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ABSTRACT OF THE DISSERTATION

Control of spatial memory and seizures by hippocampal mossy cells
By
Anh Bui
Doctor of Philosophy in Biomedical Sciences
University of California, Irvine, 2017

Professor Ivan Soltesz

Temporal lobe epilepsy is the most common neurological disorder in adults and one of the most
medically refractory. In order to develop new, more effective therapeutical approaches for TLE,
we need a more complete understanding of the hippocampal structural and functional alterations
underlying seizure activity and comorbid cognitive deficits. We investigated the contribution of
two excitatory cell populations in the hippocampal dentate gyrus to ictal activity and spatial
memory, the enigmatic hilar mossy cells and the granule cells, utilizing a combination of
optogenetic, electrophysiological, and behavioral approaches in awake, behaving animals. Our
main findings are: 1) decreased mossy cell activity during spontaneous, electrographic seizures
permits further generalization of electrographic seizures into behavioral seizures; 2) mossy cells
play a protective and anti-epileptic role in preventing seizure propagation; 3) mossy cells are
necessary for encoding of spatial information, and a loss or decrease in mossy cell activity leads
to memory impairments; 4) restoration of the dentate gyrus to a hyperpolarized state can robustly
control seizure activity in chronic temporal lobe epilepsy, while stimulation of dentate gyrus
granule cells leads to convulsive seizures. Our work has important implications for future

therapeutical approaches. Our findings suggest that strategies to target the dentate gyrus
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microcircuitry, for example, by limiting MC loss, directly exciting surviving MCs, or inhibiting

granule cells, may provide powerful treatment options for seizure control.



INTRODUCTION

Temporal lobe epilepsy (TLE) is the most common type of epilepsy in adults and is one of the
most medically refractory. 30% to 40% of patients are pharmacoresistant (Kwan and Sander,
2004), and even those patients who have their seizures controlled with currently available anti-
epileptic drugs may suffer from debilitating side effects of the medications, including sedation,
cardiac arrhythmia, and vision problems. Surgery can be an option for some TLE patients whose
seizure focus can be localized, but neurosurgical resection carries significant risks. Furthermore,
in addition to the decreased quality of life caused by the seizures themselves, epileptic patients
also have a high risk of psychological comorbidities, including depression, anxiety, and learning
and memory deficits (Kwon and Park, 2014). In order to develop more effective therapeutical
approaches, it is important to gain a more complete understanding of the normal brain circuitry
and the pathological changes that occur during epilepsy.

One of the major regions of hippocampus that undergoes complex structural and
functional alterations in temporal lobe epilepsy is the hippocampal dentate gyrus. Pathological
alterations that occur to the dentate gyrus include: loss of mossy cells, granule cell dispersion,
mossy fiber sprouting, and changes in the input and output to the cells (Halabisky et al., 2010;
Margerison and Corsellis, 1966; Peng et al., 2013; Sanchez et al., 2012; Zhang and Buckmaster,
2009; Zhang et al., 2012, 2015). How these pathological changes affect hippocampal processing
and are associated with hyperexcitability and hypersynchrony in the epileptic network have been
major focuses in the field. For example, what is the consequence of mossy cell loss on the
network — are mossy cells antiepileptic or proepileptic (Coulter, 2004; Ratzliff et al., 2002;

Scharfman, 2016)? What role do surviving mossy cells in chronic epilepsy play in seizure



dynamics and propagation? Due to its quiescent state in the normal brain (Alme et al., 2010;
Chawla et al., 2005; Tashiro et al., 2007), it has also been suggested that the dentate gyrus may
act as a “gate” to the rest of the hippocampus by preventing overexcitation from spreading to the
rest of the network (Heinemann et al., 1992). Therefore, would restoration of the dentate gyrus to
a more hyperpolarized state stop seizures?

