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Abstract

When studying the pathological mechanisms of epilepsy, there are a seemingly endless number of
approaches from the ultrastructural level—receptor expression by EM—to the behavioral level—
comorbid depression in behaving animals. Epilepsy is characterized as a disorder of recurrent
seizures, which are defined as “a transient occurrence of signs and/or symptoms due to abnormal
excessive or synchronous neuronal activity in the brain” (Fisher et al., 2005). Such abnormal
activity typically does not occur in a single isolated neuron; rather, it results from pathological
activity in large groups—or circuits—of neurons. Here we choose to focus on two aspects of
aberrant circuits in temporal lobe epilepsy: their organization and potential mechanisms to control
these pathological circuits. We also look at two scales: microcircuits, ie, the relationship between
individual neurons or small groups of similar neurons, and macrocircuits, ie, the organization of
large-scale brain regions. We begin by summarizing the large body of literature that describes the
stereotypical anatomical changes in the temporal lobe—ie, the anatomical basis of alterations in
microcircuitry. We then offer a brief introduction to graph theory and describe how this type of
mathematical analysis, in combination with computational neuroscience techniques and using
parameters obtained from experimental data, can be used to postulate how microcircuit alterations
may lead to seizures. We then zoom out and look at the changes which are seen over large whole-
brain networks in patients and animal models, and finally we look to the future.
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1 ORGANIZATION AND REORGANIZATION OF MICROCIRCUITS:
ANATOMICAL CHANGES IN TEMPORAL LOBE EPILEPSY

Temporal lobe epilepsy (TLE) is the most common subtype of epilepsy in human patients
(Wiebe, 2000). Unlike many other forms of human epilepsies, TLE results in stereotyped
pathological changes that can be examined not only in human tissue but in an array of
animal models of this disease (Kandratavicius et al., 2014; Levesque et al., 2015). To
understand a network pathology such as epilepsy, a good starting point is to attempt to
understand any anatomical microcircuit alterations that may occur between neurons. These
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anatomical changes have been studied in detail in both humans and animal models of TLE
and will be summarized here.

In humans, TLE is most commonly associated with a pathology termed hippocampal
sclerosis or Ammon's horn sclerosis which was described in 1880 by Sommer and has been
studied with interest ever since (Bluumcke et al., 2002; Jasper and Kershman, 1941; Sano
and Malamud, 1953). The most obvious change that occurs with this sclerosis, or scarring, is
cell loss. Specifically, there is significant pyramidal cell loss in the hippocampal subfields
CA1 and CA3, with lesser amounts of cell loss in CA2 (Fig. 1A and B; De Lanerolle et al.,
1989; Steve et al., 2014). In the dentate hilus, many excitatory mossy cells are lost
(Bliumcke et al., 2000). Interneurons undergo cell death as well, the specifics of which will
be discussed later. Histopathological changes in the granule cell layer of the dentate gyrus
range from mild changes such as granule cell layer dispersion to severe changes such as
significant cell loss (Bliumcke et al., 2002; De Lanerolle et al., 1989; Thom et al., 2002).
Cell death is accompanied by gliosis, specifically proliferation and hypertrophy of
astrocytes, which indeed form the substrate of the scar (Binder and Steinhauser, 2006;
Bliumcke et al., 1999; Mitchell et al., 1999). This astrocytic hypertrophy and proliferation
may indeed play a role in network hyperexcitability, but will not be discussed further in this
chapter (Allam et al., 2012; Ullah et al., 2009; Wilcox et al., 2015).

Along with cell death comes the birth of new cells. Although the vast majority of
neurogenesis occurs in the embryonic brain, it has now been well demonstrated that
neurogenesis does occur in a few select areas of the adult brain, including the granule cell
layer of dentate gyrus (Kaplan and Hinds, 1977; Toni and Schinder, 2015). Newly born
granule cells are functionally incorporated into the hippocampal network and modulate
strong inhibition onto mature granule cells (Drew et al., 2016; Van Praag et al., 2002). In
animal models of TLE, however, the rate of neurogenesis of granule cells is increased (Fig.
1C and D; Parent and Kron, 2010; Parent et al., 1997). Some of these newborn cells may
appear in abnormal locations such as the hilus and the inner molecular layer, or display
aberrant morphology such as basal dendrites which project into the hilus (Botterill et al.,
2015; Kron et al., 2010; Parent et al., 1997; Spigelman et al., 1998; Walter et al., 2007).

Another anatomical hallmark of TLE is mossy fiber sprouting (Buckmaster, 2012). Mossy
fibers, which are the axons of granule cells, normally project to mossy cells and interneurons
in the dentate hilus and to dendrites of CA3 pyramidal cells and interneurons in the stratum
lucidum. However, in TLE, these axons sprout new processes which create aberrant granule
cell to granule cell connections (Fig. 1E and F). Early descriptions of mossy fiber were made
human TLE specimens (Scheibel et al., 1974). Subsequently, this phenomenon has been
described in many animal models of TLE (reviewed in detail in Buckmaster, 2012). Adult
granule cells sprout most commonly to the inner molecular layer of the dentate gyrus to
synapse upon other granule cells. They also form new synapses onto granule cells in the
granule cell layer, ectopic granule cells in hilus, aberrant granule cell basal dendrites in the
hilus, hilar cells, and pyramidal cells of CA2 and CA3 (Haussler et al., 2016; Parent et al.,
1997). Finally, connections between sprouted mossy fibers and interneurons have been
observed, but the functional consequence of this finding is controversial (Buckmaster, 2012;
Wenzel et al., 2000). Electrophysiological evidence has showed that these sprouted mossy
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fibers form functional synapses onto other granule cells, leading to an aberrant, recurrent
excitatory circuit which at least theoretically could lead to runaway excitation and seizure-
like activity (Scharfman et al., 2003). Interestingly, mossy fiber sprouting is so robust that
fiber-tracking MRI sequences can be used to detect this abnormality in surgically resected
human hippocampi (Modo et al., 2016). GABAergic cells have also been shown to sprout
axons in human TLE and pilocarpine-treated mice (Buckmaster and Wen, 2011; De
Lanerolle et al., 2010; Mathern et al., 1995; Zhang et al., 2009).

