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Abnormal dentate gyrus network circuitry in 
temporal lobe epilepsy
Robert S. Sloviter,1 Argyle V. Bumanglag,1 Robert Schwarcz,2 and Michael 
Frotscher3,*

The mechanisms that cause acquired temporal lobe epilepsy are unknown. Suspected mechanisms include 
neuron loss, synaptic reorganization, and granule cell dispersion, but determining which abnormalities mediate 
epileptogenesis has been problematic because the most frequently used chemoconvulsant-based animal models 
exhibit extreme variability and minimal evidence of hippocampal epileptogenesis. Continuous monitoring of 
behavior and granule cell layer activity in awake rats after hippocampal injury caused by stimulation-induced 
status epilepticus has now shown that granule cells generate spontaneous field depolarizations, population 
spikes, and epileptiform discharges in the first days post-injury, prior to each generalized behavioral seizure. 
Thus, injury-associated hippocampal epileptogenesis is coincident with initial neuron loss, not delayed 
secondary processes. We hypothesize that neuron loss in the entorhinal cortex disrupts the functional separation 
of Layer II “grid cells,” causing abnormal synchronous discharges that invade the dentate gyrus. This, in turn, 
produces population spikes and epileptiform discharges in granule cells disinhibited by injury-induced hilar 
neuron loss. Long delays between injury and generalized behavioral seizures, when they occur, may primarily 
involve a “kindling” process in which initially focal (subclinical) discharges gradually increase in duration and 
cause clinical seizures. Neuroprotection in the immediate post-injury period, and prolonged anti-kindling 
therapy, might be the most effective anti-epileptic strategy.

Significant progress has been made in understanding the causes of cryptogenic temporal lobe epilepsy when 
aberrant genes1 and developmental malformations2 are involved, but the cause of acquired temporal lobe 
epilepsy, in which presumably normal individuals develop epilepsy following brain injury, remains poorly 
understood.3,4 Epileptogenic injuries include head trauma, infection, ischemia, and prolonged febrile seizures, 
although the latter insult apparently develops as a result of pre-existing abnormalities.5 Regardless, injuries that 
occur in normal brains often cause both temporal lobe pathology and temporal lobe epilepsy, and therefore the 

Author Affiliations: 1 Departments of Pharmacology and Neurology, University of Arizona College of Medicine, Tucson, 
AZ 85724, USA. 2 Department of Psychiatry, University of Maryland School of Medicine, Baltimore, MD 21228. 3 Center 
for Molecular Neurobiology, University of Hamburg, 20251 Hamburg, Germany.

* Correspondence to: Dr. Robert S. Sloviter, Department of Pharmacology, University of Arizona College of Medicine, 
1501 N. Campbell Avenue, Tucson, AZ 85724-5050 USA, Tel: 520-626-6491, Fax: 520-626-2204, email: 
sloviter@u.arizona.edu

Footnote: This work was supported by grants NS18201 from the National Institute of Neurological Disorders and Stroke, 
National Institutes of Health, and Deutsche Forschungsgemeinschaft, Transregio Sonderforschungsbereich TR-3.

Copyright © 2012, Michael A Rogawski, Antonio V Delgado-Escueta, Jeffrey L Noebels, Massimo Avoli and Richard W 
Olsen

A
uthor M

anuscrip
t

A
uthor M

anuscrip
t

A
uthor M

anuscrip
t

https://www.ncbi.nlm.nih.gov/books/n/about/copyright/


possible relationship between pathology and epileptogenesis is a compelling one. However, it is not entirely clear 
what the term “epileptogenesis” signifies exactly, when the process of hippocampal epileptogenesis is first 
complete, and which mechanisms develop with a time-course that permits an inference of epileptogenic 
causality. For definitional purposes, we use the term “epileptogenesis” (literally the birth of epilepsy) to 
encompass the primary process that causes principal neurons to generate their first spontaneous, multiple 
population spike-containing epileptiform discharges, whether or not they produce a clinically detected “aura” or 
any other behavioral manifestation. We regard the process by which spontaneous and subclinical focal seizure 
discharges propagate to other cell populations to produce clinically detectable behavioral signs to be a separate, 
and often prolonged, secondary process (“epileptic maturation”) that follows epileptogenesis.

WHY FOCUS ON TEMPORAL LOBE EPILEPSY AND THE DENTATE 
GYRUS?
There are many forms of epilepsy, and many brain regions that can generate spontaneous seizures, so why focus 
specifically on acquired temporal lobe epilepsy and the dentate gyrus in particular? There are several reasons. Of 
all the epilepsies, temporal lobe epilepsy is perhaps the most amenable to study because seizures often arise from 
the hippocampal formation, which is a brain region with a highly organized structure that facilitates the 
assessment of often subtle structural changes. In addition, the temporal lobe is removed surgically to treat 
refractory epilepsy, and is therefore often available for study.6 From an experimental perspective, the similarity 
of hippocampal structure from rodents to humans, and the fact that epilepsy can be produced in rodents by the 
same insults that cause epilepsy in humans, makes it feasible to relate the results of experimental studies to the 
human neurological disorder.