In addition to its key role in seizures dynamics, the hippocampus is also very important in
cognitive functions such as spatial navigation and memory formation (Danielson et al., 2017;
GoodSmith et al., 2017; Kheirbek et al., 2013; Leutgeb et al., 2007; Senzai and Buzséki, 2017,
Zhuo et al., 2016). Epileptic patients often present with comorbid cognitive impairments, but it is
still unclear how the aberrant microcircuit changes may contribute to these deficits. The primary
goal of this work is to more fully understand how the microcircuit changes observed in temporal
lobe epilepsy lead to spontaneous seizures and contribute to psychological comorbidities. In the
following chapters, we will discuss several approaches to address these questions, including
graph theory and computational work to model the circuitry changes. We also discuss how
utilization of a combination of optogenetic techniques, real-time seizure detection and
intervention, and behavioral tasks can permit the direct probing of how certain microcircuit
alterations contribute to cognitive deficits and to the development and maintenance of seizure
activity. We will discuss implications of these findings on future treatment or prevention of
epilepsy.

In Chapter 1, we discuss the importance of studying seizure dynamics at the microcircuit
level to understand the neuronal connections involved in seizure activity. While previous
electrophysiological work examining seizures at the macroscale suggested that seizure events are

largely repetitive, it is becoming increasingly evident that these bursts of activity may not be so



repetitive after all. At the microscale level, once thought “recurrent” seizure dynamics have been
found, in the same animal, to involve heterogeneous populations of neurons during sequential
seizure-like events. We discuss work using two-photon imaging, network theory, and
computational modeling to study and understand microcircuit changes underlying network
hyperexcitability. We also explore the idea of “hub cells” as pathological niduses for seizure
activity.

In Chapter 2, we look at the involvement of the hippocampal dentate gyrus in temporal
lobe epilepsy, and focus on a unique population of cells called mossy cells. The partial loss of
mossy cells in the dentate gyrus is a major hallmark of temporal lobe epilepsy, but the
implications of this loss on seizure activity as well as on cognition is an outstanding question in
the field. Implementing a novel method to selectively express light-sensitive opsins in mossy
cells, we combine optogenetics and a real-time seizure detection and intervention approach to
investigate how mossy cells contribute to spontaneous seizures in chronic epilepsy. This work
provides the first direct in vivo evidence for the key functional role mossy cells play in
controlling the spread of hyperactivity in the epileptic brain. In addition, we examine the
importance of mossy cells in learning and memory, and how this might be compromised in
epilepsy.

In Chapter 3, we focus on the role of the hippocampal dentate gyrus as a ‘gate’ to the rest
of the hippocampus by protecting hippocampal circuits from overexcitation. Gate because is
normally hyperpolarized. It is proposed that in epilepsy, a breakdown of this gate leads to seizure
activity, but there had previously been no direct in vivo evidence for the dentate gate hypothesis.
Using optogenetics to restore the dentate gate to its normal hyperpolarized state through selective

optogenetic inhibition of dentate gyrus granule cells, we were able to control seizures in a mouse



model of temporal lobe epilepsy. On the other hand, we explore how an artificial breakdown of
this gate through granule cell photoexcitation can induce acute seizures. Our findings emphasize
how the dentate gyrus is a critical node in and suggest that targeting dentate gyrus granule cells
can be a good target for seizure intervention.

In Chapter 4, we review the current treatments available for seizure control in epilepsy.
We then discuss how optogenetic techniques are opening new avenues for probing and
untangling the microcircuits involved in seizures. Much scientific work has laid the foundation
for seizure control in various animal models of epilepsy. We explore how optogenetics itself may
one day become a treatment for epileptic patients, and discuss the potential benefits and
challenges of translating optogenetic techniques into the clinics.

Chapter 5 provides some concluding remarks and future directions regarding novel
approaches to probe the microcircuitry underlying seizure activity, as well as a discussion on the
challenges faced by scientists and clinicians in potentially harnessing optogenetic techniques as a

treatment for epilepsy.