Abnormally sprouted mossy fibers are not the only recurrent excitatory fibers to play a role
in the microcircuit of TLE. Pyramidal cells in CA3 are well known to exhibit recurrent
excitatory to excitatory connections with each other, even in control situations (Le Duigou et
al., 2014), although the frequency of such connections is relatively low (estimated to be 2—
3% from paired recordings). Additionally, CA3 pyramidal cell axons have also been
demonstrated to sprout significantly in epileptic rats, forming denser recurrent CA3-to-CA3
excitatory connections and more extensive Schaffer collateral projections to CA1 (Siddiqui
and Joseph, 2005). In contrast to CA3, the CA1 pyramidal cell axons do not directly project
to other CA1 pyramidal cells under control conditions. However, after pilocarpine injections,
significant CA1 pyramidal cell to pyramidal cell connections were found via tracing with
Fluoro-Gold (Long et al., 2014). Finally, mossy cells, excitatory neurons of the hilus,
provide excitatory connections to dentate granule cells. These cells are famous for their
selective vulnerability to cell death in TLE (Bliumcke et al., 2000; Ratzliff et al., 2002).
However, whether their loss contributes to hyperexcitability is still unclear, with one line of
evidence supporting the idea that it is the surviving mossy cells that play a role in
hyperexcitability due to altered intrinsic and synaptic physiologic properties (Howard et al.,
2007; Ratzliff, 2004).

Cell death in TLE is not limited to excitatory neurons: GABAergic neurons are also
vulnerable to excitotoxicity (Fig. 1G and H). There are reduced numbers of cells expressing
glutamic acid decarboxylase mMRNA in epileptic animals (Dinocourt et al., 2003; Obenaus et
al., 1993). Unlike principal cells which are defined mainly by their location, characterizing
the different subtypes of interneurons is an arduous task. The classification of interneurons
rests on axonal innervation patterns of the subcellular domains of postsynaptic cells (eg,
basket cells innervate the perisomatic region), as well as on other properties such as location,
protein or neuropeptide expression, intrinsic physiology, distribution of axonal arborization,
and others (Freund and Buzsaki, 1996; Klausberger et al., 2003; Somogyi and Klausberger,
2005). The loss and alteration of function of hippocampal interneurons in epilepsy has been
reviewed elsewhere (Liu et al., 2014). However, as we are focusing here on anatomical
changes to the microcircuit, we have summarized the work on interneuronal cell loss, by
subtype, in various models of TLE and present it in Table 1.

As evidenced by the volume of studies included in Table 1, a great deal of research has been
done regarding the (usually partial) demise of interneurons in TLE. It should therefore be
noted that of the interneurons lost in the dentate gyrus, the vast majority are hilar
interneurons (Buckmaster and Jongen-Rélo, 1999). A wrinkle in the interpretation of these
studies is that cells are often identified by staining for cellular markers, and the loss of
marker-stained cells could be subsequent to changed expression of that marker rather than
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cell death. This was postulated when the loss of parvalbumin-expressing cells, which
constitute somatically projecting basket cells, axon initial segment-projecting chandelier
cells, and dendritically innervating bistratified cells, was not accompanied by a loss of
GABAergic synapses onto the somata or axon initial segments of dentate granule cells in
human TLE specimens, and putative basket cell contacts were shown to be preserved in the
dentate gyrus of rat pilocarpine model (Obenaus et al., 1993; Wittner et al., 2001). A further
study of parvalbumin immunoreactivity in human TLE specimens, performed at the light
and electron microscopic levels, revealed that parvalbumin-containing interneurons in CA1,
most of which are basket cells and axo-axonic cells, are preserved as long as the CAl
pyramidal cells (their targets) do not degenerate. This study suggested that interneurons
which initially express parvalbumin may survive even if parvalbumin immunoreactivity is
lost. Additionally, despite many reports of parvalbumin cell loss, in the mouse pilocarpine
model, cholecystokinin-expressing basket cells were lost, but parvalbumin-expressing basket
cells were specifically conserved (Wyeth et al., 2010). Therefore, the specifics of which
interneurons are lost, which are merely changed, and the functional consequences thereof
are complicated questions which still remain to be fully answered.

Although TLE is predominantly a pathology of the hippocampus, other mesial temporal
structures such as the entorhinal cortex and the amygdala have been implicated in humans
and animal models. Recently, recurrent excitatory connections have been demonstrated
between principal cells in layer 11 of the medial entorhinal cortex after kainate-induced
seizures (Armstrong et al., 2015). Cell loss in layer |11 of entorhinal cortex has also been
demonstrated (Siddiqui and Joseph, 2005). The amygdala, another adjacent limbic structure,
which is often removed at surgery for TLE in humans, has also been implicated with
anatomical changes, as it undergoes cell loss as well (Bliimcke et al., 2002). Exploring
details of microcircuitry in these extrahippocampal regions of the temporal lobe may prove
to be fruitful in the future.