The early discovery that spontaneous epileptic seizures appeared to arise from a damaged and shrunken 
temporal lobe7 focused attention on surviving hippocampal neurons as likely sources of seizure activity. The 
likely role of the dentate gyrus as a primary source of seizures was supported by the observation that dentate 
granule cells are consistently among the few surviving hippocampal neuron populations,8,9 and because the loss 
of neurons in the hippocampal “endfolium” was the single common pathology shared by all epilepsy patient 
brains that exhibited any detectable hippocampal cell loss.9 The anatomical realization that the neurons of the 
vulnerable endfolium, previously thought to be part of the pyramidal cell layer,10 were instead synaptically 
connected with the dentate gyrus,11–13 raised the possibility that the loss of dentate hilar neurons9 might be 
associated with granule cell pathophysiology.14

Additional reasons for focusing on the dentate gyrus relate to the observation that several conspicuous 
secondary structural abnormalities develop after injury. In this chapter, we address selective neuron loss,14 

synaptic reorganization,15 granule cell dispersion,16 and the timing of their development in relation to the time 
of onset of spontaneous granule cell epileptiform discharges and behavioral seizures. Clearly, whether a 
particular pathology precedes or follows the onset of spontaneous seizures is directly relevant to whether that 
pathology can be causally related to the epileptogenic process.

EPILEPTOGENIC NEURON LOSS AND IMMEDIATE GRANULE CELL 
HYPEREXCITABILITY; IS NEURON LOSS SUFFICIENT TO CAUSE 
EPILEPSY?
Do dentate granule cells become hyperexcitable and also spontaneously “epileptic” after hippocampal injury? 
And if so, precisely how soon after hippocampal injury do granule cells begin to generate spontaneous 
epileptiform discharges? A series of experimental studies in vivo has consistently demonstrated that granule cell 
hyperexcitability is caused immediately by prolonged seizures or head trauma, and is closely associated with 
extensive hilar neuron loss.14,17–20 In our most detailed study, we found that whenever unilateral perforant 
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pathway stimulation produced bilateral hilar neuron loss, then and only then was bilateral granule cell 
hyperexcitability evident.18 Conversely, whenever granule cell hyperexcitability was restricted to the ipsilateral 
dentate gyrus, only extensive ipsilateral hilar neuron loss was evident. These different responses to identical 
stimulation controlled for the effects of seizure activity per se because although unilateral stimulation always 
produced bilateral seizure discharges, contralateral granule cell hyperexcitability was uniquely associated with 
contralateral hilar neuron loss.18

We attributed the immediate granule cell hyperexcitability that we observed after prolonged perforant pathway 
stimulation to the extensive loss of the two main hilar neuron populations. These are the peptide-containing 
inhibitory interneurons that innervate the dentate outer molecular layer, and the excitatory hilar mossy cells that 
innervate the dentate inner molecular layer.14,18 Loss of hilar inhibitory interneurons that project to the distal 
dendritic region innervated by the entorhinal cortex was hypothesized to produce a direct disinhibitory effect on 
granule cells.14,18 The loss of excitatory hilar mossy cells was also hypothesized to cause granule cell 
hyperexcitability, but to do so indirectly as a result of decreased excitation of surviving inhibitory basket 
cells,14,18 which mossy cells normally innervate and excite.21–24

The hypothesized direct disinhibitory effect of hilar inhibitory interneuron loss14,18 was supported by several 
subsequent studies.25,26 However, the observation that extensive loss of hilar peptide-containing interneurons 
following ischemic insult27 has minimal effect on granule cell excitability28 argues against a prominent role for 
hilar interneuron loss in the specific injury-associated granule cell hyperexcitability that reliably follows 
prolonged perforant pathway stimulation.14,18 Conversely, selective and extensive (~90%) mossy cell loss in a 
conditional mossy cell-knockout mouse caused immediate granule cell hyperexcitability,29 supporting the view 
that extensive mossy cell loss is the primary cause of the granule cell hyperexcitability observed following 
kainate-, pilocarpine-, or stimulation-induced status epilepticus.14,18,30,31

The main obstacle for our hypothesis - that seizure-induced neuron loss alone is a sufficient and primary 
epileptogenic mechanism-18,32 was stated succinctly by Wasterlain and colleagues, who noted that, “... this 
hypothesis does not tackle the problem of the “silent period” between the initial injury and the development of 
spontaneous seizures. Because mossy cells are injured at the time of the original seizures and disappear within hours 
to days, it is hard to understand why spontaneous seizures are delayed by weeks to months, unless the loss of 
inhibition is permissive but not sufficient for epileptogenesis, and its role is only to permit further changes which, in 
turn, produce chronic epilepsy.”33

The widely-accepted notion that status epilepticus-induced brain damage in animals is reliably followed by a 
silent, seizure-free “pre-epileptic” state lasting for weeks to months,33–35 and that spontaneous epileptic seizures 
only begin because synaptic reorganization or other secondary processes that develop during the “silent period” 
have finally matured,15,33,34 is anecdotal and based mainly on occasional behavioral observation,36 which 
inevitably risks missing early behavioral seizures and all subclinical seizures.37 The belief in a seizure-free, post-
injury “latent period” 35 has nonetheless formed the logical basis for focusing on delayed secondary processes as 
likely epileptogenic mechanisms, rather than on the effects of initial neuron loss and other immediate events. 
However, recent studies that involved continuous monitoring of chemoconvulsant-treated rats have now 
consistently shown that spontaneous behavioral seizures begin almost immediately after status epilepticus-
induced injury.31,38–41 Continuous video and electrographic monitoring of electrically stimulated rats, in which 
residual chemoconvulsant can play no role in any early seizures that occur, have now also shown that 
spontaneous granule cell-onset population spikes and epileptiform discharges, as well as behavioral seizures, also 
begin within the first days post- status epilepticus.41 Thus, epileptogenesis after status epilepticus is coincident 
with initial neuron loss (Figure 1), which occurs over a period of several days,42 indicating that neuron loss 
could well be the primary epileptogenic mechanism.41
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Re-defining the Term “Epileptogenesis”
Genesis literally means “birth,” “coming into being,” or the “beginning of something.” The “genesis” phase in the 
life of a human being ends in the process of birth, not in reaching maturity. The growth and maturation of the 
individual is a separate and secondary process distinct from “genesis.” By analogy, it seems logical to define the 
completion of “epileptogenesis” as the moment when the machinery and mechanisms necessary for spontaneous 
abnormal epileptiform behaviors first exist. The subsequent chronic epileptic state (“epileptic maturation”) 

