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Implications for Epileptogenesis
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Regulation of activity in neuronal circuits is poorly understood.
Alterations in regulatory mechanisms may underlie the transition
from interictal to ictal activity. Epileptogenesis is thought to arise
from hyperexcitability in populations of neurons, resulting from
alterations in connectivity and synaptic physiology. Recent studies
suggest that excitability in local circuits of neurons also can be
changed by short-term plasticity induced by repetitive stimulation
and actions of neuromodulators. It is suggested that these factors
could be elements underlying excitability changes that contribute
to the periodic nature of seizures.

A defining feature of epilepsy is the periodic nature of
seizures. The interval between seizures varies both within and
between individuals. Seizure frequency can be influenced or
modified by stressors, such as sleep deprivation, drug or al-
cohol abuse or both, or a host of less well-defined factors (1).
Alterations in connectivity and synaptic physiology in local neu-
ral circuits are thought to underlie development of intractable
epilepsy (2) and to increase seizure propensity in the immature
brain (3). The periodic nature of seizures suggests that some
mechanisms must be capable of regulating the excitability in
neural circuits, thereby potentially altering seizure initiation.
Multiple mechanisms exist that are capable of regulating cir-
cuits and excitability. For example, excitability can be influenced
by factors intrinsic to the epileptic circuit, such as short-term
changes in synaptic plasticity (depression or facilitation), or via
extrinsic influences projecting to the hyperexcitable circuit, such
as dopaminergic inputs to a local cortical network.
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Short-term Synaptic Plasticity and Regulation of
Excitability

Recurrent connections between both γ -aminobutyric acid
(GABA)ergic interneurons and pyramidal cells are a common
feature of cortical circuits. The recurrent excitatory axon col-
laterals of pyramidal cells provide positive feedback, which can
amplify inputs to a circuit and lead to epileptiform discharges.
A key element in determining the behavior of cortical circuits is
the balance between inhibition and excitation. It has long been
known that modest reductions in inhibition can result in epilep-
tiform activity (4). What now is becoming apparent is that dur-
ing repetitive activation, both excitatory and inhibitory synapses
show marked frequency-dependent, short-term plasticity. Sur-
prisingly, considerable heterogeneity in short-term plasticity has
been observed. Alterations in synaptic facilitation or depression
or both could be an important factor in regulating excitability
in circuits involved in epileptogenesis.

Short-term plasticity recently has been examined in synap-
tically connected pairs of neocortical pyramidal cells and pairs
of interneurons (5). Sustained activity was elicited by exciting
presynaptic cells at a frequency of 20 Hz. Both excitatory post-
synaptic potentials (EPSPs) and inhibitory postsynaptic poten-
tials (IPSPs) showed depression during prolonged stimulation.
Compared with inhibitory responses, excitatory synaptic re-
sponses showed a much larger depression and recovered more
slowly. Short bursts of action potentials (similar to those ob-
served during epileptiform discharges) produced comparable
differences in depression. The ability of inhibitory synapses to
sustain their outputs during repetitive activation may contribute
to maintenance of stability in neuronal circuits and control of
excitability of principal cells. Enhanced depression of IPSPs or
decreases in EPSP depression could enhance circuit excitability,
resulting in epileptiform activity.

These interactions are likely to be very complex. Differ-
ent cell populations (e.g., interneurons versus pyramidal cells)
may respond differently to repetitive or prolonged stimulation.
A given cell can show facilitation or depression, depending on
the nature of the input (e.g., thalamocortical vs. intracortical)
(6). The frequency dependence of short-term plasticity also
shows regional variability and may contribute to differences in
seizure susceptibility. Short-term plasticity is generally viewed
as a presynaptic phenomenon. Possible presynaptic mechanisms
include changes in the readily releasable pool of vesicles and ac-
tivation of presynaptic receptors. GABAB and kainate receptors
are known to be localized to presynaptic nerve terminals, where
they can have homo- and heterosynaptic influences (7,8). In
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Figure 1. Dopamine enhancement of circuit activity in rat neocortex. A: Recordings under control conditions. Upper panel, Multiple
frames obtained at 6-msec intervals. Frame 1 (Control) is in the upper left hand corner, and the time sequence is from left to right. White line,
in the first frame shows the location of the pial surface. Stimulation occurred between the first two frames. In frames 5–8, activity-dependent
changes are observed. Lower panel, Fluorescence changes (as a function of time) from individual diodes. B: Similar recordings obtained
after bath application of the D1-receptor agonist SKF 38393. The area activated was always larger after DA-receptor activation. Changes
also were more persistent. The amplitude and duration of evoked responses in the individual diodes also were increased in the presence
of SKF 38393.