In addition to the anatomical changes in TLE described earlier, there are some features of
normal hippocampal microcircuitry that predispose this region to seizure susceptibility. For
example, recurrent CA3-to-CA3 pyramidal cell connections create a network which can
generate bursts and high-frequency oscillations, which have both been correlated with
hyperexcitability (reviewed in detail in Le Duigou et al., 2014). More precisely, it has been
shown that pyramidal cells in the CA3a subregion (ie, closer to CA1) have more recurrent
synapses and play a role as “pacemakers” in the hippocampus (Wittner and Miles, 2007).
Recently, Cajal-Retzius cells, an excitatory neuronal subtype believed to be common in
early development but degenerate before adulthood, have shown to be functional and present
in the adult hippocampus and may even be increased in number in epilepsy (Anstotz et al.,
2016; Quattrocolo and Maccaferri, 2014; Thom et al., 2002). While all of the targets of these
intriguing cells have not been elucidated, it is quite plausible that they contact other
excitatory cells and form an excitatory loop, which could contribute to hippocampal seizure
susceptibility. Finally, recent studies have shown that there are distinct subpopulations of
CAL1 pyramidal cells that form precise and discrete local microcircuits with interneurons and
have different susceptibility to modulatory signals such as endocannabinoids (Lee et al.,
2014; Maroso et al., 2016).
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We have limited our discussion here to anatomical changes seen in TLE. The organization,
structure, and function of microcircuits can also be affected by many other alterations that
are known to occur in the hippocampus in TLE, including but not limited to changes in
neurotransmitter receptor signaling (ie, changes in the expression of glutamate or GABA
receptors), changes in modulatory signaling (ie, cannabinoids, neurosteroids), a wide variety
of changes in synaptic physiology, channelopathies, the role of different types of
interneurons in normal and pathological oscillations, and changes in the ultrastructure of
synapses (Dalby and Mody, 2001; Ferando and Mody, 2012; Grabenstatter et al., 2012;
Houser, 2014; Mathern et al., 1998; Soltesz et al., 2015; Wolfart and Laker, 2015). These
types of changes have been well documented but are beyond the scope of this review.

2 FROM ORGANIZATION TO CONTROL OF NEURONAL CIRCUITS:
INTRODUCTION TO GRAPH THEORY

Before we discuss how the above anatomical changes might lead to hyperexcitability or
seizures, we pause for a brief background on graph theory. Pioneered by Euler in the 18th
century, it has gained a recent resurgence in popularity, in large part due to the important
work of Watts and Strogatz who demonstrated its usefulness in describing systems as diverse
as neural networks of Caenorhabditis elegans, power grids, and the interconnectedness of
film actors (Watts and Strogatz, 1998).

Graph theory uses the concepts of nodes and edges to represent elements in a network and
the connections among them. This mathematical analysis is perfectly suited for the study of
one of the most complex biological systems in existence, the mammalian brain. The
application of graph theory to neural systems is intuitive: on the microscale, nodes represent
neurons and edges represent synapses; on a larger scale, nodes represent brain regions and
edges represent white matter tracts. This type of analysis, along with computational
modeling techniques, can be applied to systematically examine individual alterations
observed experimentally in epilepsy.

One of the early results of graph theoretical analysis of neural systems was that many
neuronal networks appear to display properties typical of the so-called small-world
networks. The simplest way to describe the small-world network is through the use of two
main parameters: the clustering coefficient C (representing the density of local connections)
and the path length L (the average distance between two connected cells) (Watts and
Strogatz, 1998). The small-world network is characterized by a high C, due to the high
number of local interactions, and a small L, indicating a short average path length between
two connected neurons (Fig. 2A). A network with small-world organization can better
support high levels of local and global synchrony seen in real neuronal networks, yet it
requires many long-range connections.

Subsequently, a related, important concept in network organization was introduced, the
scale-free network (Albert et al., 2000; Barabasi and Albert, 1999). In scale-free networks,
nodes on a graph have highly differing degrees of connectivity which are distributed
according to a power law: a few nodes (which are called hubs) possess a high degree of
connectivity, whereas the majority of nodes are only sparsely connected to others (Fig. 2B
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and C). The origin of the scale-free nature of a network lies in two important characteristics,
both relevant to neuronal networks as they develop embryologically. The first is that these
networks can grow: ie, they can start with a few nodes, and then new nodes are added. The
second is that when new nodes are added, they are more likely to be connected to highly
connected nodes (referred to as the “rich gets richer” rule). In neuronal networks, the
presence of hub cells has been shown to increase firing (Grinstein and Linsker, 2005;
Morgan and Soltesz, 2008). Additionally, scale-free networks exhibit a high degree of
efficiency required for neuronal networks (Buzséaki et al., 2004) and also show a high degree
of robustness, limiting the vulnerability of the network when some of the nodes are damaged
(Albert et al., 2000). It is likely that real neuronal networks exhibit some properties of both
scale-free and small-world networks, as they are not mutually exclusive and both exhibit
high Cand low L (Dorogovtsev et al., 2002; Lin and Zhang, 2014). Indeed, the degree of
small worldness expressed by a scale-free network may affect the amount of neuronal
synchrony (Massobrio et al., 2015).

