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Abstract

Abnormalities in the organization of brain circuits may underlie many types of epilepsy.
This hypothesis can best be evaluated in the case of temporal lobe epilepsy, where evidence
of rewiring (synaptic reorganization) can be found in the dentate gyrus. Computer modeling
of normal and reorganized dentate gyrus was used to understand the functional conse-
quences of these structural changes. Hyperexcitability appeared to be largely limited by the
powerful intrinsic adaptation characteristic of granule cells, the principal cells in this area.
Combining disinhibition with new recurrent excitatory circuitry was necessary to produce
repeated firing of these cells. Paradoxically, continuing regenerative activity was only seen
with a large reduction in the strength of the inciting stimulus. Validation of these findings
will require further physiological correlation. © 1998 Elsevier Science B.V. All rights
reserved.
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1. Introduction

While transient alterations in cellular activation dynamics may produce the single
seizure seen in the setting of stress, lack of sleep or inadequate nutrition, there is
substantial evidence that the repeated seizures characteristic of epilepsy reflect
alterations in the patterns of connectivity in neuronal networks of the brain. A
variety of hypotheses, some competing and some complementary, seek to explain
how rewiring of brain circuits could produce repeated seizures. One concept,
extensively studied in models by Traub and coworkers [41–45], is that reduction in
inhibitory connection strength can lead to epilepsy. It has been hypothesized that
reduction in inhibition might occur not only through direct loss of inhibitory
neurons or reduction in inhibitory synaptic strength but also through cell death in
the hilus or through reduced excitatory drive onto interneurons (dormant basket
cell hypothesis) [5,36]. Similarly, it is believed that circumstances leading to
increases in excitatory synapse strength or number of excitatory synapses could also
produce epilepsy.

Focal seizures are pathological waves of electrical hypersynchrony that may
spread from an initial focus in one part of the brain to involve the entire brain.
Temporal lobe epilepsy is a syndrome which results in recurrent seizures emerging
from the temporal lobe, a common focus of seizure onset. Analysis of the
hippocampus from surgically removed temporal lobes of people with epilepsy
demonstrates major anatomical changes in the dentate gyrus, a part of the
hippocampus [4,3,15]. These anatomical changes include evidence for cell death and
for the formation of new synaptic connections as axons sprout. In recent years,
evidence has accumulated to demonstrate how both normal and pathological
factors could lead to this sort of reorganization in brain circuits [21,22,24].
Repeated seizures, the hallmark of epilepsy, have been shown to be particularly
efficacious in this regard [12,20,47]. However, the physiological implications of
these wiring alterations are not well understood.

Although the dentate gyrus has a relatively simple anatomy compared to many
other brain areas, the connectivity in this area may still involve as many as 30
anatomically distinct cell types [1]. However, despite the varying morphologies,
only three cell types can be clearly identified physiologically by differences in firing
characteristics [33,34]. A first approximation to the circuit can therefore be made
using the three major cell types that have been both anatomically and physiologi-
cally defined (Fig. 1). The principal cell of the dentate gyrus is the granule cell
(GC), located in a specific granule cell layer. GCs get input from entorhinal cortex
via the perforant path (PP) and project to area CA3 of hippocampus via mossy
fibers. The other two cell types that we model, inhibitory aspiny interneurons (AC)
and excitatory mossy cells (MC), reside largely in the hilus, although some ACs lie
in the GC layer. Of the nine connections possible between the three cell types
modeled, six appear to be of particular importance in the normal dentate gyrus.
Two are feed forward excitatory projections: GC�AC, GC�MC. Two are
feedback inhibitory projections: AC�GC, AC�MC. Two involve sign reversal
due to synapsing onto an inhibitory cell: MC�AC, AC�AC.
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The PP is the principal input into the structure and can be directly stimulated in
vitro. Although there is likely to be some PP projection onto other cell types, it is
primarily onto GCs. In the current model the primary PP input was onto GCs. Low
strength PP input onto the other cell types was also added in some simulations and
did not alter the results shown. The principal output is via mossy fibers that are
projections from the GCs. Thus, the principal flow of information is from PP to
GC to mossy fiber [18]. The other cell types can be viewed as modifying the signal
as it is filtered by the GCs.