Figure 1. Correlation between spontaneous granule cell layer activity and behavioral seizure expression in an epileptic rat 2–8 
days after 3 hours of perforant pathway stimulation-induced convulsive status epilepticus (SE). Two focal (subclinical) seizures 
(A,B) on days 2 and 8 post-SE and two Stage 4 behavioral seizures (C,D) on days 2 and 4 post-SE. A: On day 2 post-SE, spontaneous 
high-amplitude activity, consisting of field “EPSPs” and small-amplitude population spikes, was recorded from the granule cell layer 
electrode. During this spontaneous event, the animal exhibited only a frozen stare, followed by stereotyped chewing movements. B: A 
similar spontaneous granule cell layer event was recorded on day 8 post-SE, which was only associated with staring and stereotyped 
head movements. C,D: on days 2 and 4 post-SE in the same animal, spontaneous granule cell layer events included larger amplitude 
and downwardly deflected population spikes. These events were invariably followed by stage 3–5 behavioral seizures. Note that high-
frequency spiking began prior to the first behavioral manifestation (asterisks in C,D) of each behavioral seizure. These events from a 
single rat are representative of all 72 stage 3–5 behavioral seizures recorded in 10 chronically implanted, continuously monitored rats. 
Calibration bars equals; 1.4 seconds and 9 mV in A; 56 msec and 9 mV in A (expanded), B (expanded), C (expanded), D (expanded); 
3.2 seconds and 9 mV in B,C; 4.5 seconds and 9 mV in D. Reprinted from Reference 41.
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undoubtedly evolves and progresses, but we regard this process to be distinct from “epileptogenesis.” For 
example, a seizure focus may expand, or it may transition from a focal to a generalized process, or the frequency 
of seizure events may change. However, these changes would seem to be an evolving process of growth and 
maturation, not part of the “birth” process. Clearly, the conundrum quoted above, regarding “the problem of the 
“silent period” between the initial injury and the development of spontaneous seizures,”33 is the product of using 
the appearance of the first spontaneous generalized behavioral seizures in rats as the definitive marker of the end 
of “epileptogenesis.”34

Based on the results of studies in which both behavior and granule cell layer activity have been simultaneously 
and continuously monitored in awake animals after a highly controlled and reproducible injury,31,41,44 we 
suggest that “epileptogenesis” is not a unitary process that ends when the first spontaneous generalized 
behavioral seizure is visually observed.33–36 Rather, we regard epileptogenesis to be a process that culminates in 
the first spontaneous epileptiform discharge that causes a focal seizure, or at minimum, a process that ends when 
the brain is changed in such a way that the first spontaneous epileptiform discharge and focal seizure is 
imminent. We suggest that this is the process that needs to be aborted if an anti-epileptogenic strategy is to be 
effective. However, if identified principal cell populations are not directly monitored in awake animals after 
injury, and true epileptiform discharges are not clearly differentiated from high-amplitude depolarizations that 
contain no population spikes, but only superficially appear to be epileptiform discharges,31 it is doubtful that 
accurate inferences can be made regarding the nature, duration, or location of the process called 
“epileptogenesis.” Even then, important events in unmonitored cell populations may be missed, placing limits on 
what we should think we know about where seizures originate, or where and when “epileptogenesis” has actually 
occurred.

Car manufacture provides a useful analogy for defining “epileptogenesis.” Every car is assigned a “build date,” 
which marks completion of the process that culminates in the ability of the car to operate as designed, with no 
additional physical changes required. It is not a date that indicates its first test drive, its first maximum speed 
attempt, or its first assignment of title, which are all defining characteristics of car ownership and operation. A 
fully-built car that has not yet been driven is still a car, and giving it a “build date” does not preclude making 
additional modifications that change the car’s attributes and capabilities. Thus, we regard the end of 
“epileptogenesis” to be the brain’s unfortunate “build date” when all cellular and network changes needed for the 
spontaneous generation of focal epileptiform discharges are first present. This altered brain state is most likely 
complete some time before the first clinically detectable seizure event occurs. The chronic state that follows the 
initial epileptogenesis phase, which might best be called “epileptic maturation,” undoubtedly involves continuing 
modification and progression, but we regard “epileptogenesis” to be the process that describes completion of the 
initially altered brain state, i.e. the earliest time when a brain can be said to be “epileptic.”