3 BEGINNING TO CONTROL MICROCIRCUITS: USING GRAPH THEORY TO
CONTROL CIRCUITS IN SILICO

We will now focus our attention on studies that use computational techniques to apply graph
theory as a technique in understanding how experimentally demonstrated changes in
microcircuitry contribute to network hyperexcitability. TLE development is most often
characterized by three different stages: (1) an initial precipitating event, (2) a period of
epileptogenesis, and (3) recurrent spontaneous seizures. Most of the anatomical and
physiological changes occur during the period of epileptogenesis. One issue with attempting
to interpret experimental results is that in TLE, a plethora of changes occur simultaneously
during epileptogenesis. Therefore, it is difficult to prove which alterations may be
epileptogenic, which may be compensatory, and which may in fact be protective against
seizures. Computational modeling, based fundamentally on graph theory, offers a potential
solution to this as each variable can be tested individually. Once crucial epileptogenic
changes are identified, variables of the in silico models can then be adjusted to control the
circuit and bring it back to a healthy state.

The dentate gyrus is an area which undergoes drastic alterations in its microcircuitry
(reviewed earlier, but also see Tejada and Roque, 2014). Mossy fiber sprouting and hilar cell
loss are the two most characteristic hallmarks of TLE in the dentate, and yet there has been
great controversy regarding the functional significance of each (Bernard et al., 1998;
Buckmaster, 2012; Ratzliff et al., 2002; Sloviter, 1991). Therefore, a model of the dentate
gyrus was created to determine whether sprouting and cell loss could affect network
excitability (Santhakumar et al., 2005). This biophysically realistic model demonstrated that
the dentate gyrus shows a small-world organization and that gradually increasing neuronal
cell loss and mossy fiber sprouting led to an increase in small worldness and, therefore, an
increase in network excitability. The initial model consisted of 500 neurons, and a later study
expanded upon this work to create a network of 50,000 realistic cells as well as a structural
model of 1,000,000 cells (Dyhrfjeld-Johnsen et al., 2007). These studies demonstrated that
the survival of only a small fraction (20%) of hilar cells was able to sustain network
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hyperexcitability, and that mossy fiber sprouting played a crucial role in this
hyperexcitability. In both the 500-cell and 50,000-cell biophysically realistic models,
minimal mossy fiber sprouting resulted in spread of seizure-like events and boosted the
network excitability, and increasing levels of mossy fiber sprouting and hilar cell loss
contributed to further pathological activity (Fig. 3; Dyhrfjeld-Johnsen et al., 2007;
Santhakumar et al., 2005). Other studies have likewise presented similar findings that mossy
fiber sprouting and hilar cell loss are correlated with seizure frequency (Howard et al., 2007,
Lytton et al., 1998). In addition, such studies have shown that a combination of sodium
channel mutations (also known to occur in TLE) and mossy fiber sprouting leads to even
higher levels of network excitability (Thomas et al., 2010), and that structural alterations to
the dendritic tree known to occur in granule cells actually reduce their excitability and thus
are protective against mossy fiber sprouting-induced hyperexcitability (Tejada et al., 2012).
Interestingly, pharmacological blockade of mossy fiber sprouting reportedly does not
prevent epilepsy, emphasizing the multifactorial nature of seizure generation (Buckmaster
and Lew, 2011; Heng et al., 2013).

As the exact microcircuitry pattern of mossy fiber sprouting and incorporation of hewborn
granule cells is unknown, logic would dictate that the pattern of new connectivity should be
considered carefully when testing the effects of such changes on network activity. Given the
great interest in scale-free networks and the role that hubs play in this type of system, hub
neurons were incorporated into the network and its effect on hyperexcitability was studied.
The addition of just a few highly connected hubs led to powerful increases in network
excitability, emphasizing the importance of examining precise details of network
microcircuitry (Morgan and Soltesz, 2008). They hypothesized that granule cells with
aberrant basal dendrites might be the underlying biological substrate for hub cells. Since that
time, real hub neurons have been demonstrated in developing hippocampal brain slices,
providing the first experimental evidence for hub cells and supporting the theory that the
hippocampus may be organized into a scale-free network (Bonifazi et al., 2009). The authors
were able to selectively stimulate either weakly connected neurons or hub neurons and
measure network activity with calcium imaging. As predicted, only hub cell activation
resulted in large-scale network synchronization, emphasizing the functional importance of
these hubs. Mathematical modeling of scale-free networks has shown that hub cells arise
early during the growth of a network, and indeed genetic studies have shown that a small
group of cells born early in the embryonic stage survive into adulthood and exhibit high
levels of connectivity (Marissal et al., 2012; Picardo et al., 2011). Removing hub cells
experimentally therefore represents a future possibility for exerting control on an excitable
network.

A combination of experimental and computational techniques can also be used to analyze
the importance of specific microcircuits. Two-photon calcium imaging was used to record
activity from many individual neurons at once in hippocampal slices from either control or
pilocarpine-treated epileptic mice, and synchronous network events were detected, at much
greater frequency in the epileptic slices (Feldt Muldoon et al., 2013). Surprisingly, the
activity of individual neurons in the slice was not always correlated to the network activity.
Therefore, a clustering analysis derived from the graph theory was used to detect groups of
neurons which exhibit temporally correlated activity. It was determined that the neuronal
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clusters in epileptic slices are much more spatially localized than the control slices, despite
the fact that the synchronous network events seen in both groups of slices appear similar. An
important conclusion of this study is that in epileptic networks events that appear similar at
macroscopic (eg, EEG) level are actually highly variable at a microscopic level. Moreover,
this work demonstrates that it is possible to distinguish between physiological and epileptic
circuits using a computational approach, emphasizing the value of computational
neuroscience in studying brain networks.