Kindling is an experimental procedure whereby repeated brain stimulation in-
duces epilepsy in a rat by first evoking repeated seizures which then lead to the
spontaneous seizures characteristic of epilepsy. These functional changes induced
by kindling are permanent, suggesting underlying structural alterations. In fact,
both the axonal sprouting and cell death seen in human epileptics are also seen in
kindled rats, where they can be studied in more detail [14,16,20,28,38,39,47]. The
cells that die include MCs and some ACs; GCs are relatively spared [35]. Mossy
fiber axons of GCs sprout into areas denervated by the seizure-induced cell loss.
Although this mossy fiber sprouting is excitatory and, at least in part, forms
synapses with other GCs, the potential exists for recurrent excitation in this cell
population. It would seem likely that the structural reorganization induced by
neuron loss and mossy fiber sprouting will alter the activity of GCs.

Fig. 1. Circuit diagram showing major features of dentate gyrus connectivity. Other connections present
in the model are mentioned in the text but omitted here for clarity. The granule cell layer is represented
by the curved line, the hilus is the area that lies within. Cell bodies of the GCs have dendrites that
protrude outward where they are contacted by the PP, the major input pathway. The GCs project via
mossy fibers to the cells of the hilus (mossy cells and aspiny interneurons). Other branches of the mossy
fibers form the main output pathway from dentate gyrus to area CA3 of hippocampus. In MFS, other
branches form which make connections between GCs.
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The complexity of structural and functional alterations induced by kindling make
it difficult to determine straightforward structure/function relationships experimen-
tally. Physiological changes in GC activity after kindling have been surprisingly
difficult to demonstrate in in vitro hippocampal slices. The functional consequences
of cell death and sprouting remain unclear.

2. Methods

Compartmental models were utilized to recreate the principal cells in the dentate
gyrus. GC and MC models had two compartments, while the AC model neuron
had one. Simulations were run in NEURON (Hines 1989) [13]. Intrinsic neuron
parameters were largely determined by comparison to current-clamp experiments
performed in slice. In general, the parameter space necessary to reproduce the
electrophysiological responses to depolarization and hyperpolarization at the single
cell level model was fairly narrow.

The GC had somatic and dendritic compartments of the same dimensions
(length=200 m ; diameter=10 m). Between the compartments, there was 250 V cm
axial resistance. Channel parameters were taken from Pinsky and Rinzel (1994) [26],
with modification of channel densities as required to reproduce the firing patterns
of the different cell types. The somatic compartment contained fast sodium and
delayed rectifier potassium conductances. The maximum conductance values were
ḡNa=30 mS/cm2 and ḡkdr=15 mS/cm2, respectively. The dendritic compartment
contained an L-type calcium channel (ḡCaL=10 mS/cm2), a calcium-sensitive
potassium channel (ḡAHP=10 mS/cm2) and a voltage and calcium-sensitive potas-
sium channel (ḡC=100 mS/cm2). Both the soma and dendrite contained leak
conductances: (ḡleak=0.1 mS/cm2). Capacitance was 2 mF/cm2. A first-order cal-
cium decay mechanism was present in the dendrite (t=100 ms). The input
resistance at steady state was 66 MV and the membrane time constant was 23 ms.
These values were comparable to measurements using impalement [32] and whole
cell patch [37].

The MC had a soma, length=100 m diameter=50 m, with a dendrite length=
200 m diameter=10 m. Axial resistance, membrane capacitance, and membrane
resistance were identical to the GC. Except for maximal conductances, channel
parameters and locations were the same as in the GC: ḡNa=30 mS/cm2, ḡkdr=
20 mS/cm2, ḡCaL=5 mS/cm2, ḡAHP=10 mS/cm2, ḡC=130 mS/cm2. The time con-
stant for calcium decay in the dendrite was 1 s. Input resistance at steady state was
120 MV with membrane time constant of 24 ms. These values are comparable to
previous impalement measurements [6,32].