“Hyperexcitable” is Not Synonymous with “Spontaneously Epileptic”; 
Does Hippocampal Epileptogenesis Require a Second Pathology?
Although extensive and specific mossy cell loss causes immediate granule cell hyperexcitability, this 
hyperexcitability alone is apparently not enough to cause spontaneous granule cell epileptiform discharges or 
spontaneous behavioral seizures.29 This is not surprising because granule cell hyperexcitability to afferent 
excitation does not require that granule cells become a spontaneously discharging population. It is therefore 
notable that there is a second temporal lobe pathology common to all status epilepticus models, in the 
entorhinal cortex (Figure 2).41,43,44

One possible explanation for the immediate development in awake animals of both granule cell hyperexcitability 
to afferent excitation and spontaneous granule cell-onset seizures, comes from the analysis of an animal model 
in which extensive hilar neuron loss, entorhinal cortex damage, and extra-temporal injury are consistently 
produced by electrical stimulation-induced status epilepticus.41 In this model, as in animals subjected to 
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kainate-20,30 or pilocarpine-induced status epilepticus,31 or experimental head trauma,19 extensive hilar neuron 
loss is reliably associated with immediate granule cell hyperexcitability to afferent excitation.41 In the case of 
perforant pathway-stimulated rats, in which granule cell activity and behavior were monitored continuously, 
spontaneous granule cell epileptiform discharges began almost immediately and preceded each spontaneous 
behavioral seizure (Figure 1).41 Importantly, clinical behavioral seizures always and only occurred when granule 
cells generated prolonged, negative-going population spikes (Figure 1). Clearly, these spontaneous granule cell 
discharges cannot be the result of recurrent excitatory connections among granule cells15 because the 
hyperexcitability, spontaneous epileptiform discharges, and behavioral seizures preceded the formation of 
recurrent axonal connections.41 We suggest that although granule cells become immediately 
hyperexcitable14,18–20,30 as a direct result of extensive hilar mossy cell loss,18,29 granule cells do not generate 
synchronous epileptiform discharges until they receive abnormal excitatory input from the disinhibited Layer II 
neurons of the injured entorhinal cortex.43,46 The appearance in the granule cell layers of spontaneous, large-
amplitude dendritic field depolarizations virtually identical to those evoked by perforant pathway stimulation41 

(Figure 1) suggests that spontaneous granule cell discharges may involve at least two principal pathologies; 1) 
mossy cell loss that disinhibits granule cells,29,32 and 2) entorhinal cortex damage (Figure 2), which causes 
abnormal entorhinal Layer II neuron activity that invades the dentate gyrus.41 Future experiments will need to 
determine whether synchronous epileptiform activity in the entorhinal cortex precedes granule cell epileptiform 
discharges, or whether asynchronous entorhinal activity precedes synchronous granule cell discharges. 
Regardless, whether spontaneous granule cell seizure discharges cause behavioral seizures immediately (Figure 
1), or result in a latent period before clinical seizures first occur, may be a measure of the extent of injury in the 
entorhinal cortex, in the hilus, and in the downstream barriers to seizure spread (hippocampal pyramidal cells 
and synaptically linked cell populations farther down the chain). We suggest that the only network changes 
needed for spontaneous granule cell epileptiform discharges to develop are extensive neuron loss in the hilus of 
the dentate gyrus and in the entorhinal cortex. We do not suggest that minor neuron loss is necessarily 
epileptogenic; only extensive hilar neuron loss is predicted to have a significant epileptogenic effect.20

MOSSY FIBER SPROUTING
Few ideas are more conceptually appealing than the hypothesis of epileptogenic mossy fiber sprouting, as 
formulated originally by Nadler.15,47 According to this scenario, normal granule cells have no recurrent 
excitatory connections, and therefore granule cells do not normally generate spontaneous population spikes or 
epileptiform discharges. Hilar mossy cell axotomy48,49 or injury-induced mossy cell degeneration15,50 

denervates the granule cell dendrite segment normally innervated by mossy cells, and this loss of mossy cell 
input apparently triggers the re-innervation of granule cells by newly-formed granule cell axons (mossy 
fibers).51 The “mossy fiber sprouting” hypothesis posits that it is the formation of aberrant excitatory 
connections among normally unconnected granule cells that causes granule cells to become spontaneously 
“epileptic.”15 Many studies have replicated and extended the original findings of Nadler and colleagues,15,47 but 
several critical issues were not considered in the many studies that were designed to support the hypothesis, and 
other observations suggest an alternate hypothesis.

First, the mossy fiber sprouting hypothesis ignores the network effects of the initial injury-induced neuron loss, 
and regards mossy cell loss as only a trigger for mossy fiber sprouting. However, the effects of neuron loss and 
reactive synaptic reorganization cannot be separated since these effects co-exist, with the former apparently 
causing the latter.51 Therefore, any parameters that have been correlated with mossy fiber sprouting in a 
multitude of studies could have been similarly correlated with hilar neuron loss although the role of the hilar 
neuron loss has rarely been discussed in studies that have sought to establish a causal link between mossy fiber 
sprouting and granule cell hyperexcitability. Second, we have found that the granule cell hyperexcitability 
observed in hippocampal slices from kainate-treated rats, and attributed to mossy fiber sprouting that takes 
weeks to develop,15,30,31 is present in vivo immediately after kainate-induced injury, before mossy fiber 
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sprouting develops.30,45 Third, in rats in which immediate post-injury granule cell hyperexcitability was 
confirmed in our in vivo experiments, we have shown that the growth of mossy fiber sprouting was temporally 
associated with gradually increasing granule cell paired-pulse inhibition and an inability to evoke granule cell 
epileptiform discharges, rather than hyperexcitability.30,45 Importantly, the judgment that granule cells were 

