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The Time Course and Circuit Mechanisms of Acquired 
Epileptogenesis
F. Edward Dudeka and Kevin J. Staleyb,*

Identification of the critical molecular and cellular mechanisms that lead to acquired epilepsy depends on an 
understanding of the time course of the development of spontaneous recurrent seizures after a brain injury. 
Here, the temporal characteristics of acquired epilepsy were studied using nearly-continuous video-
electrographic (EEG) recordings in (1) kainate-treated rats, a model of temporal lobe epilepsy, and (2) rats 
subjected to unilateral carotid occlusion with superimposed hypoxia at postnatal day 7, a model of perinatal 
stroke. The data do not support the hypothesis that epileptogenesis is a step function of time after injury; rather, 
epileptogenesis appears to be a continuous process that starts at the time of the brain injury and extends well 
past the first spontaneous clinical seizure. Histopathological and electrophysiological data strongly support two 
hypothetical mechanisms that are probably important for acquired epileptogenesis: (1) the selective loss of 
specific, vulnerable, GABAergic interneurons, and (2) axon sprouting and the progressive formation of new 
recurrent excitatory circuits. These circuit mechanisms may contribute to the latent period and the progressive 
increase in the frequency and severity of spontaneous recurrent seizures characteristic of acquired epilepsy, 
which may be an important consideration in the development of strategies to suppress epileptogenesis after 
brain injury.

In order to develop and test possible therapeutic strategies for preventing or suppressing epileptogenesis, the 
temporal features of acquired epilepsy and its underlying mechanisms must be understood. These temporal 
features include the frequency, duration, and cortical extent of spontaneous seizures; this review focuses 
primarily on seizure frequency. Traumatic brain injury, stroke, status epilepticus, and infection/inflammation are 
some of the major causes of acquired epilepsy. The spontaneous recurrent epileptic seizures of acquired epilepsy 
usually occur after a latent period following the injury, and in at least some patients, the epilepsy is progressive 
(i.e., the seizures become more frequent and severe). Nearly all patients receive antiepileptic drugs (AEDs) after 
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one or a few clinical seizures. Therefore, quantitative analyses of the temporal features of acquired 
epileptogenesis, independent of the effects of AEDs, cannot be studied in humans. Animal models of acquired 
epilepsy can circumvent this problem. The research summarized here analyzed the development of spontaneous 
recurrent seizures (1) in kainate-treated rats,1 an animal model of temporal lobe epilepsy, and (2) in rats 
subjected to hypoxic-ischemic brain damage at postnatal day 7, a model of perinatal stroke.2–4

Many mechanisms have been hypothesized to account for epileptogenesis after brain injury. Numerous studies 
have focused on molecular and cellular changes during the latent period (the time from brain injury to the first 
clinical seizure), which has been thought to mark the duration of epileptogenesis; however, whether the first 
clinical seizure actually signals the completion of epileptogenesis, or whether epileptogenesis continues well 
beyond the first seizure is unknown. The frequency and pattern of spontaneous recurrent seizures as a function 
of time after the brain injury defines the time course of epileptogenesis, and this information is fundamental to 
an understanding of the mechanisms of acquired epilepsy. This time course, which is essentially the natural 
history of acquired epilepsy, places constraints on the hypothetical mechanisms that contribute to 
epileptogenesis after brain injury. The present chapter uses information on the time course of acquired 
epileptogenesis to evaluate hypotheses regarding the underlying mechanisms of epilepsy. Our focus is primarily 
at the level of neuronal circuits and synaptic reorganization: selective loss of specific, vulnerable, GABAergic 
interneurons and the progressive formation of new recurrent excitatory circuits after axonal sprouting. We 
propose that these two mechanisms may account for – or at least contribute to - the time course of injury-
induced epileptogenesis.

TWO MODELS OF ACQUIRED EPILEPSY
Most research using animal models of temporal lobe epilepsy that have spontaneous recurrent seizures are based 
on status epilepticus; some of the studies described in this chapter used an animal model where status 
epilepticus was induced with repeated low-dose injections of kainate.5–8 In the second animal model of acquired 
epilepsy, hypoxic-ischemic brain injury was induced in immature rats2,3,9 as an animal model of perinatal 
stroke, which is an important cause of intractable epilepsy in children.10,11 Use of this model allowed 
determination of the time course of the development of spontaneous recurrent seizures after perinatal brain 
injury.4 These two animal models are quite different, but both of them show clear brain damage with neuronal 
death, and they both unequivocally develop epilepsy, which is manifest as readily documentable electrographic 
and behavioral seizures. Finally, a reduced in vitro preparation, the organotypic slice preparation, has been used 
to model post-traumatic epileptogenesis.12,13 Advantages of this model are the compressed two-week time scale 
over which epileptogenesis occurs, and the isolation from other brain centers and systems, such as the blood 
brain barrier and immune system, which might influence epileptogenesis.