The AC was a single compartment (length=100 m ; diameter=10 m). This cell
contained only two active channels: ḡNa=10 mS/cm2 and ḡkdr=5 mS/cm2. Leak
conductance was ḡleak=0.2 mS/cm2. The input resistance at steady state was 154
MV to give a membrane time constant of 10 ms. These values were comparable to
experiment by Scharfman [32].
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GABAA, GABAB, AMPA and NMDA were modeled using a 2-state model
[8,17]. Synaptic parameters, except for maximal conductances, were similar to those
used in previous studies [9,19]. PP synapses onto GCs were approximated from
published voltage clamp [37]. AMPA and NMDA ḡ on to GCs were 4.8 and 25 nS,
respectively, with a reversal potential of 0 mV. The inhibitory conductance from
ACs onto GCs had maximum conductance of 60 nS for GABAA and 10 nS for
GABAB. The other conductances were estimated from published dual cell impale-
ments [34]. The inhibitory conductances from ACs onto MCs were GABAA ḡ of 90
nS and GABAB ḡ 18 nS. Each GC to AC ḡ was 2.6 nS AMPA and 6 nS NMDA.
Each GC to MC ḡ was 1 nS AMPA. Each MC to GC ḡ was 1 nS AMPA. Each
MC to AC ḡ was 3 nS AMPA.

Activity in the network was generally initiated by brief activation of the AMPA
and NMDA channels on GCs simulating PP stimulation. Afterwards, ACs pro-
vided feedback inhibition and MCs feedback excitation.

The network contained 50 GCs, two ACs, and two MCs. These numbers
represent a scaled-down version of the ratio of cells found in the dentate gyrus [2]
and are close to the ratio found in a computer generated anatomical model [25].
Detailed connectivity was randomized. Convergence and divergence were initially
estimated using data on frequency of connections found doing dual impalements
[34]. These values were improved by comparing individual synaptic strengths from
dual impalement to population synaptic strengths assessed with voltage clamp of
perforant path stimulation. Each GC excited a single random AC and random MC.
Every GC was inhibited by two ACs. Each MC excited 25 random GCs and two
inhibitory cells. Every MC was inhibited by two inhibitory cells. These connections
represented the normal network.

Mossy fiber sprouting was simulated by adding excitatory synaptic conductances.
Maximal synaptic conductance due to mossy fiber sprouting was estimated to be
comparable to maximal conductance seen with PP stimulation based on current
source density recordings in kindled rats [12]. Multiple levels of recurrent connectiv-
ity in granule cells were simulated. Although GCs may excite other GCs after
kindling and seizures induced by kainic acid [7,40,47], the amount of connectivity
remains an important question. We examined the results of stimulation at different
percent connectivities to predict the range that would be consistent with physiolog-
ical results.

3. Results

A variety of parameter sets were assessed in running over 500 simulations with
different levels of mossy fiber sprouting (MFS). The response to various levels of
MFS reported were robust across parameter variations, although the percentage
MFS levels where particular behaviors occurred varied somewhat. Simulations with
larger and smaller networks with the same proportions gave similar results,
although smaller networks showed more variability between identical simulations
with different initial randomization.
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Fig. 2. Single spike firing in all three cell types in response to PP stimulation. Out of the 54 cells in the
network, only one voltage trace is shown for each cell type. Other neurons of the same type show very
similar firing. In most preparations, inhibitory postsynaptic potentials are negative (hyperpolarizing) but
they tend to be depolarizing in dentate gyrus (arrows).

3.1. Normal dentate gyrus produces little firing

GC firing in response to physiological stimulation of perforant path is known to
be very restricted, with individual neurons typically firing only a single spike [10].
Using neuron dynamics established from single cell studies and synaptic strengths
obtained from dual impalement and voltage-clamp research, this network behavior
served as a constraint to determine the connectivity matrix.