CHAPTER 1

Microcircuits in Epilepsy: Heterogeneity and Hub Cells in Network

Synchronization

Abstract

Epilepsy is a complex disorder involving neurological alterations that lead to the
pathological development of spontaneous, recurrent seizures. For decades, seizures were thought
to be largely repetitive, and had been examined at the macrocircuit level using
electrophysiological recordings. However, research mapping the dynamics of large neuronal
populations has revealed that seizures are not simply recurrent bursts of hypersynchrony. Instead,
it is becoming clear that seizures involve a complex interplay of different neurons and circuits. In
this chapter, we will review studies examining microcircuit changes that may underlie network
hyperexcitability, discussing observations from network theory, computational modeling, and
optogenetics. We will delve into the idea of hub cells as pathological centers for seizure activity,
and will explore optogenetics as a novel avenue to target and treat pathological circuits. Finally,

we will conclude with a discussion on future directions in the field.

Introduction

Epileptic seizures are large-scale events, where synchronous neural spiking activity
occurs throughout a brain region (Penfield and Jasper 1954). Traditionally, scalp and intracranial
electroencephalography (EEG) have been used to record electrical activity during seizures, and
have played important roles in the evaluation and management of patients with epilepsy

(Mansouri et al., 2012; Smith, 2005). However, EEG has notable limitations in terms of



spatiotemporal sensitivity, due to the fact that it is essentially an average measurement of the
activity of large populations of cells; it is not able to discern the firing patterns of individual
neurons, or even activity at the level of microcircuits, which defines the most fundamental
connections between neurons (Buzsaki et al., 2012). Therefore, while we can detect functional
abnormalities in the network and pinpoint the general location of these abnormalities, the
mechanisms that govern seizure activity are largely unknown (van Mierlo et al., 2014).

To begin to understand seizures as the result of aberrant circuit connections, we need to
be able to monitor the activity of population of neurons with sufficient spatial resolution.
Recently, more precise recordings of individual cells using techniques such as two-photon
microscopy or single-unit recordings have shown that surprisingly, seizures are not as repetitive
and homogeneous as originally viewed. Instead, there is complex circuit communication
associated with epileptiform activity (Feldt Muldoon et al., 2013; Truccolo et al., 2011).
Contributions of specific neuronal populations have been observed to be variable, and certain,
well-connected networks appear to play a greater role in the initiation and progression of large-
scale network events (Keller et al., 2010; Morgan and Soltesz, 2008; Sabolek et al., 2012). In
addition, work from high-level network theory and data-driven computational studies have
modeled how altered neural circuit connections can trigger seizure activity (Bullmore and
Sporns, 2009; Dyhrfjeld-Johnsen et al., 2007; Morgan and Soltesz, 2008; Santhakumar et al.,
2005). These experimental breakthroughs and theoretical and computational models have been
important in advancing our knowledge of how seizures initiate and propagate through the brain.
Better understanding of these circuits would open new avenues in the development of

interventions that can target and treat epileptic networks.



In this chapter, we will review recent findings regarding microcircuit changes that may
underlie network hyperexcitability in seizures, bringing in findings from studies using network
theory, data-driven computational modeling, and optogenetic technology. In particular, we will
discuss the idea of hub cells as pathological niduses for seizure activity. In addition, we will
explore applications of optogenetics, as a tool to unravel the large number of microcircuit
changes in epilepsy, and also as a potential novel avenue for precise targeting of pathological
circuits and noninvasive treatment. Finally, we will conclude with a brief discussion on future

directions and goals in the field of epilepsy research on microcircuits.

Heterogeneity in epileptiform activity: examining seizures at the microcircuit level

EEG has been successfully used in epilepsy to observe the hypersynchronous activity that
occurs during seizures (van Mierlo et al., 2014). Since this hypersynchronous activity often
involves large areas of the brain, it has been a major challenge to observe brainwave patterns at
the level of the neurons and their individual connections. Therefore, it has been assumed that
hypersynchrony is just that, large populations of neurons firing together in an abnormal manner.
With the advent of technologies such as two-photon microscopy and sophisticated calcium dyes,
we have begun to learn more about what occurs during seizures at a microscopic scale (Coulter
et al., 2011). It has become possible to visualize the activity of hundreds of neurons during large-
scale population events in order to gain insight into the brain’s dynamics at the microstructure
level and the alterations that occur in epilepsy (Rochefort et al., 2008).

