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Cellular Mechanisms of Epilepsy: 
A Status Report 

The cellular phenomena underlying focal epilepsy are 
currently understood in the context of contemporary 
concepts of cellular and synaptic function. Interictal dis- 
charges appear to be due to a combination of synaptic 
events and intrinsic currents, the exact proportion of 
which in any given neuron may vary according to the 
anatomic and functional substrate involved in the epilep- 
tic discharge and the epileptogenic agent used in a given 
model. The transition to seizure appears to be due to 
simultaneous increments in excitatory influences and dec- 
rements in inhibitorv ~rocesses-both related to freauen- 

i l 

cy-dependent neuronal events. A variety of sp'ecific 
hypotheses have been proposed to account for the in- 
creased excitability that occurs during epileptiform activi- 
ty. Although each of the proposed mechanisms is likely to 
contribute significantly to the epileptic process, no single 
hypothesis provides an exclusive unifying framework 
within which all kinds of focal epilepsy can be understood. 
The spread of epileptic activity throughout the brain, the 
development of primary generalized epilepsy, the exis- 
tence of "gating" mechanisms in specific anatomic loca- 
tions, and the extrapolation of hypotheses derived from 
simple models of focal epilepsy to explain more complex 
forms of human epilepsy, all are not yet fully understood. 

T HE EPILEPSIES ARE A FAMILY OF NEUROLOGICAL DISOR- 

ders that have in common a transient, recurrent, self-sus- 
tained interruption of normal brain functions and a simulta- 

neous hypersynchronous activation of a large population of neurons 
in one focal area or generally throughout the brain. Attempts to 
understand epilepsy have always been based on prevailing concepts 
of central nervous system (CNS) physiology, and over many years, 
advances in understanding CNS function have provided progres- 
sively more sophisticated hypotheses to explain epileptic activity. In 
this article we examine the hypotheses that have been proposed and 
discuss the data supporting them, distinguishing evidence derived 
from studies of epileptic models from arguments based on extrapola- 
tions from normal cellular physiology. This article also indicates 
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areas in which important information is still lacking and attempts to 
relate current hypotheses about cellular mechanisms of focal epilepsy 
to the larger context of a network analysis of epilepsy in other kinds 
of models and, where possible, the phenomenology of human 
epilepsy. 

One of the most influential early conceptual models of epileptic 
mechanisms, based on clinical and electroencephalographic (EEG) 
observations, postulated that epilepsy existed in two broad forms- 
focal or partial epilepsy due to a discrete cortical abnormality and 
generalized or centrencephalic epilepsy due to an abnormality in 
deep subcortical gray matter. It was suggested that the paroxysmal 
activity of the latter type invaded the forebrain through neuronal 
structures with diffuse projections (1). This model implied (i) that 
the generalization of a seizure initiated at a cortical focus would 
occur when the cortical paroxysmal activity spread to these deep 
structures and (ii) that the primary generalized form of epilepsy was 
also the expression of a "focal" activity localized in deep structures. 
Many different kinds of experimental models that reproduced the 
two hallmarks of these forms of human epilepsy, clinical convulsions 
and EEG "spikes," were used to study the roles of different brain 
structures and anatomic pathways in the development and spread of 
epileptiform activity. 

Modern research into the cellular mechanisms of epilepsy began 
30 years ago when extracellular and intracellular recordings from the 
vertebrate CNS became possible and, more importantly, the mecha- 
nisms underlying neuronal excitability and synaptic functions began 
to be unraveled (2). Research was concentrated on models of 
cortical focal epilepsy, both acute and chronic, as these provided 
scientists with a clear target for their microelectrodes and anatomic 
probes, and these models appeared to represent several components 
of the human condition. The goals were to understand the altered 
physiology of individual neurons or synaptic function that underlies 
the regional epileptiform activity, with the hope of developing 
pharmacological tools that could be used to suppress the abnormal 
activity. By 1970, the phenomena that occur in neurons within these 
experimental foci during cortical interictal discharges and seizures 
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had been described and hypotheses were developed to explain them, 
based on contemporary knowledge of neuronal and synaptic func- 
tion (3-11). These hypotheses defined the direction of much of 
epilepsy research over the last 15 years, during which new tech- 
niques in cellular neurephysiology, neuropharmacology, and bio- 
physics provided a much more detailed view of intrinsic membrane 
wents and synaptic mechanisms. As a consequence of this new 
information, the original hypotheses about the mechanisms underly- 
ing interictal discharges and seizures have been progressively ex- 
panded and refined. However, the study of epilepsy has also become 
more reductionist, and, although elegant analyses are being per- 
formed on a few epilepsy models, questions continue to arise about 
the relevance of these experimental models to human epilepsy and 
about mechanisms underlying other forms of epilepsy, such as 
generalized epilepsy, about which much less is known. 

Much effort, over the past two decades, has been spent on 
developing a single "unified" hypothesis about the cellular mecha- 
nisms of epilepsy. As new mechanisms of normal membrane or 
synaptic hnction have been uncovered, they have been used as keys 
to understanding the epilepsy puzzle, creating, over the years, a 
pattern of "trendy'! theories. For example, hypotheses that empha- 
sized the "epileptic neuron," the synaptic aggregate, y-aminobutyric 
acid (GABA), endogenous bursting neurons, extracellular potassi- 
um or calcium, and N-methyl-D-aspartate (NMDA) receptors have 
been proposed as the key to understanding epilepsy. This article will 
attempt to place each of these elements into the context of an 
integrated view of mechanisms underlying epileptiform phenomena 
as they are seen from the perspective of the experimental and clinical 
neurophysiologist. 