In the model, PP excitation produced a single spike after a brief latency in all
GCs (Fig. 2). The voltage trace from a single neuron of each cell type is shown,
since all of the cells of a type fire in a similar manner, differing only slightly due to
initial randomization of individual cell parameters. The GC latency could be
shortened with higher conductance of PP synapses. MC spiking followed due both
to direct PP input and due to feed-forward excitation from the GCs. The major
factor behind the relative delay in MC spiking was the longer time constant for this
cell type. Feed-forward excitation from GC and MC to AC resulted in subsequent
AC spiking. Feedback inhibition from the ACs was paradoxically seen as a
nominally excitatory depolarizing postsynaptic potential (arrows) due to the depo-
larized position of the g-amino-butyric acid type-A receptor (GABAA) reversal
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potential relative to rest. Although the depolarization associated with this postsy-
naptic potential would appear to suggest an excitatory effect, paired pulse stimula-
tion demonstrated that the primary effect was in fact inhibitory (Fig. 3). After the
first stimulation produced the typical activation sequence, the second, identical,
stimulation is completely ineffective in producing another spike in the GC despite
the underlying depolarization. The efficacy of inhibition in the setting of depolariza-
tion is caused by the increase in conductance associated with synaptic activation.
This shunting inhibition effectively short circuits subsequent excitatory conductance
changes.

3.2. Effect of disinhibition

Bicuculline is a pharmacological agent that blocks the activation of GABAA, the
receptor responsible for this shunting inhibition. Thus, addition of bicuculline could
be expected to remove most feedback inhibition from the network. In the dentate
gyrus in vitro preparation, bicuculline generally produces little effect on GC firing
with single PP stimulation [11]. This is somewhat surprising since bicuculline can
produce quite dramatic effects including repetitive firing in other parts of the
hippocampus [42].

Fig. 3. Paired pulse stimulation. Depolarizing inhibitory potentials are effective in preventing the
occurrence of a second spike in response to the second stimulation. One trace is shown for each cell type.
Stimulation times are given in the schematic below (stim). Significant delay to cell firing is introduced by
the combination of synaptic delay and the intrinsic time constant of the neurons.
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Fig. 4. Disinhibition by blockade of GABAA inhibitory synapses (bicuculline simulation). One trace is
shown for each cell type. GC firing is unchanged from Fig. 2. Mossy cell (MC) shows sustained
depolarization leading to depolarization spike blockade. AC shows multiple spike firing.

To simulate the effect of bicuculline in the model, we set GABAA synaptic
strength to 0 without changing any other parameters, eliminating feedback inhibi-
tion (Fig. 4). The result was far more spiking in the ACs, released from their own
recurrent inhibition. A sustained depolarization was produced in the MCs that was
sufficient to inactivate sodium channels in this cell type, producing a depolarization
blockade that prevented further spiking. The clear disinhibitory effect on these
neurons is further demonstration of the efficacy of shunting inhibition despite the
depolarizing postsynaptic potential. Despite these dramatic manifestations of hy-
perexcitability in the other cell types, the single spike pattern of GC firing was
unchanged. This can be explained by noting that GCs have strong intrinsic
adaptation that can be demonstrated by noting their very limited spiking under
conditions of sustained single-cell current injection [33]. This intrinsic adaptation
serves as a form of internal inhibition that restricts firing. Since GC firing is the
usual experimentally measured quantity, most experiments would give no indication
of the important changes in the activity of the other neurons that the model
predicts. In particular, the substantial, sustained depolarization in the MC is a
potential cause of the cell death that appears to be a feature of the progression
towards epilepsy.
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3.3. Mossy fiber sprouting

The targets of MFS from GCs remain uncertain. For these studies, we were
primarily interested in assessing the potential of MFS for producing hyperexcitabil-
ity. Therefore, we made the assumption that all MFS would be onto other GCs
(GC�GC), yielding new recurrent excitatory circuit with no new offsetting in-
hibitory circuitry. We made the strength of GC�GC MFS connections the same
as the strength of PP synaptic inputs onto GCs, noting that in vivo studies had
demonstrated comparably-sized synaptic current sinks [12].