Figure 2. Acute Fluoro-Jade B (FJB) staining showing neurodegeneration 4 days after 3 hours of perforant pathway stimulation-
induced SE. A: FJB fluorescence. B,C: Gray-scale, inverted image of the same horizontal brain section. Note selective degeneration of 
neurons in the dentate hilar region (C1); hippocampal area CA3a (C2); entorhinal cortex layer III (C3); perirhinal cortex (C4,5); layer 
II throughout the neocortex (C6); parafascicular thalamic nucleus (C7); intermediodorsal-, mediodorsal-, paratenial-, paraventricular-, 
and centralmedial thalamic nuclei (C8); lateral septum (C9); lateral caudate/putamen (C10); infralimbic cortex (C11); and deep 
pyramidal cells of the agranular insular cortex (C12). Scale bar: 1 mm in B; 2 mm for A,C. Reprinted from reference 41.
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hyperexcitable shortly after injury, and later powerfully inhibited, was based not only on the assessment of 
responses to paired-pulse stimulation,30,45 but also on the immediate appearance of multiple population spikes 
in response to single afferent stimuli, and the inability to evoke granule cell epileptiform discharges during the 
later synaptic reorganization phase, even by high frequency afferent excitation.31 Fourth, direct recording from 
the granule cell layers in awake pilocarpine- and kainate-treated animals revealed that the granule cells do not 
generate epileptiform discharges before the spontaneous behavioral seizures that develop in chemoconvulsant-
treated rats.31,52 This result is in contrast to the result of identical recordings made in perforant pathway-
stimulated rats, in which all spontaneous behavioral seizures were preceded by granule cell discharges.41,44 

Fifth, and perhaps most definitively, in all studies in rats subjected to convulsive status epilepticus and then 
monitored continuously, spontaneous behavioral seizures precede mossy fiber sprouting.38–41

Discussion of the “mossy fiber sprouting” hypothesis in the literature has focused almost exclusively on the 
aberrant autoinnervation of granule cells, and has largely ignored the possible impact of mossy cell death and 
mossy fiber sprouting on inhibitory basket cells.30,45 In fact, mossy cell loss denervates all target cell dendrites in 
the dentate inner molecular layer, not just granule cells, and the re-innervation of vacated synaptic sites by newly 
formed granule cell axons would be predicted to target both inhibitory neurons and granule cells.30,31,45 The 
consistent finding that synaptic reorganization does, in fact, re-innervate both granule cells and inhibitory 
neurons30,31,45,54 (Figures 3 and 4) challenges the assumption that mossy fiber sprouting must be exclusively 
“excitatory” in nature.15 To the contrary, we interpret the available data as indicating that mossy fiber sprouting 
may play a mainly compensatory or restorative role.30,45

Inhibitory Circuitry, Mossy Cells, and Mossy Fiber Sprouting
Elegant in vivo studies first revealed the paradoxical net inhibitory effects of the excitatory commissural 
projections of the dentate gyrus,21–24 which originate from hilar mossy cells.11–12 These studies clearly showed 
that although the commissural fibers were excitatory, and might be predicted to excite granule cells, activation of 
this pathway in vivo had a predominantly inhibitory effect on granule cells because the mossy cell-derived 
commissural pathway directly excited inhibitory basket cells.21–24 Thus, although numerically superior, the 
excitatory input to granule cells is apparently dominated in vivo by the influence of the mossy cell-basket cell 
innervation. Consistent with the idea that the seizure-induced loss of mossy cells should denervate basket cells, 
as well as granule cells, and that mossy fiber sprouting should re-innervate both basket cells and granule cells, 
granule cells were found to be disinhibited and hyperexcitable immediately after hilar neuron loss, prior to 
mossy fiber sprouting.30,45 Then as mossy fiber sprouting developed, the granule cells were found to become 
powerfully hyperinhibited in the same animals.30,45 These and additional results are consistent with the view 
that: 1) excitatory mossy cells normally and paradoxically produce predominantly inhibitory, rather than 
excitatory, effects on granule cells in vivo 2) mossy cell loss denervates inhibitory basket cells, possibly causing 
immediate granule cell hyperexcitability,14,18,20,29 and 3) mossy fiber sprouting re-innervates basket cells, as 
well as granule cells (Figures 3 and 4), which correlates temporally with an apparent partial restoration of 
granule cell inhibition.30,31,45,54

Must Mossy Fiber Sprouting Be Either Entirely “Excitatory” or Entirely 
“Inhibitory?”
The question whether mossy fiber sprouting is “epileptogenic” or “restorative” in nature may be overly simplistic 
regardless of how the electrophysiological and anatomical data are weighted.45 Mossy cells and mossy fiber 
sprouting innervate both granule cells and inhibitory neurons, and might play distinct roles in different 
behavioral states. It is conceivable that mossy fiber sprouting could be predominantly inhibitory interictally, 
regulating seizure frequency, but could then play an excitatory role when inhibition is overcome and seizures 
occur. Although we do not know the net effect of mossy fiber sprouting under all conditions, we contend that the 
notion that mossy fiber sprouting must be purely “epileptogenic” in nature because granule cell interconnections 
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are formed is not supported by either the time course of post-injury granule cell excitability in vivo, or by the 
relationship between mossy fiber sprouting and the latency to the first spontaneous epileptic seizures.30,53 

Figure 3. Parvalbumin-positive inhibitory interneurons are targets of aberrant mossy fiber sprouting at the time of early recovery 
of granule cell paired-pulse inhibition. A: Timm staining in a control rat. Note that Timm-positive terminals surround and outline 
the somata and proximal dendrites of normal granule cell layer interneurons (arrows). B–E: Timm-stained sections from an animal 
perfusion-fixed 28 days post-SE, the recovery period when 1.0-Hz afferent stimulation first failed to evoke epileptiform discharges (i.e., 
the epileptiform discharge threshold was increased). Note that aberrant mossy fiber terminals targeted the somata and dendrites of 
identified inhibitory interneurons of the granule cell and inner molecular layers (arrows; sg, stratum granulosum; sm, stratum 
moleculare). Scale bar= 26 μm in E; 25 μm for A–D. Reprinted from reference 31.
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Understanding the role of mossy cell loss and reactive mossy fiber sprouting clearly requires: 1) an unbiased 
consideration of the effects of both neuron loss and synaptic reorganization on dentate gyrus function, and 2) 
testing the mossy fiber sprouting hypothesis in animals that exhibit confirmed granule cell-onset epilepsy.41,44 