In fact, when neuronal activity was mapped in the hippocampal granule cell layer in the
mouse, there were surprisingly clusters of synchronous cells in both non-epileptic and epileptic

animals, but notably, major structural and functional differences between the clusters from



epileptic versus non-epileptic animals existed (Fig. 1.1) (Feldt Muldoon et al., 2013). In
particular, the clusters found in epileptic animals were much more compact — the same number
of cells spanned less than half the volume of neuronal clusters from non-epileptic animals, and
also fired with high correlation with large-scale synchronous network events (Fig. 1.1B and C)
(Feldt Muldoon et al., 2013). In contrast, clusters from non-epileptic animals fired continuously
and independently from network events (Feldt Muldoon et al., 2013). It is possible that these
spatially compact clusters are densely connected and able to maintain synchronous activity more
effectively than more dispersed clusters. Nevertheless, the importance of such observations
highlights what can be learned about the altered microcircuitry that may underlie the broad
activity normally observed in seizures.

This is not the entire story with regards to cluster recruitment, however. There is also a
remarkable degree of variability in the cell populations that are recruited during seizure events,
both in experimental models as well as in human patients with epilepsy. Surprisingly, in tissue
from epileptic animals, the synchronous neuronal clusters did not always fire during large-scale
network events (Fig. 1.1D) (Feldt Muldoon et al., 2013). Instead, the pattern of cluster
recruitment was non-uniform, demonstrating large heterogeneity between macroscopically
"recurrent" epileptiform events at the scale of microcircuits (Feldt Muldoon et al., 2013). This
heterogeneity is not limited to laboratory models, as patients have shown non-uniform
recruitment of neuronal populations during initiation and progression of epileptiform events
(Keller et al., 2010; Sabolek et al., 2012; Truccolo et al., 2011). Even between sequential
seizures, the fraction of active neurons was highly variable, with different populations of neurons

participating in sequential events; this appeared independent of neuronal class type, as it was
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Figure 1.1. Neuronal cluster recruitment during epileptiform events. (A) Spatially localized
clusters of neurons in the granule cell layer exhibiting synchronous firing patterns are
demarcated by polygons. (B and C) Spatial mapping of neuronal clusters from tissue from a
control (B) and an epileptic animal (C). Lighter cluster shades indicate lower frequency of
activation. (D, top) Raster plot of the activity of clusters diagrammed in (A), represented by short
vertical lines in corresponding colors; the height of the individual colored lines indicates the
number of cells composing the cluster. Vertical gray lines extending the entire raster plot
designate detected large-scale network events. (D, bottom) Fraction of active clusters over time.
Adapted with permission from Feldt et al. 2013.



evident for interneurons and principal neurons (Keller et al., 2010; Truccolo et al., 2011).
Additionally, even among neurons that were frequently active during seizures, the spiking
patterns of those cells did not repeat between consecutive seizures (Truccolo et al., 2011), and
the path of propagation during large-scale bursts of activity changed between episodes (Sabolek
et al., 2012). These results highlight the existence of variable paths of epileptiform
synchronization dynamics in the recruitment of pathological neuronal clusters.

While we have been able to observe the dynamics of hundreds of individual neurons,
demonstrating the vast heterogeneity of large network synchronizations in epilepsy, important
challenging questions remain. What cell populations are critical in the recruitment of specific
microcircuits involved in the generation of epileptiform events, and how do individual neurons
come together to give rise to these events? Furthermore, considering the high dimensionality and
complexity of seizure events, how can we rationalize and quantify the data to better model and
understand how the underlying structural connectivity of the network is related to large-scale
synchronization? Importantly, being able to do so would better enable prediction of how certain
disease states are the result of alterations in specific cell populations and circuits. While many of
these questions have not been addressed yet by experimental methods, network theory gives us

the first glimpses into how such questions may be approached.