Experimental Focal Epilepsy in Vivo 
The EEG hallmarks of focal epilepsy both in animal models and in 

human epilepsy are the ictal, or seizure, discharge and the interictal 
spike discharge (ID). The EEG spike most often represents an 
electrophysiological marker for a hyperexcitable area of cortex and 
arises in or near an area with a high epileptogenic potential. As such, 
it has been considered the earliest and simplest electrical manifesta- 
tion of the epileptic process and has been the target of extensive 
investigations. In some forms of epilepsy, seizure discharges can be 
seen to originate electrically and anatomically from the site of spike 
discharges, and the transition between spikes and seizures has been 
analyzed in these simple models. In other forms of epilepsy, 
however, the exact relation between spike discharge and the onset 
and localization of seizure discharges has been more difficult to 
determine. We will first review our current understanding of the 
simple focal seizure models, where ID and seizures seem most 
closely related, and then discuss our current understanding of other 
forms of seizure phenomena. 

In acute focal epilepsy, during the ID, thousands of neurons in 
the focus synchronously undergo an unusually large depolarization 
(the depolarizing shift or DS), superimposed on which is a burst of 
action potentials. The DS is followed by a hyperpolarizing potential 
(the post-DS HP)  and neuronal inhibition (3-11). In areas sur- 
rounding the focus, many neurons are inhibited during the ID (7, 
12). In distant projection areas, neurons can be excited briefly but 
more often are inhibited during the ID, according to their synaptic 
interactions (13). Axons that end within the focus generate action 
potentials, which can "backfire" and propagate antidromically (14). 
In addition, during the ID, at the site of the focus, extracellular 
levels of K+ increase and levels of Ca2+ decrease, presumably 
because of exit of K+ from and entry of Ca2+ into neuronal 
processes during the intense neuronal activity (15-17). 

When seizures develop, at least in the acute focus, the neurons 
show a characteristic sequence of events: the post-DS H P  becomes 
smaller, gradually disappears, and is replaced by a depolarization, on 
top of which are smaller depolarizing waves that resemble small DSs 
(4, 8, 10). This series of events occurs synchronously in the 
population of neurons within the focus, and the EEG develops after 
discharges (ADS) after several successive IDS. The ADS become 
longer with each ID and then progress into a seizure. Meanwhile, 
near and distant areas of brain are brought into the seizure process, 
and the abnormal activity spreads. During this process, levels of 
extracellular K+ continue to ipcrease until they reach a stead~i-state 
level well above normal, and levels of extracellular Ca2+ continue to 
decrease. Finally the seizure subsides, and the neuronal membrane 
hyperpolarizes well beyond control level. It is not known whether 
this orderly progression from IDS to seizures occurs in the same way 
in chronic epileptic foci or in many forms of human epilepsy. Depth 
electroencephalography from humans with focal epilepsy has dem- 
onstrated multiple patterns during the transition to seizure, only 
some of which resemble that seen in acute experimental focal 
epilepsy (18). Whether these observations indicate that the mecha- 
nisms underlying the transition in chronic human foci are different 
from those of the simple acute model is not yet clear. 

Each of the phenomena discussed above needs to be analyzed to 
understand the mechanisms that generate the focal epileptiform 
paroxysm, limit the temporal and spatial spread of IDS, and break 
down when the transition to seizure develops. 

Cellular Mechanisms Responsible for 
Epileptic Events 

Early investigations of epileptic mechanisms attempted to deter- 
mine whether the primary abnormality resided in altered intrinsic 
neuronal properties or in the aggregate properties of neuronal 
networks. It is now clear that a variety of inciting agents used to 
generate experimental models of epilepsy have apparently unrelated 
primary mechanisms of action (Table l), and yet they can all 
produce epileptic activity that is characterized by the stereotyped 
cellular phenomena that we have described; that is, the DS H P  
sequence and surround inhibition. Thus, alterations in intrinsic 
membrane properties or in synaptic function can produce focal 
epilepsy. In more complex models of focal epilepsy, such as the 
chronic alumina cream model, both intrinsic membrane properties 
and synaptic hnction appear to be altered (19). Normal neuronal 
architecture is disrupted because many neurons are lost [especially 
the inhibitory interneurons (20)l. Other neurons show bent or 
shortened dendrites and loss of dendritic spines. The neurons in 
these foci have abnormal firing patterns, but neither the mechanism 
of the abnormal firing nor the relative importance of the intrinsic or 
synaptic abnormalities in the development of the epileptic events is 
well understood. However, in this model, as in the acute focal 
model, the neurons within the area from which IDS are generated 
undergo a DS HP sequence that appears indistinguishable from the 
DS seen in acute foci (21). 