THE TIME COURSE OF ACQUIRED EPILEPTOGENESIS

The Progressive Nature of Acquired Epilepsy
The question of whether acquired epilepsy is progressive is important and longstanding. One view, as introduced 
above, is that acquired epilepsy (e.g., temporal lobe epilepsy) starts after a latent period, and subsequent seizure 
frequency and severity are variable but not necessarily progressive over time (i.e., the step-function hypothesis, 
Figure 1A1). Another perspective is that acquired epilepsy is progressive; however, technical difficulties in 
measuring seizure frequency and severity (e.g., long-term, continuous recordings to account for seizure clusters) 
make it difficult to assess whether acquired epilepsy is progressive (i.e., the continuous-function hypothesis, 
Figure 1A2). This issue is virtually impossible to evaluate directly in humans, because patient-reporting of 
seizures is inaccurate and human patients are routinely treated with AEDs.14 Human temporal lobe epilepsy 
often seems to be progressive, based on clinical15–18 and MRI data.19–21 Evidence of ongoing neuronal death in 
tissue resected for intractable epilepsy also supports this hypothesis.22,23 In animal models, prolonged and 
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virtually continuous EEG recordings are required to determine whether the frequency and severity of 
spontaneous recurrent seizures increases in every animal. Bertram and Cornett,24,25 who obtained extensive 
chronic recordings from rats with electrically-evoked status epilepticus, found that subsequent spontaneous 
recurrent seizures occurred with variable frequency; however, seizure frequency generally increased over time 
and appeared to plateau after several months. When averaged across many kainate-treated rats, Hellier and 
collaborators6 found that behavioral seizure frequency clearly increased as a function of time for nearly a year. 
After electrically induced status epilepticus (i.e., stimulation of the amygdala), video-EEG recordings every other 
day showed increased seizure frequency when assessed in 2-week epochs for 6 months.26 With a similar model, 
but involving electrical stimulation of the angular bundle, Gorter and colleagues27 observed a progressive 
increase in seizure frequency in most rats, although some rats appeared non-progressive. After kainate-induced 
status epilepticus,1 nearly continuous radiotelemetric recordings showed a progressive increase in seizure 
frequency (Figure 1B1). The temporal pattern was highly variable across animals, but all animals (n=9) showed a 
progressive increase in seizure frequency over the duration of the study (i.e., about 100 days) and the group data 
could be fit with a sigmoid curve. Based on examination of the data from individual rats in the study of Williams 
and coworkers,1 the animals from the report by Gorter and coworkers27 that appeared non-progressive might 
have had a progressive increase in seizure frequency if more prolonged seizure monitoring had been undertaken; 
on the other hand, it is possible that some animals may not show a progressive worsening of the epilepsy after 
brain injury. In an animal model of perinatal stroke, however, every animal with a lesion developed progressive 
epilepsy where seizure frequency increased over time (Figure 1B1).3,4 Notably, without virtually continuous 
recording for many months, seizure clusters and a low overall seizure rate would have obscured the consistent 
increase in seizure frequency. Thus, rats with either epilepsy after kainate-induced status epilepticus during 
adulthood or after a hypoxic-ischemic insult at postnatal day 7 showed a progressive increase in seizure 
frequency when recorded continuously over study durations lasting at least a few months.