Network models describe microcircuit brain connectivity
Network analysis: important parameters and key concepts

An emerging approach that has the potential to offer important insights into our
understanding of microcircuit alterations in epilepsy is based on high-level network analysis of

neuronal ensembles (Fornito et al. 2013; Sporns 2013). Drawing analogies from other disciplines

10



such as social sciences, information technologies, or genetics, where large networks of
interactions are analyzed using mathematical and statistical tools, it is insightful to abstract and
analyze neuronal assemblies as networks consisting of nodes (neurons) connected to each other
via links (synaptic connections). At this level of description, the neuroanatomical and
electrophysiological properties are essentially set aside and the focus is on understanding how
general properties in the connectivity pattern of a network may allow or disallow certain
functions, and how modifications of these properties relate to pathological conditions.

Ideas drawn from network theory have been particularly fruitful in describing which
organizational principles of microcircuits are important to allow synchrony across distant
populations of neurons(Hu et al., 2014)(Hu et al., 2014)(Hu et al., 2014)(Hu et al., 2014)(Hu et
al., 2014)(Hu et al., 2014)(Hu et al., 2014)(Hu et al., 2014)(Hu et al., 2014)(Hu et al., 2014)(Hu
etal., 2014)(Hu et al., 2014)(Hu et al., 2014)(Hu et al., 2014)(Hu et al., 2014)(Hu et al.,
2014)(Hu et al., 2014)(Hu et al., 2014)(Hu et al., 2014)(Hu et al., 2014)(Hu et al., 2014)(Hu et
al., 2014)(Hu et al., 2014)(Hu et al., 2014)(Hu et al., 2014)(Hu et al., 2014)(Hu et al., 2014)(Hu
etal., 2014)(Hu et al., 2014)(Hu et al., 2014)(Hu et al., 2014)(Hu et al., 2014)(Hu et al.,
2014)(Hu et al., 2014)(Hu et al., 2014)(Hu et al., 2014)(Hu et al., 2014)(Hu et al., 2014)(Hu et
al., 2014)(Hu et al., 2014)(Hu et al., 2014)(Hu et al., 2014)(Hu et al., 2014)(Hu et al., 2014)(Hu
etal., 2014)(Hu et al., 2014)(Hu et al., 2014)(Hu et al., 2014)(Hu et al., 2014)(Hu et al.,
2014)(Hu et al., 2014)(Hu et al., 2014)(Hu et al., 2014)(Hu et al., 2014)(Hu et al., 2014)(Hu et
al., 2014)(Hu et al., 2014)(Hu et al., 2014)(Hu et al., 2014)(Hu et al., 2014)(Hu et al., 2014)(Hu
etal., 2014)(Hu et al., 2014)(Hu et al., 2014)(Hu et al., 2014)(Hu et al., 2014)(Hu et al.,
2014)(Hu et al., 2014)(Hu et al., 2014)(Hu et al., 2014)(Hu et al., 2014)(Hu et al., 2014)(Hu et

al., 2014)(Hu et al., 2014)(Hu et al., 2014)(Hu et al., 2014)(Hu et al., 2014)(Hu et al., 2014)(Hu
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etal., 2014)(Hu et al., 2014)(Hu et al., 2014)(Hu et al., 2014). This is especially relevant in the
context of epilepsy. While long-range synchrony is a characteristic dynamic feature of healthy
cortical assemblies and is important in processes such as gamma brain wave oscillations or the
unification of disconnected place fields (Brun et al., 2002; Buzséki and Draguhn, 2004; Fries,
2009), misregulation of long-range synchrony is thought to contribute to ictal activity
(Cymerblit-Sabba and Schiller, 2010; Kramer et al., 2010; Mormann et al., 2003; Netoff and
Schiff, 2002).