In both acute and chronic foci, however, regardless of the 
anatomical and functional changes of the neurons within the focus 
itself, or the mechanism of action of the epileptogenic agent, the 
majority of neurons that become involved as a seizure spreads from 
the focus are "normal" (22). This emphasizes that two sets of 
epileptic mechanisms must be involved: one that underlies the 
development of epilepsy in a focal area physically exposed to the 
epileptogenic agent, and one that underlies the conversion into 
epileptic activity of normal CNS activity remote from the focus, in 
the absence of exogenously applied drugs or chronic lesions. 
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The Depolarizing Shift 
Theories about the origin of the DS that underlies the ID are 

based on evidence derived from studies of epileptic models and from 
extrapolations from studies of normal cellular physiology of cortex. 
The evidence from epileptic models where the synaptic mechanisms 
are not completely blocked indicates that the DS is generated by an 
excitatory synaptic current that may be amplified by the activation of 
intrinsic voltage-dependent membrane currents (7-11,23,24). The 
relative proportion of each of these components may vary in 
different neurons, but it appears that in the majority of both 
neocortical and archicortical neurons, synaptic currents are the 
predominant mechanism. 

In order to generate the large excitatory postsynaptic potential 
(EPSP) underlying the DS, the normal EPSP, which is small and 
often masked by powerful inhibition, must be amplified. At least 
five mechanisms exist in the normal CNS that could cause enhance- 
ment of EPSPs in epileptic foci: (i) withdrawal of inhibition, (ii) 
frequency potentiation of EPSPs (25), (iii) changes in the space 
constant of the dendrites (or spines) of the postsynaptic neuron, (iv) 
activation of the NMDA receptor as the cell depolarizes as a result of 
a reduction in voltage-dependent block of the receptor by Mg2+ 
(26), and (v) potentiation by neuromodulators that are released 
during the ID (for example, norepinephrine, somatostatin, and 
acetylcholine) (27). 

In addition to direct increases in excitatory synaptic efficacy, the 
depolarizing effects of EPSPs can be supplemented by several 
voltage-dependent intrinsic currents that exist in CNS neurons. 
These include slowly inactivating Na+ and Ca2+ currents (28, 29) 
and a large, transient ca2+  current that is likely to be responsible for 
Ca2+-dependent action potentials (30, 31). 

Table 1. Some agents that produce focal epilepsy and cellular mechanisms of 
action. 

Agent Proposed cellular mechanism 

Penicillin, bicuculline, 
picrotoxin 

AUylglycine, 
3-mercaptoproprionic acid 

Ammonium salts 
Tetramethylammonium, 

4-aminopyridine 
Barium 

Acetylcholine 

Enkephalin 
Electroconvulsive shock 

High [K+], 

Low [Ca2+], 

Cardiac glycosides 

Alumina cream 

Freeze, cobalt, iron salts 

Block postsynaptic GABA 

Block GABA synthesis 

Block CI- pump 
Block K+  currents 

Enhance CaZ+ currents 
Block K+ currents 
Block K current 
Block AHP 
Block CaZ+ currents 
Inhibit inhibitory interneurons 
? Frequency potentiation of 

excitation 
? Frequency depression of inhibition 
Change in extracellular ionic 

concentrations 
Change intrinsic membrane 

characteristics 
Induce bursting 
Depolarize neurons 
Increase neuronal excitability 
Decrease neuronal threshold 
Decrease Na+ pump 
Increase [K+], 
Increase tendency to fire Ca2+ spikes 
Neuronal loss 
Neuronal distortion 
Selective decrease in 

inhibitory neurons 
? 
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Thus, it can be proposed that as the potentiated EPSP begins to 
depolarize the neuron, a threshold is reached for the development of 
a slowly inactivating Na+ current that amplifies the depolarization. 
As depolarization continues, the low threshold Ca2+ current may 
turn on to hrther depolarize the neuron, while NMDA-mediated 
excitatory synapses become more effective. Eventually, both higher 
threshold Na+ and ca2+  currents are activated, and the neuron 
discharges with a burst of action potentials and an additional slow 
depolarization (32). 

This hypothesis involves the interplay of both synaptic and 
voltage-dependent intrinsic events that occur in normal central 
neurons. Epilepsy occurs when the usual balance of these normal 
events is altered by a change in synaptic efficacy or a change in the 
control of intrinsic membrane currents. The reason that any given 
form of epilepsy may develop in a given brain region may depend on 
(i) differences in densities and locations of channels on various 
neurons, (ii) the interaction of intrinsic currents with one another 
and with synaptic currents under physiological conltions, (iii) the 
local synaptic organization of a given area, and (iv) the liberation of 
endogenous synaptic modulators that may alter the various voltage- 
dependent membrane currents through second messenger pathways 
, - - \  

(551. 
An alternative hypothesis for DS generation focuses more on 

changes in the intrinsic properties of neurons resulting in the 
development of burst firing independent of a primary change in 
synaptic interactions. In epilepsy models, this is most readily 
accomplished by inhibiting K+ currents and by allowing the slower 
Ca2+ currents to be expressed (28). Under more "natural" circurn- 
stances, a variety of possible mechanisms may contribute to the 
development of endogenous burst propensity in the absence of 
exogenous epileptogenic agents: (i) neuromodulators (acetylcho- 
line, norepinephrine, and peptides) can reduce K+ currents (34) 
(although stimulation of endogenous pathways, even intensely, has 
not been shown to produce sufficient inhibition of K+ currents to 
result in burst firing); (ii) both elevation of extracellular K ([K'],) 
and reduction of extracellular Ca ([Ca2+],) can change membrane 
characteristics and induce burst firing modes (35); and (iii) anatomi- 
cal distortion and redistribution of channels after injury and par- 
tial denervation as seen in chronic epileptic foci may induce burst 
firing. 