addition, it is likely that these receptors are subject to up- and
downregulation. Changes in the transmitter phenotype of cer-
tain cells after seizures (9) could result in different patterns
of short-term plasticity. Finally, alterations in short-term plas-
ticity mechanisms by a variety of stressors could modify the
dynamics in cortical circuits and contribute to the induction of
seizures.

Monoaminergic Regulation of Circuit Excitability

Dopamine (DA) is an endogenous neuromodulator in cortical
circuits and is known to be important for normal brain func-
tion. Immunohistochemical studies in rat and primate cortex
show that both inhibitory interneurons and excitatory pyrami-
dal cells are targets for DA innervation (10). It also has been
suggested that pyramidal neurons and interneurons may ex-
press different DA-receptor subtypes (11). This receptor het-

erogeneity provides a basis for differential DA modulation of
cortical neurons. Therefore dopaminergic activation may shift
the balance between excitation and inhibition in neuronal cir-
cuits, which may be related to clinical and experimental obser-
vations suggesting a potential link between DA and epilepsy
(12,13).

An important factor in epileptogenesis is the degree to
which neurons in a circuit become synchronized and whether
this activity spreads or propagates though the brain. Recent
studies showed that DA increases the amplitude of excitatory
postsynaptic currents (EPSCs) in layer II/III neocortical pyra-
midal cells (14). Subsequent work by the same investigators
examined whether DA enhancement of EPSCs alters excitabil-
ity in neocortical networks, by using optical imaging with
voltage-sensitive dyes to monitor reliably the initiation, dis-
tribution, and spread of activity in the neocortex in vitro (15).
Modern optical methods allow reproducible detection of dye
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signals in single trials without serious photobleaching or toxi-
city, making it feasible to ask the question whether DA mod-
ulation affects the spatiotemporal pattern of activation in local
circuits.

In this study, neocortical slices were stained with the
voltage-dependent dye RH414 (30 µM ). Activity-dependent
changes in fluorescence were detected by using a Neuroplex
464 diode array (see Fig. 1; the pial surface is indicated by the
white bar in the first frame). With a ×5 objective, an area of
cortex with an approximate width and height of 3.6 mm was
imaged. Decreases in fluorescence were plotted as an upward
deflection and are associated with a depolarization. In the pres-
ence of bicuculline, which blocks GABAA receptor–mediated
inhibition, weak intracortical stimulation was used to activate
neocortical circuits. Figure 1A shows that such stimulation pro-
duced localized activation of a small region of cortex under con-
trol conditions. After activation of DA receptors with the D1
receptor agonist SKF 38393, the same stimulation resulted in
a more extensive and persistent activation of cortical circuits,
as shown in Figure 1B. Activity from two individual diodes
is shown the lower portions of the figure. These traces depict
changes in fluorescent intensity as a function of time and reflect
depolarization of neuronal elements. It can be seen that DA-
receptor activation enhanced and prolonged the responses. This
finding suggests that the modest (∼20%) increase of individual
EPSCs induced by DA (14) is exaggerated as activity spreads
through the cortical mantle. In other experiments, D1-receptor
activation also resulted in lowering of the threshold for evoking
epileptiform activity.

It is apparent that neuromodulators can significantly reg-
ulate excitability in neuronal circuits. Enhancements seen at
the single-cell level are magnified as activity propagates through
multiple elements in a local neuronal network. Alterations in
extrinsic neuromodulatory inputs to a hyperexcitable circuit
could be an important factor in controlling seizure initiation
or frequency or both. The exact effects of DA or other modu-
lators are hard to predict. Regional and cell-specific differences
in receptor-subtype expression, existence of positive or nega-
tive feedback circuits to alter DA cell excitability, and differing
effector mechanisms are all complicating factors. Understand-
ing regulation of circuits and excitability remains an exciting
challenge.
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