For large-scale synchronization to be possible, both in normal and pathological states,
information needs to flow rapidly, locally and globally. It is important to understand these
network characteristics using theoretical and computational methods to determine the most
relevant and consequential network alterations in epilepsy and epileptogenesis, and to guide
experimental studies. Several mathematical parameters have been used to understand how large-
scale synchrony can arise from local and global connections (Telesford et al., 2011). Two
fundamental variables necessary to evaluate the degree of connectivity are the clustering
coefficient C and the characteristic path length L. The clustering coefficient C estimates the
density of connections locally between neighboring neurons. In assessing the compactness of the
network as a whole, the characteristic path length L, defined as the average number of
monosynaptic connections in the shortest path connecting two cells, is an important metric to
consider. Because the travel time of a signal between two spatially remote locations should not
be prohibitively long to maintain synchrony across the entirety of the network, the characteristic
path length L sets an upper threshold on the maximum number of synaptic relays between two

distant neurons. Together, these variables quantitatively assess network structure relevant to
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synchrony, and therefore allow objective comparisons to be made between normal and

pathological networks (Stam, 2014).

Achieving small-worldness: high clustering and short path length, and highly connected
nodes

The small-world phenomenon is commonly used to describe a network that has rich local
and global connections — a high clustering coefficient C as well as a small characteristic path
length L (Watts and Strogatz, 1998). One method to obtain a small-world network via random
connections is through dense connectivity (Wang and Buzséki, 1996), but an issue that arises is
that a prohibitively large number of long-range connections is required for network
synchronization. This problem becomes particularly relevant for large networks due to the fact
that total wiring length grows linearly with the number of neurons in the network, so connection
density comes at the cost of wiring efficiency (Buzséki et al., 2004).

So how can a network exhibit the small-world property while avoiding extensive use of
costly long-range connections? An elegant solution was proposed first by Watts and Strogatz
(Watts and Strogatz, 1998). They considered the case of a regular network with exclusively local
connections, where each node is connected only to its & closest spatial neighbors. They found
that when this network is minimally modified by randomizing a small fraction of the local
connections (with probability p<0.05, each connection from a given node to one of its neighbors
was modified to target a neuron randomly selected across the entire network), the small-world
property naturally emerges. It elegantly introduced the idea that a network with mostly local
connections and a small number of highly connected “outlier” nodes can be sufficient to endow

the network with dynamic properties reminiscent of those observed in cortical assemblies.
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Experimental evidence of cortical small-world networks and "hub" cells

A particularly interesting feature of the network theoretical approach is that it does not
require detailed neuroanatomical assumptions, and yet provides testable predictions that can
guide and complement experimental manipulations. A brain region where the predictions of
network theory (Morgan and Soltesz, 2008) have been tested is the developing hippocampus
(Bonifazi et al., 2009). The developing hippocampus has been a system of choice because large-
scale network synchronizations can be measured as giant depolarizing potentials (Ben-Ari,
2001), and also because the network underlying the generation of these synchronizations is
confined locally to the hippocampal CA3 region in slices (Menendez de la Prida and Sanchez-
Andres, 2000), permitting a more straightforward experimental strategy. As an additional
benefit, the hippocampus in general is highly studied and well characterized for many areas of
study, including in epilepsy. Analyzing calcium activity of the dentate gyrus, CA3 and CA1
regions in the developing hippocampus of rats and mice in in vitro slices, Bonifazi and
colleagues drew a functional connectivity map of several hundreds of neurons. They showed the
existence of essentially two populations: a large population of weakly interconnected,
neighboring neurons, and a small, special population of cells with high connectivity (Bonifazi et
al., 2009).

