Mello et al., 1996; Peng and Houser, 

2005). These differences have highlighted several interesting questions regarding granule 

cell activity. In our studies of a mouse model of epilepsy, light Fos labeling of numerous 

granule cells was evident throughout the dentate gyrus as early as 15 minutes after detection 

of a behavioral seizure (Fig. 2A,D). Furthermore, Fos labeling of granule cells was evident 

prior to strong labeling of GABA neurons in the dentate gyrus (Fig. 2A,B,D,E). Both 

parvalbumin interneurons along the base of the granule cell layer (Fig. 2C) and GABAergic 

interneurons in the dentate molecular layer (Fig. 2F) expressed Fos at later time points than 

granule cells in the same region, consistent with early preferential activation of granule cells 

and a delay in strong activation of the interneurons (Peng and Houser, 2005).

These findings differ from other reports in which little granule cell labeling was observed at 

one hour after a spontaneous seizure, despite strong labeling of interneurons (Harvey and 

Sloviter, 2005). These results have led to the view that granule cells are not highly active at 

the onset of spontaneous seizures and may, instead, be hyperinhibited by local interneurons 

(Harvey and Sloviter, 2005; Sloviter et al., 2006). The differences in the basic findings could 

result from use of different models and different species (mouse versus rat), and also could 

be influenced by the time at which the Fos labeling was examined, as early as 15 minutes in 

the mouse model and one hour in the rat.

Electrophysiological studies of granule cell activity at the time of spontaneous seizures have 

also yielded different results. In one set of studies, synchronous granule cell discharges were 

not detected before spontaneous seizures in pilocarpine-treated rats during the chronic 

period (Harvey and Sloviter, 2005). However, in another study in rat, a sizeable fraction of 

recorded granule cells (63%) became active either before or during a spontaneous seizure 

(Bower and Buckmaster, 2008). These latter results are consistent with our findings of 

strong labeling of granule cells in a mouse model of epilepsy at short intervals following 

detection of a spontaneous seizure. While the electrophysiological changes that underlie Fos 
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expression are complex and remain incompletely understood (Labiner et al., 1993), we have 

interpreted the Fos labeling in granule cells as an indication that they are active and 

presumably firing action potentials near the onset of spontaneous seizures. However, we 

have continued to search for other markers that would have a more rapid time course, 

allowing us to detect granule cell activation at shorter intervals.

Extracellular signal-regulated kinase activation signals altered neuronal 

activity in epilepsy

Extracellular signal-regulated kinase (ERK) is part of a mitogen-activated protein kinase 

(MAPK) signaling pathway that is activated in response to numerous types of stimuli and is 

involved in several forms of synaptic plasticity, as well as regulation of neuronal excitability 

(Sweatt, 2004; Thomas and Huganir, 2004, for reviews). Because ERK is activated by 

phosphorylation, the process is rapid, providing better temporal resolution and possibly 

allowing detection of a sequence of neuronal activation. While our initial goal was to 

identify activated neurons at the time of a spontaneous seizure, a change in basal pERK 

labeling was also found in the seizure-prone mice (Houser et al., 2008). Thus two distinctly 

different types of changes were signaled by the pERK labeling, representing different points 

on the continuum of activity-related changes in an epilepsy model.

In normal and control animals, the basal pattern of pERK labeling is characterized by 

scattered neurons with strong labeling of their cell bodies and dendrites throughout most 

regions of the forebrain (Figs. 3A–D; 4A). In addition, light to moderate diffuse labeling is 

evident throughout most dendritic regions, with laminar patterns in some regions (Fig. 4A). 

The neuronal activity that is associated with the strong labeling in scattered neurons is 

incompletely understood. Depolarization and action potential firing at low frequencies do 

not appear to be sufficient (Dudek and Fields, 2001), and it is likely that the strong labeling 

of selected neurons reflects bursts of action potentials or possibly complex firing patterns 

that could be information-rich and occur in only limited numbers of neurons (Lisman, 1997; 

Thomas et al., 1998). However, strong stimulation, including induced seizure activity, 

increases pERK labeling in large populations of neurons, consistent with strong firing of the 

neurons (Berkeley et al., 2002; Zhao et al., 2005; Chotiner et al., 2010).