In Fig. 5 the raster plot at top indicates the activity in all GCs; each point
represents a single spike. The voltage trace of a single representative GC is shown
at the bottom. All GCs spike at approximately the same time with variation that
can be largely explained by initial parameter variation. At low sprouting percent-
ages, the usual single-spike behavior is seen in the GCs. With somewhat higher
MFS, multiple spikes are produced, something that is not seen physiologically with
inhibition intact. Although our method of estimating mossy fiber sprouting synaptic
strength is imprecise, we can predict that the physiological data are consistent with
quite low levels (B5%) of MFS.

Even with much higher sprouting levels, activity always remained brief and
self-limiting with no evidence of the continued regenerative activity that might be
expected due to the recurrent excitatory connectivity. As in the disinhibited case,
the strong GC adaptation appeared to limit firing.

Fig. 5. Firing of GCs in network with 1 and 5% MFS in response to PP stimulation. Representative
voltage trace of a single GC is shown at bottom in each case. Raster plots at top show firing times
(x-axis) of spikes for all 50 GCs in the network (y-axis). Note that with 1% sprouting each cell fires only
once; foreshortening of the y-axis gives a false appearance of multiple spikes.
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Fig. 6. Firing of GCs in GABAA disinhibited network (bicuculline simulation) with 1 and 5% MFS in
response to PP stimulation. More prolonged bursting is seen at each level of mossy fiber sprouting, but
bursting remains self-limiting. Voltage and raster plot representations as in previous figure.

Simulated bicuculline application (disinhibition) in the setting of MFS produced
greater GC firing at all percentages assessed (Fig. 6). Again, sustained oscillations
were not seen even with very high levels of MFS.

We looked at a variety of stimulation paradigms in order to determine whether
a different type of activation could produce a more sustained excitability in the
network. Stimulation of a single GC simulates the effect of using an intracellular
stimulating electrode. This provides far weaker stimulation than the PP activation
used in the previous figures since the latter activated all of the GCs simultaneously.
With inhibitory blockade, intermediate levels of MFS with this single-cell stimula-
tion produced more sustained excitation than was seen with the stronger PP
stimulation (Fig. 7). Without MFS or at extremely low levels of MFS, recurrent
excitation was insufficient to produce any spread of activity, resulting in firing only
in the one stimulated neuron (0%, arrow). With slightly more MFS varying patterns
of sustained GC spiking were seen (1%). With still greater MFS, however, a pattern
of stereotyped population response increasingly emerged. The seeming paradox of
increasingly powerful excitatory connections producing progressively less sustained
firing is readily explained by noting that with increasing synaptic drive onto other
GCs, the single stimulated GC had a global effect on all GCs similar to that
produced by PP stimulation. Therefore, all the GCs would fire together in a pattern
similar to that seen in Fig. 5.
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4. Discussion:

We have modeled the dentate gyrus, an area of the hippocampus that is believed
to play an important role in the genesis of temporal lobe epilepsy. This relatively
simple circuit demonstrates some surprising features both due to the richness of its
recurrent connectivity and due to the unusual intrinsic properties of the neurons in
this area. In particular, the principal neuron, the GC, has a high threshold for firing
due to a resting membrane potential far from threshold, and has strong adaptation
that prevents it from firing multiple times when this threshold is reached. Even in
the setting of disinhibition or recurrent excitatory connections due to MFS, firing
in these cells was still quite restricted. Interestingly, under certain conditions,
relatively weak stimulation was able to produce sustained firing where stronger
stimulation did not.