Finally, some investigators have proposed that neurons with 
endogenous bursting characteristics must act as a pacemaker in 
order for epileptiform activity to develop (3640) .  Such neurons 
would be the CA2 and CA3 pyramidal cells in the hippocampus 
(38), layer IV and superficial layer V neocortical pyramidal cells (29, 
39), or the abnormally burst-firing neurons in chronic neocortical 
foci (19, 40). This hypothesis is supported by the demonstration of 
the lower threshold for the induction of intericta! discharges by 
epileptogenic agents in CA2 and CA3 and layer IV, the spread of 
abnormal activity from these areas to nearby areas in some experi- 
mental foci (29, 39), and by the correlation of the number of 
bursting cells with the seizure frequency in chronic foci (40). 
However, this hypothesis has been challenged on theoretical 
grounds by models that demonstrate that a system with either 
positive or negative feedback elements does not require unstable 
individual elements in order to develop oscillating behavior (41). 
There is also experimental evidence against the obligatory involve- 
ment of neurons with endogenous burst-firing characteristics. Stud- 
ies of in vivo hippocampal penicillin epilepsy (42) and in vitro low 
Ca-high K+ models of epilepsy (43) indicate that area CAI is able 
to develop spontaneous IDS and seizures independent of areas CA2 
and CA3. In addition, neocortical and spinal cord cultures, in which 
individual neurons do not discharge with intrinsic bursts, become 
organized into small synaptic networks that show synchronized 
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"burst" behavior-all as a result of synaptic interactions (44). Thus it especially those that occur under natural circumstances, synaptic 
appears that endogenous, ca2+-dependent bursts are not strictly inhibition will play the critical role in limiting the size of epileptic 
necessary for the development of synchronous bursting activity in a discharges, although other currents may be involved. 
neural network, although their presence may be facilitatory and 
CNS regions containing such burst-firing neurons may have a 
particularly high epileptiform potential. Development of Synchrony 

"Inhibition" in and Around the 
Epileptic Focus 

The hyperpolarization that follows the DS appears to be responsi- 
ble for limiting the duration of the ID, for determining the 
frequency of IDS, and for preventing the deterioration of IDS into 
seizures. Its disappearance is often related to the onset of seizures 
and spread of epiiiptiform activity (4, 8, 10). Available data indicate 
the mechanisms responsible for the post-DS H P  may differ in 
different cells and in different kinds of experimental foci. 

Under physiological conditions, there are at least seven mecha- 
nisms that hyperpolarize neurons: (i) short-latency GABA-mediated 
inhibitory postsynaptic potentials (IPSPs) due to opening of C1- 
channels, (ii) longer latency, slower IPSPs that may be due to 
opening of K+ channels (45), (iii) several types of voltage-sensitive 
K.' channels (46), (iv) Ca2+-dependent Kt channels (47), (v) Ca2+- 
dependent C1- channels (48), (vi) voltage messenger-dependent 
chloride current located in the hippocampal dendrites (33), and (vii) 
an electrogenic Nat pump (49). various-cell types have been shown 
to have different combinations of these conductances; thus, different 
mechanisms may be responsible for inhibition during epileptic 
events depending on the type of cells involved. For example, in 
nonepileptic conditions, most hippocampal neurons have a large 
afterhyperpolarization (AHP) after any prolonged burst discharge. 
This AHP is believed to be generated by a ca2+-dependent K+ 
conductance 147). In contrast, ;he maiori&ofneocortic~ neurons in 

\ ,  , , 
slices and in culture do not appear to have such large Ca2+- 
dependent K+ conductances but rather have a more heterogeneous 
set of afterpotentials (28, 29, 44). 

This kind of variability is also expressed in epileptic events (Table 
2). In penicillin foci in vivo, the post-DS H P  appears to be a C1-- 
dependent process (5), which suggests that it has a synaptic origin 
and is possibly mediated by GABA. Also, the DS in some cells may 
be preceded by a hyperpolarization, another suggestion that at least 
part of the cellular hyperpolarization is of synaptic origin (6, 8). 
Despite, or perhaps because of the availability of more refined 
techniques, the in vitro data have become quite conhsing and a 
variety of Kt currents have been invoked (see Table 2). 

Thus, the post-DS H P  in vitro is complex and is likely to be 
generated by several mechanisms, which at the moment defy a single 
unifying hypothesis. It remains to be seen whether the same 
complcxities exist in vivo. Our view is that for most epileptic events, 

Another crucial issue related to the development of the ID is how 
so many neurons within a focus develop simultaneous depolariza- 
tions. Synchronization may occur by any of several synaptic and 
nonsynaptic mechanisms: (i) recurrent synaptic excitation, (ii) anti- 
dromic activation of the afferent fibers, (iii) ephaptic interactions 
due to large currents that flow through extracellular spaces, (iv) 
changes in extracellular ionic concentrations, (v) electrical coupling 
between cortical neurons, and (vi) the diffise liberation of modula- 
tors. 