A different approach to using computational modeling to investigate mechanisms of
hyperexcitability relies on starting with healthy neuronal networks and then controlling
various circuit parameters until hyperexcitability occurs. In a two-dimensional simplified,
1000-neuron model that was created to adhere to small-world network characteristics, the
addition of new “granule cells” can be performed while still maintaining a small-world
network. If, however, the initial network is more random, the addition of granule cells leads
to synchronous bursting and high firing rates (Schneider-Mizell et al., 2010). Another study
generated small-world networks resembling either CA1 or CA3 networks as seen in a
hippocampal slice. Changing various network parameters, such as synaptic strength and
network connectivity, allowed the authors to determine how the network moved from a
“normal” network to a bursing or seizing network (Netoff et al., 2004). The networks based
on CA3 connectivity were more likely to burst than the networks based on CA1, as expected
from the known properties of these hippocampal subfields in vitro.

Overall computational studies showing that neuronal networks behave similarly to other
large-scale networks suggest that the connectivity of the brain is built to guarantee the most
energetically efficient information flow between different areas. The presence of hub cells
also suggests that alterations occurring in these few highly connected neurons (or indeed the
addition of new hub cells in epileptic states) may have critical consequences in the network
dynamics resulting in the development of neurological disorders. The relationship between
experimental data and computational modeling is a two-way street: experimental findings
form the basic building blocks of computational modeling, which in turn can lead to a
greater understanding of experimental data. Computational models can easily be
manipulated and individual parameters controlled, giving hints as to what changes can
eliminate or reduce hyperexcitability. These answers will then drive future experiments, and
eventually future treatments as well.

4 FURTHER CONTROL OF MICROCIRCUITS: CAN WE LEARN TO CONTROL
A PATHOLOGICAL CIRCUIT IN ORDER TO TREAT EPILEPSY?

Ultimately, the goal of all research into epileptic circuits is to understand this pathology in
order to develop better treatments for patients with TLE. Once details of epileptic circuits
are known at small and large scales, controlling the circuit may become possible. There are a
wide variety of techniques other than anatomy or electrophysiology which may be useful for
continuing to helping to map out these circuits including an innovative type of high-
resolution microscopy called STORM (Dani et al., 2010; Dudok et al., 2015), calcium
imaging (Feldt Muldoon et al., 2013; Lillis et al., 2015), voltage-sensitive dyes (Takano and
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Coulter, 2012), multielectrode arrays, and optogenetic techniques (Bui et al., 2015). Other
techniques which may allow control of pathologically hyperexcitable networks either in
animal models or patients include cell transplant (Henderson et al., 2014), designer receptors
exclusively activated by designer drugs, aka DREADDs (reviewed in Krook-Magnuson and
Soltesz, 2015), responsive neurostimulation, and deep brain stimulation (Bui et al., 2015).

Although controlling epileptic circuits may seem like a futuristic concept, the advent of
optogenetics has placed this possibility within reach. This technique relies on the expression
of light-induced opsins that can either depolarize (to activate) or hyperpolarize (to silence)
neurons in response to light. Genetic or viral targeting of opsin expression allows selective
targeting of specific neuronal subpopulations which can then be modulated on a millisecond
timescale (reviewed in Bernstein and Boyden, 2011; Krook-Magnuson and Soltesz, 2015;
Yizhar et al., 2011). In 2009, a proof-of-concept study was published to demonstrate that
epileptiform events in the hippocampus could be controlled with optogenetic manipulation
in vitro. Optical silencing of CA1 or CA3 pyramidal cells, accomplished by activating an
inhibitory opsin, was able to suppress epileptiform bursting in slices (Tgnnesen et al., 2009).
Since then, there have been great technological efforts to harness the power of optogenetics
in order to detect and stop seizures in vivo. In this regard, a recent study used a mouse
kainate model of TLE, in which the convulsant was injected unilaterally, to test the effect of
on-demand optogenetics on spontaneous seizure activity in chronic TLE (Krook-Magnuson
et al., 2013). The authors developed a novel, closed-loop system which allowed temporally
precise opsin activation only when seizure detection had occurred. They first expressed an
inhibitory opsin (halorhodopsin) in excitatory principal cells in the CA1 area of the
hippocampus which, upon turning on the laser, led to hyperpolarization and effective
silencing of CA1 pyramidal cells, successfully terminating the seizures. As a complementary
approach, they expressed the excitatory opsin channelrhodopsin in parvalbumin-expressing
interneurons. Parvalbumin-expressing interneurons, although they represent less than 3% of
the neuronal population in CA1 (Bezaire and Soltesz, 2013), were chosen as a target because
they give rise to powerful inhibition onto CA1 pyramidal cell somata and axon initial
segments. On-demand channelrhodopsin-induced activation of parvalbumin-expressing
interneurons was also able to halt seizure activity in the epileptic mice. Surprisingly, seizure
control was even obtained when the light was targeted to the hippocampus contralateral to
the site of kainate injection, suggesting that seizures can be controlled far from the site of
insult. Therefore, a follow-up study was performed which demonstrated that temporal lobe
seizures could be terminated by light-mediated modulation of a very distant target: the
cerebellum. Moreover, by specifically targeting the vermis of the cerebellum, they were also
able to decrease both seizure duration and seizure frequency (Krook-Magnuson et al., 2014).
Although this chapter is focused on TLE, it is worth noting that closed-loop optogenetic
control of seizures has been successfully implemented in other seizure models as well.
Cortical stroke-induced chronic seizures can be stopped by optogenetic silencing of
thalamocortical neurons, and tetanus toxin-induced neocortical seizures can be controlled by
on-demand silencing of pyramidal cells (Paz et al., 2012; Wykes et al., 2012).