4.1. Value of realistic neuronal network modeling in modeling epilepsy

The use in this study of compartmental models of neurons incorporating time-de-
pendent voltage-sensitive currents presents some clear disadvantages relative to the
more familiar McCulloch-Pitts style units commonly used in artificial neural
network (ANN) modeling. First there is the disadvantage of time since these
networks run several orders of magnitude slower than ANNs of comparable size.
Second, the effort to make the models relatively realistic constantly runs into the

Fig. 7. Firing of GCs in GABAA disinhibited network (bicuculline simulation) with 0, 1 and 5% MFS
in response to single neuron stimulation. With no MFS (0%) a single spike is seen in the stimulated cell
with no spread to any other cells. With 1% MFS, relatively prolonged network activity is seen. With 5%
MFS, a brief, fairly synchronous, response occurs.
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limitations of unknown or sometimes unknowable parameters (but see below).
Third, the complexity of these networks introduces substantial difficulties of
analysis and interpretation. Despite these problems, we believe that it is important
to utilize this type of network in epilepsy modeling in order to make direct
connections with physiological experiments and, eventually, with the clinical disease
of epilepsy.

Several findings in the current study demonstrate nonlinear interactions or
time-dependent phenomenon that could not be readily reproduced with ANN units.
Our discussion of shunting inhibition demonstrates how input that appears excita-
tory may have inhibitory effects. In fact, there is physiological evidence that these
inputs may in some cases be excitatory, producing action potentials in GCs [46].
Another highly nonlinear phenomenon illustrated here is the phenomenon of
depolarization block which can cause a heavily stimulated neuron to produce very
little output (MC in Fig. 4). Although one could, of course, alter the nonlinear state
function of an ANN unit to account for this drop-off, it is unlikely that simple
analysis of the single cell physiology would have suggested such a major change in
the standard ANN model.

Having built this relatively realistic neuronal network, it would now be possible
to base an ANN on this model, as has been done in other areas of hippocampus
[27]. This would provide a more tractable model that might allow further analytic
insight into the interactions we illustrated here. Subsequently, however, it will be
necessary to return to the more realistic model in order to make predictions that
can be used in animal models to suggest surgical or pharmacological interventions,
in order that such interventions may eventually be introduced in the treatment of
human epilepsy.

4.2. Adaptation as intrinsic inhibition

The unusual properties of GCs give them a distinctive firing pattern that in turn
determines the behavior of the network as a whole. GCs have a very low resting
membrane potential. This means that they start out very far from spike threshold.
Furthermore, they appear to have relatively high concentrations of voltage and
calcium sensitive potassium channels that repolarize the cell after a spike and may
then maintain the cell in a prolonged relative refractory period. Taken together,
these influences make it hard to get a GC to fire once and very hard to get it to fire
more than once. Hence, only one spike is seen even with the complete removal of
inhibitory influences (Fig. 4).

Since the GC is the major input location, receiving afferents from entorhinal
cortex, and is also the output cell of the dentate gyrus, the major role of intrinsic
cellular factors on granule cell firing governs the network as well. In particular,
network output tends to be fairly stereotyped as each granule cell follows its own
tendencies rather than being strongly reactive to other firing in the network.
Interestingly, this dominance of intrinsic GC dynamics was also seen in the
simulations with MFS, despite the fact that in this case the granule cells were
interconnected and could influence each others’ firing. Though each GC was
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activated similarly and responded similarly, they generally received very similar
inputs from the other GCs, maintaining the stereotypy of firing. The only way that
we were able to avoid GC stereotypy was to provide an extremely weak input
(single cell stimulation) with relatively weak MFS connectivity. This tended to
produce GC activations near activation threshold, allowing more variability in
exact spike timing and in the pattern of recruitment of other cells. We would
predict from this that another way of obtaining prolonged recruitment network
activity of this sort would be to use very weak connections with high density MFS
connectivity. However, this is unlikely to be a realistic pathological scenario.

The brief, heavily synchronized behavior we produced with PP input and the
prolonged smoldering activity seen with the single cell stimulation would be
expected to have very different effects on CA3 and on other networks downstream
in the circuit. We would predict that these responses would tend to mimic the
dentate gyrus pattern with high amplitude activity giving rise to brief hypersyn-
chrony and prolonged activity begetting prolonged activity. The ability of this
smoldering activity to provide continuing pathological activation suggests that this
pattern might in fact be more detrimental than high-amplitude self-limiting hyper-
synchrony. These considerations suggest a further counterintuitive hypothesis: the
brief hypersynchrony of the interictal spike or even of a brief seizure may actually
serve a protective role as it quickly involves all the cellular elements and exhausts
the potential for further interruption of normal neuronal processing.