Probably the most important of these is recurrent synaptic 
excitation. Extensive recurrent collaterals have been demonstrated 
anatomically, and the excitatory nature of some of these has been 
demonstrated physiologically both in neocortex and in hippocam- 
pus (50). Activation of these connections serves as a direct and 
important positive-feedback mechanism, and, moreover, may pro- 
vide the source for the EPSPs responsible for the DS (8-1 1,24,50). 
In addition, projected excitatory connections provide the basis for 
the spread of epileptic activity to normal brain. Synchronizing 
activity can also be provided indirectly as a result of backfiring of the 
axons that project to the cortical focus. These axons have large 
networks of collaterals, which are likely to contribute to the 
involvement of a large number of neurons in the discharge (14). 

Extracellular fields created by the flow of currents between 
different segments of a given neuron can iduence the activity of 
nearby neurons, and relatively large fields can develop during 
epileptiform activity (51). In addition, both the elevation of extracel- 
lular K+ and the decline of extracellular Ca2+ that occur during IDS 
and seizures also serve to bring neurons closer to threshold and 
enhance synchronizing processes. It has even been possible to 
provoke epileptiform discharges in hippocampal slices in the appar- 
ent absence of synaptic coupling by bathing the slices in media 
containing low ca2+ and inorganic ca2' channel blockers or low 
Ca2' and high K+ (43, 52). Presumably, such discharges occur as a 
result of the increased excitability of individual neurons in the 
altered ionic environment and ephaptic interactions, although the 
late involvement of synaptic activity has also been demonstrated, 
even under these stringent conditions (53). Although these extreme 
circumstances do not exist in normal cortex, these models serve to 
emphasize that several different mechanisms may play critical roles in 
promoting epileptiform activity. 

Another potential, although still controversial, synchronizing 
mechanism has been postulated. Some neurons in neocortex and 
hippocampus are electrically coupled (54), but the extent of such 

Table 2. Postulated mechanisms underlying post-depolarizing shift hyperpolarizing potential in various kinds of acute epileptic foci. 

Epileptogenic Preparation 
Cell Mechanism References 

agent tYPe 

Neocortex in vitro Penicillin CI--dependent, presumed synaptic (5)  

Hippocampus in vivo Penicillin Synaptic event, presumed CI--dependent (5, 8)  

Hippocampal slice Bicuculline, picrotoxin CA1 Ca2+-dependent, K+ conductance (71 ) 

Hippocampal slice Bicuculline, picrotoxin CA3 Non-Ca2+-dependent (71 ) 

Hippocampal slice Penicillin CAI Several conductances (72, 73) 

Hippocampal slice Penicillin CA3 Voltage-dependent, K+ conductance (72) 
-- 
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coupling appears quite limited. Such electrical coupling may play a 
role in synchronization and, if so, it is possible that local changes in 
coupling due to physiological processes or epileptogenic agents 
could facilitate the development of epileptic events (55). 

We can propose a model for the synchronizing mechanisms 
involved in the development of the ID. As neurons in an epilepto- 
genic region are activated by various stimuli, the enhanced effective- 
ness of local recurrent excitatory connections tends to recruit nearby 
neurons into synchronous activity. As more neurons in a small area 
discharge together, the current that flows through extracellular 
spaces tends to further sjrnchronize the neurons by ephaptic interac- 
tions. At the same time, both the increase in extracellular K' and the 
decrease in extracellular Ca2+ that occur during the heightened 
neuronal activity tend to bring many neurons closer to the firing 
threshold and induce burst firing, both of which enhance synchroni- 
zation. As the activity within the focus becomes more intense, the 
ionic changes become larger and more spatially dispersed, and 
neurons in areas around the active focus can become involved by 
secondary changes in their extracellular environment, even if they 
are not directly activated by synaptic events. The antidromic activa- 
tion of axon terminals also amplifies synaptic coupling by releasing 
neurotransmitters from local axon collaterals. Thus, synaptic activity 
may initiate the process and nonsynaptic events amplify it. 

This model indicates that many mechanisms can play a role in the 
process of synchronization, and therefore the role of the functional, 
anatomical, and physical arrangement of the cortical aggregate 
involved in the epileptic event becomes of paramount importance. 
Different parts of the cortex may differ in the prevalence of a specific 
recurrent system, the presence of a given modulator, the anatomical 
arrangement and orientation of the neurons within the aggregate, or 
the packing of the neurons within cell body layers. A corollary to 
this concept is that in different cortical aggregates, one or another of 
these synchronizing mechanisms may be most important for the 
production of the ID. 

Transition to Seizures and the Spread of 
Epileptic Activity 

During the transition to seizures in acute focal models, several 
important events occur that allow the usually self-limited ID to 
spread in time and anatomic space. The most important phenome- 
non is the disappearance of the post-DS H P  and its replacement by a 
depolarization (4, 8, 10). Surround inhibition is also reduced. 
Depolarizing events become prominent in surround areas and in 
distant areas of brain. 