The latter consideration probably excludes testing in chemoconvulsant-treated rats, which exhibit frequent 
generalized seizures that appear to minimally involve the hippocampus.31,52

The subject of cell loss and synaptic reorganization is made even more complex by the fact that hilar mossy cells 
normally constitute a long-distance, longitudinally-projecting axonal system,20,55 whereas aberrant mossy fiber 
sprouting is more localized,56 and presumably cannot fully restore the translamellar influences that are lost 
when mossy cells die.20 In addition, clustering of spontaneous seizures39 and the duration of the interictal 

Figure 4. GABA immunocytochemical electron microscopy of the dentate inner molecular layer 10 weeks after saline or kainate 
(KA)-induced status epilepticus (SE). A1,2: In control sections, proximal dendrites (D) of GABA-positive interneurons are contacted 
by small immunonegative boutons (terminal 1 in both panels) establishing asymmetric synaptic contacts, and by GABA-positive 
terminals (terminal 2 in both panels) forming symmetric synapses. Arrows point to asymmetric synaptic contacts. B1,2: Ten weeks 
after kainate injection, numerous large terminals, densely filled with clear synaptic vesicles, and containing dense-core vesicles (thick 
black arrows), emerge from thin, unmyelinated preterminal axons (white arrow in B1). These mossy fiber boutons establish asymmetric 
synaptic contacts (thin black arrows) with GABA-positive dendritic shafts (D) in the inner molecular layer. Scale bar = 0.5 μm in B2 
(applies to A1-B2). Reprinted from reference 45.
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period, i.e. seizure frequency, could be powerfully influenced by both the net inhibitory effects of mossy fiber 
sprouting and the upregulation of GAD67 and GABA that seizure activity produces specifically in granule 
cells.58 Clearly, the roles of cell loss, synaptic reorganization, glial abnormalities, and altered expression of 
transmitters, receptors, and channels remain to be addressed in animal models that reliably exhibit confirmed 
hippocampal-onset seizures.

GRANULE CELL DISPERSION
Granule cell dispersion in temporal lobe epilepsy, first described by Houser,59 is another example of a frequently 
observed structural abnormality that may or may not play a role in altered dentate gyrus excitability.16 In the 
normal dentate gyrus, granule cells are tightly packed, forming a clearly delineated and relatively uniform cell 
layer. Although there is some structural variability among these neurons, particularly in the primate brain,60 

granule cells send their cone-shaped dendrites to the molecular layer, with virtually all dendrites reaching the 
hippocampal fissure. Mossy fiber axons emerge from the granule cell somata, and enter the hilus. This bipolarity 
of dentate granule cells clearly separates the input region of the cell from its output region, resulting in minimal 
granule cell-granule cell connectivity under normal conditions. In granule cell dispersion, the compact 
lamination of granule cell bodies is lost. As a result, the axons of granule cells dispersed into the molecular layer 
traverse the molecular layer for some distance and could contact the dendrites of more deeply located neurons, 
possibly increasing granule cell interconnectivity. Since granule cell dispersion is found in tissues from epileptic 
patients, the following scenario appears plausible: migration defects of granule cells during development, or 
dispersion of granule cells following hippocampal injury, might result in increased granule cell interconnectivity 
and hyperexcitability.

The results of studies conducted over the last ten years suggest a different scenario. In tissue samples from 
epileptic patients, the expression of the extracellular matrix protein Reelin was found to be significantly 
decreased.61 Moreover, it was noticed that the extent of granule cell dispersion correlated with the extent of 
decreased Reelin expression. Reelin is known for its role in layer formation in the cerebral cortex, cerebellum, 
and hippocampus,62–68 and Reelin-deficient “reeler” mutants show a severe loss of granule cell lamination,69–71 

which is at least structurally reminiscent of granule cell dispersion in epilepsy. Thus, Reelin apparently stabilizes 
dentate gyrus architecture, and an injury-induced decrease in Reelin expression might cause granule cell 
dispersion. To test this hypothesis, Heinrich and colleagues72 infused a Reelin-neutralizing antibody into the 
dentate gyrus of mature mice. They unexpectedly observed granule cell dispersion at sites of Reelin antibody 
infusion, and this effect could not be induced when the Reelin antibody was replaced by a nonspecific IgG. The 
interpretation of these findings is that Reelin establishes or maintains the laminated organization of the dentate 
gyrus, and that decreased Reelin expression or antibody blockade of Reelin results in granule cell dispersion.