The Latent Period and the Duration of Epileptogenesis
The latent period, which is generally defined as the time from a brain insult to the first clinical seizure (Figure 
1A), is clearly one of the most intriguing concepts in epilepsy research. In humans, it has been reported to range 
from a few weeks to many years.28 Bertram and Cornett24,25 reported that non-convulsive seizures always 
preceded the first convulsive seizure; the data in the report of Williams and coworkers1 support this conclusion. 
Although the first convulsive seizures were detected at roughly 2 weeks after kainate-induced status epilepticus, 
non-convulsive EEG seizures first occurred at about 7 days. Furthermore, several non-convulsive EEG seizures 
usually preceded the first convulsive seizure in this study.1 The studies from these two research groups (and 
others) raise the possibility that in humans thought to have had latent periods of many years, unrecognized 
subclinical seizures may have preceded the first convulsive seizures. When examined in more quantitative detail, 
the longest inter-seizure intervals for the first 20 seizures in the work of Williams and coworkers1 were only 
slightly less than the latent periods for the first electrographic non-convulsive seizures. This result, and other 
data, suggest that the latent period can be viewed as the first of many long inter-seizure intervals (i.e., inter-
cluster intervals), and that epileptogenesis per se involves a smooth and continuous increase in seizure 
probability over time after the brain injury (Figure 1A2 and 1B). Measurements of the latent period are actually 
quite difficult; first, because the latent period is the time of an asymptotic departure from a baseline; and, second, 
because determination of the latent period requires continuous recording from the brain insult to the first 
convulsive seizure. Thus, although the latent period is a genuine phenomenon, it may be best viewed as the 
initial phase of a continuous process. The continuous nature of epileptogenesis is often obscured by variable 
seizure frequency and the occurrence of seizure clusters. Therefore, quantitative assessments of acquired 
epileptogenesis may be accomplished more accurately by long-term measures of seizure frequency than by 
measurement of the latent period.
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Figure 1. Time course of acquired epileptogenesis after brain injury. (A) Schematic diagrams of the step-function and continuous-
function hypotheses of the time course of acquired epileptogenesis. (A1) The step-function hypothesis proposes a seizure-free period 
after the initial brain injury (i.e., the latent period, with no epilepsy) and then the occurrence of spontaneous recurrent seizures (i.e., 
epileptic). The step-function hypothesis would indicate that the mechanisms of seizure generation are mature when the first seizure 
occurs. (A2) The continuous-function hypothesis proposes that seizure probability increases progressively after a brain injury. The 
hypothesis predicts an exponential increase in seizure probability or frequency followed by the development of a steady state. With the 
continuous-function hypothesis, the mechanisms responsible for generation of spontaneous seizures are not completely developed 
when the first seizure occurs, and seizure rate continues to increase as epileptogenesis progresses. Modified from Williams and 
coworkers.1 (B) Analyses of seizure frequency as a function of time after brain injury. (B1) Seizure frequency after kainate-induced 
status epilepticus. Seizure frequency increased as a function of time after kainate treatment (n=9), which was best described by a 
sigmoid curve. Previous data with this model suggest that most rats do not reach a steady state in seizure frequency for several 
months,6 but some animals ultimately have such a high seizure frequency that they are often in status epilepticus. Reprinted with 
permission from Williams and collaborators.1 (B2) Continuous video-EEG monitoring in rats subjected to hypoxia-ischemia at 
postnatal day 7 (P7) revealed an increase in seizure frequency and severity over time. The rats were implanted at 2 months and at >6 
months. The data were from 10 hypoxia-ischemia treated epileptic rats studied over an 11-month period with a best-fit exponential 
growth curve (dotted line) and sigmoid curve (solid line). The sigmoid curve showed the best fit for the data. Reprinted with 
permission from Kadam and coworkers.4
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CIRCUIT MECHANISMS AND SYNAPTIC REORGANIZATION

Synaptic Reorganization
Acquired epilepsy may involve a wide range of mechanisms, including alterations in neurotransmitter receptors 
(e.g., GABAA receptors) and/or voltage-dependent currents (e.g., sodium channels). Although other systems 
may contribute to the time course of epileptogenesis, the progressive nature of this process in reduced 
preparations12,13 supports the idea that local circuit alterations are sufficient to induce epilepsy. While local 
alterations in ligand- and voltage-gated channels may well be important, this chapter focuses on alterations in 
local synaptic circuits (i.e., synaptic reorganization). Two hypothetical mechanisms (also see review by Ben-Ari 
and Dudek29) that have been studied extensively are: 1) death of GABAergic interneurons and consequent 
decreases in GABA-mediated inhibition (Figure 2A); and 2) axon sprouting with subsequent increases in 
recurrent excitation (Figure 2B). The first mechanism involves a rapid loss of GABAergic interneurons after 
status epilepticus or other injuries, but interneurons may also continue to die during epileptogenesis. A 
mechanism that has gained considerable attention because it would be expected to require time to occur is 
axonal sprouting and subsequent formation of new excitatory (and inhibitory?) synaptic circuits; this time-
dependence could thus account for or contribute to the initial latent period and subsequent progression of 
epilepsy.