If the post-DS H P  is a result of some form of K+ current, 
elevations of [K'], that occur during the transition to seizures 
would change the K+ equilibrium potential and reduce the hyperpo- 
larization. Experimental data addressing this hypothesis, however, 
have indicated that this does not appear to be sufficient to eliminate 
or invert the AHP (56). It is also possible that a ca2'-dependent K+ 
conductance could be reduced by several neuromodulators, includ- 
ing acetylcholine, norepinephrine, and dopamine, acting via second 
messenger cascades (34). To date, none of these agents has been 
shown to be powerful enough to actually eliminate the hyperpolari- 
zation under physiological conditions (that is, via physiological 
pathway stimulation). 

On the other hand, synaptic inhibition is very labile (57). GABA- 
mediated and glycine-mediated short-latency IPSPs, and slow, 
presumably Kt-dependent IPSPs in hippocampus are all very 
frequency-sensitive, and decline for as yet unknown reasons with 
relatively low frequency activation. Postsjrnaptic GABA receptors 
also desensitize readily during excessive agonist application (58, 59). 

If the post-DS H P  is generated even in part by an IPSP, it is likely to 
decline with repetitive activation, as do IPSPs in general. Because 
surround and distant inhibition are synaptic, the frequency-depen- 
dent inhibitory synaptic decrement also provides an explanation for 
the decline in inhibition during the spread of seizure activity. 

In addition to the decrement of hyperpolarizing processes, there is 
a parallel increment in depolarizing events. EPSPs increase in size 
because of frequency potentiation. NMDA receptors map become 
involved in the late component of the EPSP, as the voltage- 
dependent block by ~ g ~ '  is removed (26). These events may be 
responsible for the prolongation of the DS and for the fact that 
EPSPs falling on the declining phase of the DS are larger than 
control (1 0, 32). Slow, noninactivating Nai and Ca2+ currents may 
surnmate and contribute to the depolarization. Thus, the coincident 
decline of inhibition and increase of excitation, both components of 
normal synaptic regulation in the CNS, allow the epileptic activity 
to spread locally and at a distance from the original focus, in both 
cases directly into normal brain. 

Application of Cellular Analyses to Studies of 
Neural Networks 

All of the hypotheses about cellular mechanisms discussed above 
were derived from studies of acute focal epilepsy, both in vivo and in 
vitro. As investigations of such mechanisms are being extended to 
the level of biophysics, membrane biochemistry, and molecular 
biology, progress is also being made in understanding seizure 
mechanisms at the level of local and projected neural networks. At 
local levels, this analysis directly incorporates current concepts about 
cellular mechanisms underlying IDS and seizures, whereas in other 
models, such as those analyzing the role of projecting networks, the 
cellular phenomena at the site of initiation of the epileptic activity, 
and the anatomic pathways of projection must be determined before 
investigations can proceed to the cellular level at the target struc- 
tures. 

For both the hippocampus and the neocortex, the local spread of 
epileptiform activity and the transition between interictal and ictal 
activity are beginning to be analyzed in the context of local circuitry 
and the physiology of individual cell types. In several focal models, 
including the disinhibited hippocampal preparation, the neurons in 
all hippocampal fields are capable of generating synchronized bursts 
(42,43). In models produced by bathing the brain slice in high Kt, 
the neurons in CA2 and CA3 have a greater propensity for DS 
development, whereas the neurons of CAl  appear more able to 
develop prolonged seizure discharges in response to the synaptic 
input from the dischargin CA2 and CA3 neurons (60). In addition, 
in solutions of low C&, hippocampal CA1 neurons develop 
seizurelike events in the absence of IDS (43).  Whether differences in 
cellular excitability or local network interactions are responsible for 
the different reactions of CA2 and CA3 as compared to CA1 
neurons has not yet been determined. 

In the neocortex, experiments have been directed at attempting to 
determine whether specific lateral synaptic connections are responsi- 
ble for the propagation of IDS. In bicuculline-induced foci, IDS 
propagate in an orderly, but nonhomogeneous fashion, and the rate 
of propagation can be directionally dependent. In addition, it 
appears that no single set of connections, or single cortical layer, is 
necessary as long as some continuity exists between parts of the 
cortex (61). These experiments also suggest that synaptic connec- 
tions are more critical in the local propagation of epileptiform 
activity than are changes in extracellular Kt and ca2' activity, at 
least for this model. 

Each of these studies suggests that different parts of a brain region 
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can participate to different degrees in the epileptic process. One area 
may have a low threshold for the development IDS, while another 
area map respond to the increased input from the first area by 
developing seizurelike activity, and a third area may act as a gate for 
the spread of the epileptiform activity. Similarly, local propagation 
of the epileptiform activity map occur by several different routes, and 
in fact the same neurons may participate in the epileptic events in 
different ways as the wave of abnormal excitation proceeds through 
the cortex (42). All of the preceding implies that as studies of cellular 
mechanisms proceed, it becomes increasingly important to define 
the specific cells being studied as well as their specific roles in the 
local cellular network and in the model of epilepsy being analyzed. 
This is exceedingly difficult to do in situ and has only been practical 
since the introduction of slice preparations. However, it must be 
kept in mind that the anatomic disruptions that occur when creating 
the slice may contribute to the patterns of epileptiform activity, and 
that observations made initially in slice preparations need to be 
tested in intact CNS before they can be fully integrated into theories 
of epileptogenesis. 