Unilateral granule cell dispersion is reliably produced in normal mice during the first month following unilateral 
intrahippocampal injections of the glutamate receptor agonist kainate,73 and it has been shown that Reelin 
expression was dramatically decreased on the kainate-injected side, but not contralaterally.72 These results 
suggest that granule cell dispersion results from decreased Reelin expression, after cell loss or hypermethylation 
of the Reelin gene.74 Although Reelin appears to play an important role in stabilizing cortical architecture in the 
mature brain,68 it remains to be determined whether granule cell dispersion directly influences granule cell 
interconnectivity and excitability. In this regard, it is notable that reeler mice, which are deficient in Reelin and 
exhibit granule cell dispersion, do not show spontaneous seizures. In addition, recent recordings from dispersed 
granule cells in kainate-treated epileptic mice provided evidence of reduced, rather than increased, granule cell 
excitability.75 Importantly, many patient hippocampi do not exhibit granule cell dispersion, and other animal 
models that exhibit confirmed granule cell-onset epilepsy do not show granule cell dispersion.41,44 Although 
intrahippocampal kainate injection causes both granule cell dispersion and epilepsy in mice, perforant pathway 
stimulation-induced hippocampal injury in mice produces epilepsy without producing granule cell dispersion.76 

Thus, the pathophysiological implications of granule cell dispersion, if any, remain to be clarified.
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THE LATENT PERIOD AND EPILEPTOGENESIS
The belief that all status epilepticus models exhibit a silent post-injury “latent period” during which seizures do 
not occur33–36 is no longer tenable, for reasons cited above.31,37–41,57 Although there is no delay between 
injury and epilepsy after prolonged status epilepticus in animals, and a similar lack of any detectable latent 
period has been reported after prolonged status epilepticus in humans,77 delays in the appearance of clinical 
seizures after injury usually exist.34,57,78 Why do seizures sometimes develop in humans immediately after 
injury, but in other cases, only after years or decades? Unfortunately, estimates of the latency to the appearance 
of clinical epilepsy are inherently unreliable because they are almost always based on the time that elapses 
between a presumed injury and the observation of a significant behavioral event.78 This is understandable, as the 
proper metric, i.e. the time of onset of the first focal epileptiform discharges, cannot be determined. For example, 
should a patient who has experienced a clinically unrecognized “aura” for thirty years, prior to a first clinical 
seizure, be regarded as having had epilepsy ever since the first aura, or only after the first clinical seizure has 
been observed and recognized? That is, does “epileptogenesis” really take thirty years to mature in this case, with 
the 30 year-long period of subclinical auras considered to be a “pre-epileptic” state during which a single 
epileptogenic process was slowly maturing? From a neurobiological perspective, the important event for the 
concept of epileptogenesis would seem to be the first onset of epileptiform discharges that produced the first 
aura (a focal seizure), regardless of whether the first discharges spread sufficiently to disrupt behavior or 
consciousness, and become clinically obvious. We contend that delays in the appearance of clinical seizures 
following brain injuries have been inferred incorrectly to indicate that “epileptogenesis” is a specific and 
progressive unitary process that is as long in duration as the time it takes for generalized or clinically obvious 
seizures to appear and be recognized. Clearly, the calculated latent period cannot reflect the length of 
“epileptogenesis” if the time to the appearance of the first epileptiform discharges cannot be accurately assessed. 
Regardless, recent results indicate that highly experimenter-controlled hippocampal injuries consistently 
produce immediate hippocampal epileptogenesis that is coincident with initial neuron loss.41

Based on our most recent studies,41,44 we suggest that acquired temporal lobe epilepsy involves a relatively 
straightforward two-stage process. First, an injury causes changes that result in spontaneous principal cell 
epileptiform discharges, which are presumably subclinical in most cases. This stage (“epileptogenesis”) might be 
most effectively impeded in the immediate post-injury period by a neuroprotective treatment that minimizes the 
extent of initial neuron loss, some of which is delayed,42 and may be initially susceptible to treatment. Second, 
subclinical discharges increase gradually in duration, and invade and recruit other neuronal populations that act 
initially as barriers to seizure spread, ultimately causing clinical epilepsy, which includes subtle focal seizures.41 

This distinct second phase (“epileptic maturation”) might be most effectively targeted by treatments that retard 
the kindling process, or that interfere with pro-epileptic secondary processes such as glial abnormalities, 
neurogenesis, synaptic reorganization, altered receptor expression, etc.

A “GRID CELL” HYPOTHESIS OF TEMPORAL LOBE 
EPILEPTOGENESIS
The data discussed above regarding the possible epileptogenicity of damage in the entorhinal cortex and dentate 
gyrus permit a conceptual synthesis that may have implications for thinking about temporal lobe 
epileptogenesis, and devising strategies to prevent it. If all animals subjected to a uniform insult exhibit 
pathological changes that closely resemble the human neurological condition, and if all of these animals exhibit 
spontaneous, hippocampal-onset seizures that develop without delay,41 then epilepsy in these animals is the 
likely result of the immediate effects of injury, rather than being the result of delayed secondary processes that 
develop after the animal is already epileptic.41,57
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If hippocampal injury causes immediate granule cell hyperexcitability, and no recurrent excitatory connections 
are necessary for epileptiform discharges to occur, why do granule cells spontaneously generate only brief 
intermittent seizure discharges and behavioral seizures,41 rather than continuous epileptiform discharges and 
status epilepticus? We hypothesize that some of the answers may lie in the nature of incomplete hilar and 
entorhinal cortex neuron loss, and the behavior of Layer II entorhinal neurons, which form the main excitatory 
input to the dentate granule cells.79 Layer II entorhinal cortical neurons (EC2) are hyperexcitable following 
status epilepticus,46 presumably as a consequence of cell loss in the adjacent Layers III (EC3) and V 
(EC5)43,80,81 or other closely related nuclei. Recent studies in normal animals have shown that EC2 neurons 
constitute a system of “grid cells,” in which individual EC2 neurons form an environment-independent spatial 
coordinate system.82,83 These “grid cells” normally discharge strictly independently in a spatial environment, 
and exhibit discrete inhibitory surrounds.82 Apparently, the independent firing patterns of EC2 grid cells 
constitute a universal map of the spatial environment, and these grid cells feed this information to their target 
cells in the dentate gyrus.84 We predict that the pathology reliably produced in the EC3 and EC5 layers by 
prolonged convulsive- or non-convulsive status epilepticus41,43,44 reduces the size of the grid cell inhibitory 
surround and decreases the location-based specificity of EC2 neuron discharges. EC2 neuron hyperexcitability 
may occur as a result of the loss of EC3 and EC5 neurons, which normally influence EC2 neurons.85 Loss of EC2 
neuronal inhibition would cause EC2 pyramidal cells to coalesce functionally, to disrupt the “grid” function that 
establishes normal spatial memory, and to generate abnormal synchronous discharges that propagate directly to 
the granule cell layers.86 Therefore, we would predict that after extensive stimulation-induced injury of hilar 
neurons and EC3 and EC5 cells,41,44 EC2 grid cells should lose their inhibitory surrounds and their spatial 
separation immediately, and begin to generate synchronous discharges that cause the spontaneous granule cell 
layer depolarizations, population spikes (apparent biomarkers of imminent epileptiform discharges), and 
epileptiform discharges that we have consistently recorded in awake rats prior to each granule cell-onset seizure 
(Figure 1).41,44 Changes in the GABAergic projection from entorhinal cortex to hippocampus87 might also 
affect hippocampal excitability.