Loss of GABAergic Interneurons
Experiments based on several independent morphological and physiological techniques in human tissue and 
animal models of acquired epilepsy support the hypothesis that a modest loss of specific GABAergic 
interneurons is associated with epileptogenesis (Figure 2A). Immunohistochemical and in situ hybridization 
techniques have shown that a relatively small number of specific types of GABAergic interneurons are lost in 
both hippocampal and cortical areas5,27,30–32. Several laboratories have used whole-cell recordings of miniature 
inhibitory postsynaptic currents (mIPSCs) to test more specifically the hypothesis of a loss of interneuron input 
to granule cells33,34 and CA1 pyramidal cells;35 these studies have generally found that the frequency of mIPSCs 
is reduced (Figures 3 and 4), which supports the hypothesis of a reduction of inhibitory GABAergic synaptic 
terminals (i.e., loss of GABAergic interneurons). Other interpretations of these data, such as reduced release 
probability, are possible but not congruent with the anatomical findings. Notably, these studies have not found 
reductions in the amplitude of mIPSCs (Figures 3 and 4), thus suggesting that alterations in GABAA receptors 
do not contribute substantially to decreases in GABAergic inhibition during epileptogenesis, at least under these 
conditions. This approach has its limitations, but it uses tetrodotoxin to block action potential-mediated activity 
and is independent of the problems of extracellular stimulation (e.g., activation of fibers-of-passage; changes in 
action potential threshold between control and experimental groups, etc.); thus, the number of confounding 
variables is reduced. Therefore, the evidence from experiments on several animal models from multiple 
laboratories suggests that epileptogenesis is associated with a modest but significant loss of specific types of 
vulnerable interneurons in the dentate gyrus and CA1 area of the hippocampus and in other areas, which in turn 
is manifest as a reduction of GABAergic inhibition. The reduction in GABAergic inhibition may be more robust 
early in the course of epileptogenesis, and at least partially resolve by the time of the first seizure.33 For example, 
sprouting of GABAergic interneurons may at least partially restore inhibition.36 Other mechanisms of 
disinhibition, such as reductions in the transport systems that maintain an inhibitory gradient for GABA-
mediated chloride currents, may also contribute to epileptogenesis.37–39

Axon Sprouting and Increased Recurrent Excitation
The concept of synaptic reorganization was initially based on the observation of “mossy fiber sprouting” and the 
associated hypothesis of increased recurrent excitation during acquired epileptogenesis, which has led to many 
studies aimed at exploring its potential role in temporal lobe epilepsy. One reason for the interest is that several 
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Figure 2. Hypothetical changes in local synaptic circuits during epileptogenesis. (A) Loss of specific interneurons and decreased 
GABAergic inhibition in the hippocampus during epileptogenesis. Schematic diagram showing hippocampal pyramidal cells and 
interneurons under normal conditions (A1) and after epileptogenesis (A2) has occurred. The diagrams illustrate the hypothesis that 
during epileptogenesis, some but not all interneurons are lost. (B) Axon sprouting and increased recurrent excitation in the 
hippocampus during epileptogenesis. The diagrams show pyramidal cells under normal conditions (B1) and after axon sprouting 
associated with epileptogenesis (B2). The diagrams illustrate the hypothesis that although recurrent excitation is normally present 
among some pyramidal cells before epileptogenesis, recurrent excitation increases during epileptogenesis. Reprinted with permission 
from Ben-Ari and Dudek.29
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laboratories had reported Timm stain in the inner molecular layer of the dentate gyrus of patients with 
intractable temporal lobe epilepsy.40–43 This phenomenon is present in numerous animal models, including 
pilocarpine- and kainate-treated rats and the kindling model (see 44,45 for review). Several types of 
electrophysiological and ultrastructural data strongly suggest that nearly all of the new mossy fiber connections 
are excitatory (see 44,45 for review). For example, hilar or perforant path stimulation can evoke long-latency 
EPSPs with prolonged spike bursts several months after status epilepticus, particularly when slices from rats with 
chronic epilepsy are bathed in GABAA receptor antagonists and/or high potassium; in similar experiments on 
slices from control animals, comparable electrical stimulation only evokes an EPSP and/or a single action 
potential.46–51 The rationale for performing these experiments during blockade of GABAA mediated inhibition 
is not only because of previous work showing that GABA-mediated inhibition has a “masking” effect on 
recurrent excitation,52–55 but also because this procedure controls at least partially for epileptogenesis-
associated differences in GABA-mediated inhibition (see above). Electrical stimulation, however, activates 
axons-of-passage. Experiments using glutamate microdrops48,51 or focal photoactivation of caged 