Recently there has been a revival of studies in the generation, 
propagation, and control of generalized seizures, in which the role 
of subcortical structures has been shown to be of paramount 
importance. By using "pharmacological dissection" techniques, it 
has become possible to determine that in at least one model, 
pentylenetetrazol (PTZ)-induced generalized epilepsy, a few subcor- 
tical structures (the mammillary system, including mammillary 
bodies, mammillothalamic tract, and anterior nuclei of the thala- 
mus) are critical for the development and propagation of the 
epileptic activity (62). Carefully placed lesions in the mammillotha- 
lamic tracts or chemicals that enhance GABA-mediated inhibition 
injected directly into the anterior nuclei can protect, acting as a gate, 
the animals from PTZ-induced seizures. 

Another specific anatomic locus in the deep prepiriform cortex, 
called "area tempestas," appears to be involved in the development 
of generalized clonic seizures induced by local injection of bicucul- 
line and potentiated by morphine (63). The injection of GABA 
agonists, NMDA-receptor antagonists, and phenytoin (64) in the 
same area protects the animal from generalized seizures induced by 
systemic administration of bicuculline. Thus, this area seems to have 
most of the characteristics of an operational focus for the generation 
and control of the bicuculline-induced generalized seizures. 

A similar picture is developing in relation to other generalized 
seizures. The substantia nigra appears able to control the propaga- 
tion of seizures induced by several kinds of epileptogenic stimuli, 
including electroshock, systemic convulsants, and kindling (65). 
Suppression of nigral output by either infusion of inhibitory agents 
(GABA mimetics) or by destruction, inhibits the expression of 
clonic seizures (66). A series of lesion studies and pharmacologic 
manipulations indicate that seizures are potentiated when the 
GABA-containing nigrotectal output inhibits tectal neurons, al- 
though the tectal neurons themselves are not necessary for the 
propagation of these seizures ( 6 3 .  

The cellular events that underlie these control mechanisms for 
seizure propagation remain to be determined, although the ques- 
tions that need to be addressed are similar to those that have been 
discussed in relation to acute focal epilepsy. Do the neurons in these 
areas have properties that are different from those described in other 
structures that have been more widely studied? Are the local circuits 
in these regions substantially different from those of hippocampus 
or neocortex, so as to more readily allow the development of 
epileptiform activity? Is it simply the connections of these regions 
that make them so influential in the propagation of seizures? Studies 
so far have emphasized the important role of GABA as an inhibitory 
neurotransmitter, of the NMDA receptors for excitatory functions, 

and of the roles of modulatory substances such as norepinephrine 
and the opiate peptides, but very little is known about how these 
regions express their roles on the target structures, or which target 
structures create the generalized seizures. 

The kindling model of epilepsy poses the same type of questions. 
It has been known for more than 15 years that specific types of 
nonepileptic stimuli applied to certain brain areas can cause perma- 
nent changes in excitability that lead to chronic epilepsy. A great 
deal is known about the phenomenon of kindling (68), but relatively 
little is known about the mechanisms that underlie the increased 
excitability. Currently, it is still unclear if the cellular mechanisms of 
kindling are similar to the cellular mechanisms underlying acute 
focal epilepsy (69). 

As discussed in the beginning of this article, the use of the acute 
focal epilepsy model was an attempt by neuroscientists to develop a 
means by which at least one form of human epilepsy could be 
analyzed and understood at a cellular level. When even this simple 
animal model proved too complex for unraveling mechanisms, in 
vitro models were used to ask more detailed questions, and research 
became focused at cellular and molecular levels. At the same time, 
physiological and pathological studies of human epilepsy with a 
variety of new techniques, such as depth electroencephalography, 
positron emission tomography, magnetic resonance spectroscopy, 
receptor mapping, and neurotransmitter imrnunohistochemistry, 
have been redefining the problems of the clinical epilepsies and have 
been posing new questions that are challenging the relevance of 
many of the experimental models that were developed in the past 25 
years (1 8).  It is clear that more extensive and precise cellular analyses 
of the human disorders are needed, while at the same time new 
models will have to be used to answer the questions developed from 
the human studies. The relations between brain areas that produce 
IDS and those that generate seizures, the mechanisms by which 
seizures develop in humans, the role of GABA-mediated inhibition 
in both focal and generalized human epilepsy, and the effects of 
long-standing ictal and interictal activity on the functioning of 
normal areas of brain (18, 70) are all issues that are not well 
understood from analyses of simple focal epilepsy models. 

Conclusion 
The picture that emerges with regard to simple models of focal 

epilepsy is as follows: (i) many agents with widely varying primary 
cellular mechanisms of action may initiate epilepsy. (ii) The individ- 
ual elements of the epileptic process-the DS, the post-DS HP, the 
synchronicity, the spread of the epileptic event to beyond the limits 
of the interictal focus-all can be produced by different mechanisms 
depending on the experimental model studied, the properties of the 
neurons involved, and the anatomical and functional organization of 
a given cortical area. As the development of both epileptogenicity 
and the interictal discharge is a function of the relative importance of 
multiple mechanisms locally, at this time, a unified theory of 
epilepsy (especially one that includes complicated human epilepsy), 
which is based on only one or another of the possible mechanisms, is 
difficult to justify. In fact, just as there are different epilepsies 
clinically, there are liable to be different mechanisms of the epilepsies 
at the cellular level. 