We thus anticipated increased levels of pERK labeling in our pilocarpine-treated mice 

during the chronic period when these mice are prone to seizures. Instead, we observed a 

decrease in the number of strongly-labeled neurons throughout broad regions of the limbic 

system, including the dentate gyrus, when compared to that in control animals (Fig. 3E,F; 

4B). This decreased labeling is reminiscent of the hypometabolism that is often observed 

throughout limbic regions of humans with TLE, extending beyond regions with cell loss 

(Engel, Jr. et al., 1982; O’Brien et al., 1997). The functional consequences of the decreases 

in pERK-labeled neurons remain unknown, but the consistency of these findings and the 

wide distribution of the changes suggest that they represent a fundamental change in some 

activity-related processes in the epileptic animals. The decreases in pERK labeling are not 

related solely to cell loss as they are observed in numerous regions in which the neurons are 

preserved (Fig. 3E,F). The broad decrease in numbers of distinctly-labeled neurons could 

reflect decreases in some patterns of network activity, possibly as a compensatory 
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mechanism to counter increased excitability of the system. The changes also could be 

related to impairments in learning and memory in these animals, as the ERK pathway is 

critical for these processes (Satoh et al., 2007).

At the time of spontaneous seizures, the picture changed dramatically. Strong pERK 

labeling could be detected in granule cells of the dentate gyrus, as well as other limbic 

regions, at very short intervals after detection of a spontaneous seizure (Fig. 4C,D). The 

neuronal labeling extended throughout the dendrites as well as cell bodies. While the time 

course of these changes is still being determined, the increase in pERK labeling was evident 

by two minutes (Fig. 4C) or slightly earlier following detection of a behavioral seizure. The 

labeling continued to increase (Fig. 4D), reaching maximal levels by six to seven minutes, 

and then decreased in dentate granule cells by 15 minutes after seizure detection. 

Interestingly, pERK labeling in granule cells had decreased substantially by the time that 

Fos labeling was first being detected in these neurons (Houser et al., 2008).

Other in vivo and in vitro studies in which ERK was activated by direct stimulation have 

also demonstrated that ERK labeling occurs rapidly following strong stimulation and could 

first be observed at approximately two minutes following the stimulation (Komiyama et al., 

2002; Chotiner et al., 2010). This suggests that granule cell activation in the mouse model 

was occurring at an early stage of the spontaneous seizure, or potentially preceding the 

seizure. This would be consistent with electrophysiological findings in rats in which granule 

cell activity preceded the behavioral and electrophysiological seizure onset in some 

recordings (Bower and Buckmaster, 2008).

Despite limitations in temporal resolution, a major advantage of neuroanatomical studies of 

activity-related markers is the ability to study activation patterns at multiple levels of the 

brain in the same animal. Analysis of labeling patterns throughout the rostral-caudal extent 

of the hippocampal formation could be particularly informative. While the number of 

animals remains limited, current results suggest that an increase in granule cell labeling does 

not occur simultaneously throughout the dentate gyrus. Instead, in some animals at the 

shortest post-seizure intervals, labeling was preferentially observed in the caudal (ventral) 

regions (Fig. 4C) and only later was granule cell labeling evident in more rostral (dorsal) 

regions. Also, at short post-seizure intervals, pERK labeling was often stronger in some 

regions of the granule cell layer than others, even within a given section (Fig. 4C). At 

slightly longer post-seizure intervals, the granule cell and molecular layers were generally 

labeled in all regions within the section (Fig. 4D) and throughout their rostral-caudal extent. 

Such patterns suggest initial increased granule cell activation in limited regions of the 

dentate gyrus with subsequent expansion of activity throughout the remainder of the 

population. Such a sequence would be consistent with progressive recruitment of granule 

cells through mossy fiber sprouting or other mechanisms. With such regional differences in 

labeling, a lack of granule cell firing might be expected in some regions at the onset of 

seizure activity, particularly in the dorsal dentate gyrus where electrophysiological 

recordings are often obtained.