CONCLUSION
In summary, we suggest that acquired temporal lobe epileptogenesis involves two causal pathologies: 1) 
extensive hilar neuron (mossy cell) loss, which reduces translamellar granule cell inhibition,20 causing granule 
cell hyperexcitability to afferent input,29,32 and; 2) entorhinal cortex damage, which causes a loss of functional 
separation in Layer II “grid cells,” resulting in abnormal and synchronous excitation of disinhibited granule cells, 
which generates spontaneous granule cell-onset seizures.32,41,44 We hypothesize that widespread brain damage, 
such as that caused by prolonged convulsive status epilepticus, can result in immediate clinical epilepsy in both 
rats and humans41,77 because all cortical and subcortical barriers to the spread of focal seizures are damaged or 
functionally altered by the initial insult. Conversely, after more limited injury in the entorhinal cortex and hilus, 
it may take time for EC2 neurons to begin to generate abnormal discharges. Once begun, it may require 
additional time for entorhinal discharges to overcome granule cell inhibition that remains as a result of 
incomplete hilar neuron loss. Thus, granule cell seizures would not start until the entorhinal cortex generates 
abnormal discharges capable of overcoming granule cell inhibition and evoking granule cell epileptiform 
activity. From this perspective, the inhibitory effects of mossy fiber sprouting may establish or extend the latency 
to the first granule cell-onset seizures by making granule cells more resistant to generating their first epileptiform 
discharges.30,31,45

A post-injury delay of the first spontaneous granule cell discharges, plus additional time needed to recruit 
hippocampal pyramidal cells and to overcome downstream barriers to seizure spread, could explain a prolonged 
period of subclinical focal discharges that precedes the appearance of clinical, life-disrupting seizures. The 
hypothesis that the progression from subclinical- to clinical epilepsy involves a time-consuming kindling 
process88 that should be targeted in the immediate post-injury period41,44 is not original, but wholly consistent 
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with the ideas of Graham Goddard, which were cogently summarized in Goddard’s obituary by Frank Morrell.89 

Thus, we suggest that two mechanisms should be primary targets for pharmacological treatment: 1) initial 
neuron loss, which has a delayed component42 that may constitute a therapeutic window that remains open for 
several days, and 2) a kindling process,88 interruption of which could, at least theoretically, extend the latent 
period to clinical seizures indefinitely, even if epileptogenic neuron loss cannot be substantially reduced.

In addition to the need for experimental resolution of a variety of issues using animal models that reliably 
involve hippocampal epileptogenesis, it may also be worth considering that the terms “epileptogenesis,” “latent 
period,” and “kindling” are names of concepts created by the human mind, rather than being real and readily 
definable or identifiable neurobiological entities.90 Giving the name “epileptogenesis” to a probably 
multifactorial process of unknown nature has implications for how we think about that process, and implies that 
it is something singular that can be prevented or aborted if only “it” can be identified. Similarly, the term “latent 
period” is a conception that confers significance on an ill-defined time period with an uncertain beginning and 
an unknown maturation date.34,57 The use of the term “latent period” has significant implications for the 
importance we ascribe to a perceived interval during which nothing is observed. Clearly, an inability to hear a 
distant conversation is not evidence that nothing has been said. Given these considerations, the clarity of the 
discussion of the process that causes the brain to generate abnormal synchronized discharges for the first time 
(“epileptogenesis”), and of the secondary processes that enable focal epileptiform discharges to spread and 
become clinically detectable (“epileptic maturation”), might benefit from referring to the neurobiological 
processes themselves, rather than using created names applied to difficult-to-define subjective conceptions of 
those processes.90

Finally, given that many endogenous homeostatic mechanisms normally limit excitation, epilepsy may be viewed 
as an unusually powerful network defect that, once established, cannot be completely suppressed by any 
combination of homeostatic mechanisms, and cannot be easily controlled pharmacologically. If any 
pharmacological intervention can successfully interfere with the processes of “epileptogenesis” and “epileptic 
maturation,” the combination of a neuroprotective compound and an anti-kindling compound in the immediate 
post-injury period, followed by long-term treatment with an anti-kindling compound alone, might be the most 
logical treatment approach.
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