Another method that has been used to optogenetically control seizures lies in restoring lost
safety mechanisms that exist in the healthy hippocampus. The “dentate gate” theory
postulates that the dentate gyrus, which receives much of the incoming neural information to

Prog Brain Res. Author manuscript; available in PMC 2016 December 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Alexander et al.

Page 10

the hippocampus, normally acts as a checkpoint and can shut down incoming excitability.
However, in epilepsy, this gate breaks down and allows pathological epileptiform activity to
pass through to the rest of the hippocampus (Heinemann et al., 1992; Lothman et al., 1992).
A recent in vivo study has not only lent support to this theory but has demonstrated that the
restoration of the dentate gate through optogenetic hyperpolarization of granule cells stops
spontaneous seizures in epileptic mice (Krook-Magnuson et al., 2015). Taken together, these
optogenetic studies prove that inhibition or excitation of small but specific populations of
cells can control seizures in vivo in animal models. Moreover, the effect of modulation of
distant areas on temporal lobe seizures may indicate the presence of target circuits that could
be exploited to obtain seizure suppression in TLE.

5 NETWORK ORGANIZATION AT THE MACROCIRCUIT LEVEL:
APPLICATIONS OF GRAPH THEORY AT A LARGER SCALE

Although most of the pathological changes in TLE occur in the hippocampus and adjacent
structures, this disease affects extratemporal structures as well, as evidenced by the facts that
many patients with TLE do not have a complete remission of their seizures after TLE and
also that many patients with TLE suffer from psychiatric comorbidities (Kandratavicius et
al., 2014; Wiebe and England, 2001). Therefore, graph theory analysis has been proposed as
a way to understand the changing circuitry of the entire brain that occurs in human epilepsy,
with dual goals of understanding the pathophysiology of this disease and of potentially using
graph theory to help localize seizure foci and guide clinical treatment (Haneef and Chiang,
2014).

When applying graph theory to the analysis of microcircuits in TLE, it is clear what to use
as representation for nodes and edges: neurons and their synaptic connections, which can be
quantified with histological and electrophysiological techniques. When zooming out to a
larger picture, mapping the whole brain (or the whole temporal lobe) onto a graph is less
intuitive, especially in terms of demonstrating and quantifying connections between nodes.
Therefore, it is not surprising that a wide variety of methods exist to solve this problem (Fig.
4). Advantages to these techniques include that they can be used to look at the human brain
in entirety, that imaging-based techniques and some recording techniques are noninvasive,
and that human TLE subjects can be studied without the need to rely on animal models.
Using various MRI sequences, nodes can be defined based on known brain areas, and edges
are then measured either using diffusion tensor imaging (DT]I) to trace axonal connections or
using wavelet transforms of functional MRIs to establish activity correlation (Bullmore and
Sporns, 2009; Haneef and Chiang, 2014). Correlations of cortical thickness, which can be
measured precisely with surface electrodes or MRI, have also been shown as a way to
establish connectivity between brain regions, based on the theory that anatomical changes
will result from changes in activity (Lerch et al., 2006). Noninvasive EEG can be analyzed
with each electrode as a node and the synchronization between leads as the edges. In
patients undergoing presurgical evaluation, detailed intracranial recordings are often made
using either surface electrodes or depth electrodes (stereo-EEG). Stereo-EEG is a safe and
effective technique that is useful for mapping graph structure in TLE given that the
hippocampus and amygdala are not located at the surface of the brain (Gonzalez-Martinez et
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al., 2013). Finally, magnetoencephalography (MEG) has been used successfully to map the
global network structure of the human brain (Bartolomei et al., 2006).

Just as early computational studies of hippocampal microcircuits focused on determining the
graph structure of healthy brain networks, early studies of the macrocircuitry of whole
human brains were also performed to determine whether this complex system adheres to the
principles of mathematically described systems such as small-world or scale-free networks.
Wavelet transform correlation analysis performed on fMRI of whole human brain in the
awake, resting state, reveals that overall the brain appears to have a small-world, but not
scale-free organization (Achard et al., 2006). In this study, as in many whole-brain studies,
the nodes are defined as large brain areas such as hippocampus, thalamus, or prefrontal
cortex. Many other studies, based on cortical thickness MEG, EEG, MRI, and functional
MRI, have also suggested that the brain is a small-world network (He et al., 2007; Stam,
2004; Stam and van Straaten, 2012). On the other hand, the existence of scale-free network
characteristics in the healthy human brain is controversial (He et al., 2007; Pritchard et al.,
2014).

Several studies have examined network properties in patients, specifically path length (L)
and clustering coefficient (C), to investigate whether the small-world architecture is altered
by TLE. The most commonly found changes include increased Cand increased L in TLE
patients as compared to controls (Bartolomei et al., 2013; Horstmann et al., 2010; Ponten et
al., 2007). However, other studies have found different and even opposing changes in Cand
L (Liao et al., 2010; Quraan et al., 2013; Xu et al., 2014). These inconsistent results are
likely due to the use of a variety of techniques for creation of the graphs (Horstmann et al.,
2010), difference in frequency band for analysis (Horstmann et al., 2010; Quraan et al.,
2013; Wilke et al., 2009, 2011), variability among patients, and a low sample number.
Additional difficulty with determining MRI-based network analysis is that network
characteristics have been shown to change over time in the same patient (Chiang et al.,
2016). However, the takeaway message is that TLE does alter the network architecture of the
epileptic human brain.