Studies of additional activity-related markers are expected to provide further insights into 

the patterns of neuronal activation at the time of spontaneous seizures, and potentially 

Houser et al. Page 8

Epilepsia. Author manuscript; available in PMC 2014 October 30.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



identify brain regions with the earliest activity. As methods that label activated axon 

terminals are discovered, it may yet be possible to provide direct demonstrations of the 

activation of reorganized mossy fibers and determine the effects on granule cell excitability.

Considerations in use of activity-related markers in epilepsy

While our studies have focused on specific questions regarding activation of granule cells, it 

will be important to address broader questions in the future, including the sequence of 

neuronal activation during seizure initiation. The results and their interpretations will be 

influenced greatly by the characteristics of the activity-dependent markers themselves, as 

well as the animal models, the associated patterns of cell loss, and other morphological 

changes on which the patterns of activated neurons and circuits are superimposed.

Each activity-related marker is likely to have unique characteristics that will influence the 

labeling patterns. Even for current, extensively-used methods, such as Fos and Arc/Arg 3.1 
expression, the electrophysiological changes that underlie the activation and labeling are 

incompletely understood. Yet such information is critical for interpreting the activation 

patterns in epilepsy. Equally important, the activity-related markers may be restricted to 

specific cell types. For example, pERK may have different thresholds for activation in 

different cell types and generally shows very limited expression in many inhibitory 

interneurons (Sindreu et al., 2007; Houser et al., 2008). Thus, with current methods, pERK 

labeling cannot be used to identify the sequence of principal cell and interneuron activation. 

Likewise, the time course of activation of each marker may differ and could substantially 

influence interpretation of the results. For a marker with a rapid and short activation cycle, 

analysis at later time points could fail to detect neuronal labeling that occurred earlier but 

had decreased due to the rapid time course of expression. While such variations may initially 

complicate the picture, they could eventually be important for identifying different signaling 

pathways in different subclasses of neurons. Ultimately, such knowledge could contribute to 

cell-type specific treatments for the prevention and amelioration of epilepsy.

As with electrophysiological studies, the patterns of neuronal activation may differ with 

different models and times of analysis. Indeed, increasing evidence suggests that the patterns 

of elicited or spontaneous seizure activity may change over time. Patterns of neuronal 

activity that are evident at early stages following the initial insult may differ from those that 

are elicited during the chronic period, possibly related to compensatory changes within the 

system (Ang et al., 2006; Sloviter et al., 2006; Pathak et al., 2007).

Likewise, differences in the selected animal models, species and strains may influence the 

patterns of neuronal activation at the time of seizure generation. For example, epilepsy 

models with large amounts of extra-hippocampal damage may have different sites of seizure 

activation than those with more restricted damage, despite similar extents of hippocampal 

cell loss and mossy fiber sprouting. Recognition of such differences and analyses of the 

neuronal activation patterns, in conjunction with the underlying morphological changes, 

could provide fresh insights into the general mechanisms of epilepsy.
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Conclusions

Relating structure to function has been an important research goal in the epilepsy field. 

Identification and use of novel markers of neuronal activity could lead to a better 

understanding of the functional significance of the underlying morphological changes. Such 

studies could also prove useful in the development of seizure prediction methods that are 

aimed at halting the progression of seizure activity through site and cell-type specific 

interventions.
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Figure 1. 
Mossy fiber reorganization in surgical specimens from humans with temporal lobe epilepsy. 