Many of the individual components of epileptic processes are 
becoming better characterized as we learn more about the physio- 
logical function of the brain at the cellular and molecular level. The 
manner by which each of the components is integrated into the 
epileptic process in any given model or brain structure remains a 
larger problem, especially as we move from simplified models to 
those that more closely mimic human disorders. The DS, which 
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forms the basis of the epileptic spike discharge, is perhaps the best 
understood of the cellular phenomena, especially with the realiza- 
tion that the relative contribution of each of its several possible 
components may differ in different locations. 

The problems more cogent to clinical epilepsy, the manner by 
which the hypersynchronous activity is limited in both time and 
space, and the mechanisms by which such inhibitory control is 
overcome during the transition to seizure remain less understood. 
The last mentioned process is at least as important in relation to the 
clinical problem of epilepsy as is the initial establishment of the focal 
area of excessive excitability. The mechanisms and pathways by 
which focal epileptiform activity spreads throughout the normal 
CNS and the mechanisms underlying the generalized epilepsies are 
just beginning to be approached and require further characteriza- 
tion, both at the level of the local circuitry as well as that of the 
whole brain. The recognition of specific areas of the subcortical gray 
matter that act either as gates for the propagation of convulsive 
activity (for example, the nuclei of the anterior thalamus and the 
substantia nigra) or as the operational focus for generalized seizures 
(for example, the prepiriform area) may potentially open new 
avenues for therapeutic approaches. In order to understand the role 
of these structures, the questions to be solved use the same lexicon as 
for the interictal event. Finally, even with different and contempo- 
rary technical scientific concepts, there is a return to the original 
conceptual model of the 1950s as far as mechanisms underlying 
generalized seizures are concerned. 

We are now in an era when our understanding of CNS cellular 
and synaptic function is increasing at a rapid pace. As new physio- 
logical mechanisms are discovered, new mechanisms of hyperexcit- 
ability can be postulated. It is important to recognize, however, that 
as new ideas about epileptogenesis evolve, older hypotheses should 
not be eliminated but rather should be placed into a larger conceptu- 
al framework. These hypotheses should be viewed as sequential, 
partial explanations of epileptic mechanisms, each in relation to the 
experimental model used or the specific anatomical-functional sub- 
strate of the neuronal aggregate involved in the pathological process 
producing the epileptic condition. No single hypothesis provides 
"the" common element for all epileptic conditions; each of them 
provides a significant contribution. Within this view, we are now in 
a position to use what we do understand to begin to propose new 
and innovative approaches to the prevention and treatment of 
epilepsy, even as we strive to further unravel its underlying mecha- 
nisms. 
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Laser- Stimulated Luminescence 
Used to Measure X-rav Diffraction of a 

Contracting Striated Muscle 

An integrating x-ray area detector that operates on the 
basis of laser-stimulated luminescence was used in a 
diffraction study of muscle contraction. The area detector 
has a dynamic range of 1 to lo5, a sensitivity about 60 
times greater with approximately 1/300 as much fog 
background as x-ray film. It is erasable and reusable but, 
like film, can integrate at a practically unlimited counting 
rate. The high sensitivity and wide dynamic range of the 
detector resulted in a sufficient reduction in the exposure 
time to make possible the recording of a clear x-ray 
diffraction pattern, with up to 2.0-nanometer axial spac- 
ing, from a contracting frog skeletal muscle in as little as 
10 seconds with synchrotron radiation. During the iso- 
metric contraction of the muscle, most of the actin 
diffraction lines increased in intensity without noticeable 
changes in their peak positions. Changes also occurred in 
diffraction intensities from the myosin heads. The results 
indicate that during contraction the structure of the actin 
filaments Mers from that in the rigor state, suggesting a 
possible structural change in the actin subunits them- 
selves; the myosin heads during contraction retain the 
axial periodicity of the myosin filament and become 
aligned in a more perpendicular manner to the actin 
filaments. 

structure analysis has been to study the entire two-dimensional 
diffraction pattern at high spatial resolution with area detectors. 
Such experiments had been performed by recording on film the 
patterns from a long series of contractions (7-9). However, the 
exposure time required for satisfactory patterns was too long, and 
physiological fatigue in the contracting muscle could not be avoid- 
ed. X-ray television (1, 10) and pulse-type area detectors, such as 
multiwire proportional chambers (MWPC) (11, 12), are now being 
used for this purpose; thus, the required exposure time has become 
much shorter. These methods still do not overcome several prob- 
lems. The dynamic range of x-ray television is insufficient, and the 
spatial distortion and nonuniformity of response cannot be neglect- 
ed. The spatial resolution of MWPC is not satisfactory and the 
counting-rate limitation prohibits an effective use of a high x-ray flux 
of synchrotron radiation. 

A storage phosphor screen, called "an imaging plate," and an 
imaging system in which it is used were recently developed for 
diagnostic radiography (13). This imaging plate is a new type of 
integrating area detector that can record the diffraction of synchro- 
tron radiation during muscle contraction. We were able to measure 
intensity changes of weak reflections that have the periodicity of the 
actin filament. 

New integrating area detector. The detector system comprises 
(i) a phosphor screen (the imaging plate), (ii) an image reader, (iii) 
an image processor, and (iv) an image writer (Fig. 1). The imaging 
plate (IP) is a flexible plastic plate coated with a 0.15-rnrn-thick layer 
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