4.3. Bootstrapping the connecti6ity matrix

As mentioned above, uncertainty about parameter values is a constant concern
when trying to make models as realistic as practicable. In the current study, our
ability to utilize parameters obtained from current clamp and dual impalement
study gave us some confidence in the validity of both the intrinsic cellular
parameters and most of the synaptic parameters. However, a critical set of
parameters that cannot yet be adequately determined using current experimental
techniques is the detailed connectivity matrix or wiring diagram of the network
[2,25].

The most obvious way to determine connectivity in a brain area is to simply
look, using anatomical methods. However, the existence of an anatomically defined
synapse does not guarantee that it is physiologically functional. Furthermore, the
practical limitations of light and electron microscopy make any such attempt
daunting: precise synaptic identification can only be confirmed under electron
microscopy while cell identification is best done with light microscopy. It is now
possible to obtain detailed axonal tracings of single cells in order to define terminal
fields where connections are made [29–31]. However, such data fails to identify the
type of cell the axons are synapsing onto and also gives no information regarding
whether synapses are physiologically active. Furthermore, the tracing of a single cell
is a laborious process, which makes it impractical to build up a large-enough data
set to fully reconstruct the connectivity matrix of a brain area. As an alternative,
physiological investigations have the advantage of telling whether a synaptic
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connection is an active one and giving further information about its strength and
type, whether excitatory or inhibitory [23]. The type of investigation required to
directly assess connectivity, dual simultaneous intracellular recording, is also ex-
tremely technically difficult, hence impractical as a technique for building up a large
data set.

Of course, many techniques can and are brought to bear in combination to
determine connectivity. We propose computer modeling as yet another technique
that can be used to help elucidate this highly elusive aspect of neural organization.
Although the lack of connectivity information makes precise modeling difficult, the
power of computer models to explore vast numbers of possibilities makes it possible
to assay many different connectivity percentages to determine ones that yield
physiologically realistic results. By itself, this is a standard modeling technique that
was utilized in parts of the present study to determine plausible parameter ranges.
Coupled with physiological investigation, however, the same technique holds
promise as a way to guide investigation by making progressively more detailed
predictions about complex experimental paradigms that would otherwise be impos-
sible to interpret. The situation would be analogous to a genetic algorithm with the
physiological experiment providing the fitness function, since the physiological
results can be used to select parameter ranges for further exploration. Selected
parameter sets within these ranges can then be used to make more detailed
predictions in a continuing bootstrap procedure.

In the current study, we used this technique to provide an estimate for the likely
density of functional MFS in the kindling model by correlating our models with
physiological study of both the inhibited and disinhibited slice. We predict from
this that functional GC�GC MFS in kindled animals probably lies between 1 and
5%. Our findings further lead us to predict that such seemingly minor sprouting
could have important effects.

5. Conclusion

Understanding epilepsy will require making conceptual connections between the
molecular realm where anticonvulsant drugs work, the neuronal realm where most
experimental studies are performed and the network realm where the disorder is
manifest. Computer modeling provides the means to connect these levels. It is a
method particularly well suited to dynamical diseases such as epilepsy where the
concept of direct cause and effect may have to give way to the difficulties of
tracking emergent phenomena in complex systems.

In this study we have looked at the development of various firing patterns in the
dentate gyrus and found it to be remarkably resistant to perturbation. Only
combining disinhibition with the new excitatory connections of MFS made a large
difference in activity patterns. Even with these changes, ongoing self-regenerative
activity was only seen under particular circumstances. Connecting the dentate gyrus
model to a model of CA3, the next area in the hippocampal trisynaptic pathway,
may give further insights into epileptogenesis and seizure propagation.
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