(A) Dynorphin-labeled mossy fibers form a distinct, aberrant band (arrows) in the inner 

molecular layer (M), immediately above the granule cell layer (G), while the normally 

strong dynorphin labeling in the hilus (H) is reduced. (B) A large dynorphin-labeled mossy 

fiber terminal (MF) contains a cluster of mitochondrial profiles (M) and forms asymmetric 

synaptic contacts (arrowheads) on at least three different dendritic profiles in this single 

electron micrograph. (C) In a more lightly-labeled mossy fiber terminal (MF), dynorphin-

labeled dense core vesicles (examples at arrows) are scattered among the numerous clear 

synaptic vesicles that fill the terminal. The terminal forms multiple asymmetric synaptic 

contacts (arrowheads) on one dendritic profile (D) and an additional synaptic contact on 

another. (D) A large mossy fiber terminal (MF) is packed with synaptic vesicles and forms 

synaptic contacts with complex spines (S). In the upper part of the field, two distinct 

synaptic contacts (arrowheads) are separated by a protrusion from a spine, creating a 

perforated synapse. In the lower part of the field, multiple synaptic contacts (arrowheads) 
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are formed with a large spine that contains a spine apparatus (arrow). Scale bars = A, 200 

μm; B–D, 0.5 μm.
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Figure 2. 
Fos labeling in granule cells precedes that in interneurons of the dentate gyrus following a 

spontaneous seizure in a mouse model of epilepsy. (A–C) Fos labeling in granule cells (G) 

is evident as early as 15 minutes and increases to high levels by 30 minutes after a 

spontaneous seizure. In contrast, parvalbumin-labeled interneurons (arrows) along the base 

of the granule cell layer remain relatively unlabeled for Fos at 15–30 minutes after a 

spontaneous seizure but are distinctly Fos-labeled at 1 hour after a seizure. (D–F) GAD67-

labeled interneurons (arrows) in the molecular layer (M) of the dentate gyrus show a similar 

progression in Fos labeling and exhibit strong labeling at 1 hour after a spontaneous seizure 

but little labeling at earlier time points. Scale bar = A–F, 25 μm. Adapted from Figure 8, J. 

Neurosci. 25:7210–7220, 2005, with permission.
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Figure 3. 
Phosphorylated ERK (pERK) labeling in control (Cont; A–D) and pilocarpine-treated (Pilo; 

E,F) mice. (A,B) Strong pERK labeling is evident in scattered granule cells in the dentate 

gyrus (arrows), and their labeled dendrites extend into the molecular layer (M). Double 

labeling with NeuN demonstrates the relatively small proportion of granule cells that are 

strongly labeled for pERK in control animals. (C,D) Strong pERK labeling is also evident in 

selected neurons in the pyramidal cell layer (P) of CA1, and their apical dendrites (examples 

at arrows) extend into s. radiatum (R). Double labeling with NeuN demonstrates that pERK-
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labeled neurons are distributed throughout the pyramidal cell layer. (E,F) In a pilocarpine-

treated mouse, the numbers of neurons that are strongly labeled for pERK are substantially 

reduced, although faint labeling can be detected in some neurons (arrows). Double-labeling 

with NeuN demonstrates that the reduced labeling is not due to cell loss in the pyramidal 

cell layer in this animal. (Scale bars = A,B, 20 μm; C–F, 100 μm.
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Figure 4. 
Alterations in phosphorylated ERK labeling in pilocarpine-treated mice. (A) In a control 

(Cont) mouse, scattered, strongly-labeled neurons are evident in most brain regions and 

stand out against a background of diffuse pERK labeling. (B) In a pilocarpine (Pilo)-treated 

mouse that had not experienced a spontaneous seizure (SS) during the previous 24 hours, the 

number of neurons with strong pERK labeling is substantially decreased throughout much of 

the hippocampal formation and associated limbic cortex. (C) In a pilocarpine-treated mouse 

at approximately 2 minutes after detection of a spontaneous behavioral seizure, pERK 

labeling is strongly increased in several limbic regions, including a large extent of the 

dentate granule cell layer (G), lateral entorhinal cortex (ER), subiculum (S) and a unique 

zone (arrow) that is located between the parasubiculum and medial entorhinal cortex. (D) In 

a mouse at 3.5 minutes after a spontaneous seizure, pERK labeling is substantially increased 

and is strong throughout the granule cell layer, lateral entorhinal cortex, CA1 and 

subiculum. Scale bar = A–D, 200 μm.
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