Luckily, there have also been some exciting and promising results from whole-brain network
analysis in TLE patients. DTI shows increased connectivity between hippocampus and
thalamus in patients with TLE (Dinkelacker et al., 2015). This changed connectivity could
certainly be important given that limbic seizures are known to propagate through the
thalamus in both human and animal models (Blumenfeld et al., 2004; Guye et al., 2006;
Patel et al., 1988; Sloan et al., 2011). Additionally, MEG analysis was able to demonstrate
the presence of hub-like regions in both temporal cortex and hippocampus of patients with
TLE that do not exist in control subjects, and the importance of hubs to excitability was
discussed earlier (Jin et al., 2015).

Recording from large populations of neurons in human studies can also lead to clues about
what might start or stop seizures. A computational neuronal population model was
developed in order to simulate findings from depth electrode recordings (stereo-EEG) from
patients with TLE (Wendling et al., 2005). The model parameters were fit using an
evolutionary algorithm to match each patient's EEG at different points around the seizure
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event, ie, interictal, preonset, onset, and ictal. The authors determined that excitation
gradually increased between time points. Slow dendritic inhibition increased between
interictal and preonset, dropped drastically at onset, and returned to normal in the ictal state.
Finally, fast somatic inhibition increased from preonset to onset and then dropped drastically
in ictal state. This study presents the interesting implication that, in the future, if recording
techniques can deconvolve subpopulations of neurons, the balance between activity of
different neuronal populations may offer another method of seizure prediction, and
underlines the fact that seizures are not triggered simply by an increase in excitation or a
decrease in inhibition. However, tetrode recordings from epileptic rats have shown that
alterations in the firing patterns of putative excitatory and inhibitory neurons in the preictal
period are complex and may also depend on that animal's behavioral state (eg, sleep, or
sleep-to-wake transitions; Ewell et al., 2015).

As mentioned in Section 1, a well-accepted definition of a seizure is “abnormal excessive or
synchronous neuronal activity in the brain” (Fisher et al., 2005). However, analysis of
multichannel EEG recordings during seizures does not support such a straightforward
interpretation. Ictal events may involve local hypersynchrony, but are not correlated with
global hypersynchrony (Schindler et al., 2007). Similar results were obtained when single
units were recorded from multielectrode arrays in patients undergoing invasive monitoring
for surgical evaluation. Surprisingly, even at the local level, there was great variability in
spike timing and spike rate between single units rather than massive hypersynchrony, even in
the epileptogenic zone (Truccolo et al., 2011). These results corroborate the experimental
findings of Feldt Muldoon et al. which suggested that there is no complete synchrony among
all neurons during network events resembling seizures in slices from epileptic animals (Feldt
Muldoon et al., 2013).

Finally, there has been some interest in using graph theory to analyze individual patients'
networks in an attempt to guide treatment by helping to define the epileptogenic zone. When
the strength of connectivity was measured in patients with TLE using functional
connectivity of the stereo-EEG electrodes, patients with lower mean and standard deviation
of connectivity strength had a significantly better outcome after temporal lobectomy
(Antony et al., 2013). When the graph characteristics of intracranial EEG were analyzed, it
turns out that the node with the highest “outdegree,” ie, highest number of outgoing
connections, was always within the clinically determined epileptogenic zone that ended up
being resected at surgery (van Mierlo et al., 2014). Additionally, another similar study
revealed that patients who became seizure free after surgery underwent resections that
included areas of especially active nodes, especially as measured in the gamma frequency
(Wilke et al., 2009, 2011). Therefore, the presence of one or several highly connected hubs
may signal an epileptogenic zone.

The final goal of all epilepsy research is to create new treatments for patients with epilepsy.
Whether optogenetic closed-loop technology, developed to control microcircuits in animal
models, will be directly applied to humans remains to be seen. Translating these exciting
results to TLE patients will require the conquering of major technological and ethical
hurdles (for discussion, see Bui et al., 2015). However, knowledge of the mechanisms and
locations by which control may be obtained could allow translational researchers and
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clinicians to improve currently approved technology in the meantime. For example,
responsive neurostimulation is a closed-loop technology which has recently been approved
for patients with epilepsy, by which an electrode is implanted into the seizure focus (Heck et
al., 2014). The electrode is capable of recording and stimulating: seizures are detected with
customizable seizure detection algorithms, and then the electrodes stimulate the area to abort
the seizure. Having a better idea of the circuitry involved in controlling seizures in animal
models may allow for additional anatomical locations for electrode targeting as well as
improved seizure detection algorithms.

6 CONCLUSIONS

In summary, computational science and experimental techniques offer complementary
techniques to allow researchers to understand brain dynamics in normal and pathological
conditions. Many anatomical details about circuit reorganization in epilepsy have already
been demonstrated, and these predictions can offer the possibility of expanding this
knowledge further. As computational models grow in size, accuracy, and complexity, they
will produce more reliable predictions as to what variables are epileptogenic, and these
predictions can then be experimentally validated. This cycle of experimenting, modeling,
and experimenting again is particularly relevant in the epilepsy field, given the varied and
complex anatomical and physiological changes that alter the hippocampal network during
epileptogenesis.
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FIG. 1.
Anatomical changes to the microcircuitry of the hippocampus in temporal lobe epilepsy. (A

and B) Nissl-stained sections of the hippocampal formation from an autopsy subject, ie,
control (A) and a patient with severe hippocampal sclerosis (B) demonstrating severe cell
loss in most cell layers, with relative sparing of CA2, distal CA1, and complete sparing of
the subiculum. Dashed lines indicate border between CA1 and subiculum. (C and D) BrdU
labeling reveals an increase in the number of newborn neurons at the border of the hilus and
granule cell layer after pilocarpine-treated rats (D) compared to controls (C). (E and F)
Timm staining, which selectively labels mossy fibers, reveals significant mossy fiber
sprouting into the molecular layer in epileptic kainate-treated rats (F, arrows) but not in
control animals (E). (G and H) The number of GAD mRNA-containing neurons in the hilus
is reduced in pilocarpine-treated (H) when compared to control (G) rats. Sub, subiculum; H,
Hilus; dgc, dentate granule cell layer; M, molecular layer; G, granule cell layer.