Figure 3. Examples of spontaneous and miniature inhibitory postsynaptic currents (sIPSCs and mIPSCs) recorded from granule 
cells of the dentate gyrus in rats >3 months after saline (A) or kainate treatment (B). The upper traces are recordings of sIPSCs for 
18 min (A) and 15 min (B). The lower traces are expansions of the boxed parts of the recordings in the upper traces, which show 
sIPSCs (1 and 2) and mIPSCs (3 and 4). Bicuculline (Bic) blocked these currents, confirming that they were GABAergic. Reprinted 
with permission from Shao and Dudek.34
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glutamate,56,57 which does not stimulate fibers-of-passage, have provided more direct evidence for the 
formation of new recurrent excitatory circuits. Dual intracellular recordings have further supported the 
hypothesis that mossy fiber sprouting in rats with pilocarpine-induced epilepsy is associated with an increase in 
monosynaptic recurrent excitatory connections among dentate granule cells.58 Quantitative ultrastructural 
studies also indicate that new excitatory synapses connect primarily to dentate granule cells versus 
interneurons.59,60 Newborn granule cells from seizure-induced neurogenesis in the dentate gyrus may play an 
important role in synaptic reorganization, at least in the dentate gyrus.61,62

Although mossy fiber sprouting and synaptic reorganization may be particularly important in the dentate gyrus, 
axon sprouting and the formation of new recurrent excitatory circuits is probably a widespread response to brain 
damage in many areas of the hippocampus and neocortex during epileptogenesis. Numerous studies have 
reported morphological and electrophysiological data that axonal sprouting (Figure 5A) and enhanced recurrent 

Figure 4. Changes in the amplitude and frequency of sIPSCs and mIPSCs during acquired epileptogenesis in kainate-treated rats. 
(A) Summary of the data on mean IPSC amplitudes in rats 4–7 days versus >3 months after kainate treatment. (A1) Although the 
mean sIPSC amplitude in rats 4–7 days after kainate treatment was not significantly different from controls, mean mIPSC amplitude 
showed a significant increase in amplitude. (A2) Both sIPSC and mIPSC amplitudes in rats >3 months after kainate treatment were 
similar to those of controls. (B) Summary of the data on mean mIPSC and sIPSC frequency in rats 4–7 days compared >3 months after 
kainate treatment. (B1) Mean sIPSC frequency in rats 4–7 days after kainate treatment were similar to those from the saline groups, but 
the mean mIPSC frequency of the kainate-treated rats was significantly lower than in the controls. (B2) At >3 months after saline or 
kainate treatment, mean sIPSC frequencies were similar, but mean mIPSC frequencies were reduced in the kainate-treated rats. The 
sIPSC frequency was not significantly different in any of the four groups, and the two control groups in B1 and B2 had similar mIPSC 
frequencies. Reprinted with permission from Shao and Dudek.34
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excitation (Figure 5B) occur in the CA1 area during epileptogenesis.63–68 The CA1 area of the hippocampus is 
highly vulnerable to excitotoxic neuronal death, and loss of neurons in CA1 is a classic marker of mesial 
temporal sclerosis. Synaptic reorganization in the CA1 area may reflect the type of morphological and functional 
changes that occur in many areas of the limbic system, possibly early in the epileptogenic process in humans. 
Many forms of acquired epilepsy in addition to temporal lobe epilepsy, including the epilepsy that occurs after 
perinatal and adult stroke2,4,69 and traumatic brain injury,70 are likely to be a network phenomenon, with at 
least two reorganizational mechanisms - - the loss of vulnerable interneurons along with axon sprouting of 
principal cells followed by formation of new recurrent excitatory circuits.

POSSIBLE CONCLUSIONS
The spontaneous recurrent seizures after a brain injury, which define acquired epilepsy, typically worsen in terms 
of seizure frequency and severity. Although this result has not always been seen in previous work, quantitative 
analyses of long-term continuous recordings are often required to detect progression. Studies of this type in the 
kainate model1 and in a model of perinatal stroke4 have provided clear evidence of progressive epilepsy in 
virtually all of the animals that were studied. Axonal sprouting and formation of new recurrent excitatory 
circuits is well-known to be a progressive process, and this mechanism could be the basis for the progressive 
changes that occur in these and other models. Selective interneuron loss may also be progressive and an 
important part of the changes that lead to progressive epileptogenesis. Considerable research has targeted the 
dentate gyrus, but similar mechanisms have been identified in many temporal structures and even in neocortical 
areas after brain injury (e.g., status epilepticus and perinatal stroke). Acquired epileptogenesis therefore appears 
to be a slow, time-dependent process (Figure 1A2 and B), rather than a simple step-function (Figure 1A1) with a 
discrete latent period defining the boundaries of epileptogenesis;1,4 synaptic reorganization defined by 
interneuron loss and the formation of sprouting-induced recurrent excitation may be an important component 
of acquired epilepsy that contributes to its natural history and progressive characteristics.
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