Panels (A and B): adapted from Andrioli, A., et al., 2007. Quantitative analysis of
parvalbumin-immunoreactive cells in the human epileptic hippocampus. Neuroscience 149
(1), 131-143, (G and H) adapted from Obenaus, A., Esclapez, M., Houser, C.R., 1993. Loss
of glutamate decarboxylase mRNA-containing neurons in the rat dentate gyrus following
pilocarpine-induced seizures. J. Neurosci. 13 (10), 4470-4485; panels (C and D): adapted
from Buckmaster, P.S., Dudek, F.E., 1997. Network properties of the dentate gyrus in
epileptic rats with hilar neuron loss and granule cell axon reorganization. J. Neurophysiol.
77 (5), 2685-2696; and panels (E and F): adapted from Parent, J.M., et al., 1997. Dentate
granule cell neurogenesis is increased by seizures and contributes to aberrant network
reorganization in the adult rat hippocampus. J. Neurosci. 17 (10), 3727-3738.
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FIG. 2.
Introduction to graph theory. (A) lllustration of the progression from a regular network to a

small-world network to a random network. A regular network has a high number of local
connections and no long-distance connections, resulting in a high clustering coefficient (C)
and a high path length (L). By replacing a few local connections with long-distance
connections, the overall shortest path length (L) is dropped significantly, and yet a high C
remains, creating a small-world network. In a random network, the small probability of local
connections and the low number of randomly created long distance connections result in low
Cand low D. (B) A graphical representation of a scale-free network demonstrates a small
number of highly connected nodes or hubs, represented by sfars. These five hubs make
primary connections with 60% of the rest of the nodes in the graph (rectangles). This is in
contrast to an exponential network (not shown), in which the five most highly connected
nodes only primarily contact 27% of all nodes in the graph. (C) A log-log graph
demonstrates the power law relationship between the probability of a node having &
connections (J~axis) and the number of connections in the graph (x-axis).

Panel (A): adapted from Watts, D.J., Strogatz, S.H., 1998. Collective dynamics of “small-
world” networks. Nature 393 (6684), 440-442; panel (B): adapted from Albert, R., Jeong,
H., Barabasi, A.L., 2000. Error and attack tolerance of complex networks. Nature 406, 378—
382; and panel (C): adapted from Morgan, R.J., Soltesz, I., 2008. Nonrandom connectivity
of the epileptic dentate gyrus predicts a major role for neuronal hubs in seizures. Proc. Natl.
Acad. Sci. U.S.A. 105 (16), 6179-6184.
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FIG. 3.

Control of the microcircuit: computational and experimental examples. (A-D) Effects of the
sclerosis-related topological changes on granule cell activity in a functional model network.
Raster plots of the first 300 ms of action potential discharges of granule cells in a large-scale
functional model network at increasing degrees of sclerosis (ie, hilar cell loss and mossy
fiber sprouting). The most pronounced hyperactivity was observed at submaximal (80%)
sclerosis. Small vertical line indicates time of simulated stimulation and which granule cells
were stimulated. (E-H) Closed-loop optogenetic control of temporal lobe seizures in
epileptic mice. (E) Experimental timeline. KA: unilateral hippocampal injection of kainic
acid. Implant: optrode implantation. (F-H) Example electrographic seizures. Green (gray in
the print version) barsrepresent a detected seizure, and yeflow (light gray in the print
version) bars represent the closed-loop activation of amber light (589 nm) in order to
activate halorhodopsin in principal cells (note that, after detection of a seizure, the light was
either switched on or it was not switched on in a random fashion, with the latter serving as
internal control). Also note that in G, when light is activated, the seizure is terminated, but
that in H, without amber light, the seizure continues.

Panels (A-D): adapted from Dyhrfjeld-Johnsen, J., et al., 2007. Topological determinants of
epileptogenesis in large-scale structural and functional models of the dentate gyrus derived
from experimental data. J. Neurophysiol. 97 (2), 1566-1587 and panels (E-H): adapted from
Krook-Magnuson, E., et al., 2013. On-demand optogenetic control of spontaneous seizures
in temporal lobe epilepsy. Nat. Commun. 4, 1376.
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FIG. 4.
Graph theoretical analysis of macrocircuits. (A) Various imaging and recording techniques

can be used to define the nodes and edges of a large-scale graph. (B and C) An adjacency
matrix is created from these nodes and edges, and then converted into a functional graph.
(D-F) This graph is then analyzed for small-world characteristics such as clustering
coefficient (D) and path length (E), and then for the presence and characteristics of network
hubs (F) which would determine the scale-free nature of the network.

Adapted from Haneef, Z., Chiang, S., 2014. Clinical correlates of graph theory findings in
temporal lobe epilepsy. Seizure 23 (10), 809-818.
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