By performing simultaneous single-cell stimulations and multineuron calcium activity
recordings, it was found that while perturbations applied to weakly connected neurons did not
affect the large-scale dynamics of the network, stimulation of a small number of the highly
connected neurons triggered network-wide synchrony (Bonifazi et al., 2009). Interestingly, when
the cells were “fate mapped” via genetic markers to determine the details of their origin, it was

found that a subpopulation of these distinctively influential cells were born very early during
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embryonic stages and survived into adulthood (Picardo et al. 2011; Marissal et al. 2012). These
super-connected cells therefore seem to play a key role in neural development and maturation,
and they continue to powerfully modulate large-scale network dynamics in the adult brain
(Picardo et al. 2011; Marissal et al. 2012).

These studies strongly suggest that the organization of cortical circuits is indeed governed
by the same universal properties as other large-scale networks — it aims primarily to optimize the
flow of information and resources used (Bullmore and Sporns, 2009; Buzséki et al., 2004).
Importantly, it also illustrates that a small population of superconnected neurons are endowed
with the capability of influencing and even coordinating the dynamics of remote microcircuits.
"Hub" is now a prevailing term to designate such neurons, as they share the common
characteristics of high anatomical connectivity and the ability to orchestrate synchronicity of a
large population of cells (Bonifazi et al. 2009; Picardo et al. 2011; Marissal et al. 2011; Cossart
et al. 2014). In the context of epilepsy, hub cells may be thought of as a "microscopic epileptic
focus," or a relatively small group of cells which can control and coordinate microcircuits, and
recruit larger macrocircuits to lead to generalized seizure activity.

Data-driven computational models to uncover the effects of microcircuit alterations in
epilepsy: small-worldness and hub neurons in the epileptic hippocampal dentate gyrus

Descriptive network models provide useful, simplified frameworks to understand the
connection between a given topological organization and the dynamics of neuronal assemblies
(Sporns, 2014). To also incorporate detailed, biologically relevant data including intrinsic
neuronal electrophysiological properties, and to model how alterations in these properties and in
the microcircuitry can affect network activity, computational modeling is becoming an

increasingly important tool to tease apart the numerous changes that contribute to epilepsy and
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epileptogenesis. One brain region of particular interest in the field of epilepsy has been the
hippocampal dentate gyrus, which undergoes complex structural and functional transformations
in chronic epilepsy and in epileptogenesis (Case and Soltesz, 2011; Santhakumar et al., 2005).
"End-folium sclerosis" refers to these alterations that occur to the dentate gyrus in association
with temporal lobe epilepsy, and includes two hallmark changes: hilar cell loss and mossy fiber
(granule cell axon) sprouting (Sanchez et al., 2012). The link between these microcircuit changes
and ictal activity has been highlighted in a series of computational studies seeking to uncover
how newly sprouted mossy fiber rewiring and hilar cell loss lead to increased dentate
hyperexcitability (Howard and Neu, 2007; Lytton et al., 1998; Tejada and Roque, 2014; Thomas
et al., 2010).

Interestingly, results from data-driven, computational simulations indicate that the
healthy hippocampal dentate gyrus has characteristics of a well-connected, small-world network
(Dyhrfjeld-Johnsen et al., 2007). Additionally, the implementation of progressive levels of end-
folium sclerosis (simulated in the models as mossy fiber sprouting and hilar cell loss) had the
surprising effect of further increasing small-worldness of the network at sub-maximal levels of
sclerosis, therefore leading to increased network hyperexcitability (Dyhrfjeld-Johnsen et al.,
2007; Morgan and Soltesz, 2008; Santhakumar et al., 2005). Despite the loss of large proportions
of highly connected hilar mossy cells and interneurons, which would be expected to severely
reduce network connectivity globally, pathologic mossy fiber sprouting locally was able to
compensate (in a network theory sense) for the hilar cell loss. In fact, mossy fiber sprouting was
sufficient to spread activity coming from the cortex to the entire network of granule cells

(Santhakumar et al., 2005).
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However, at higher levels of sclerosis, the robust activity amplifying effects of granule
cell axon sprouting could not sufficiently compensate for the loss of long-range projecting,
globally connected mossy cells, leading ultimately to the transition of the hippocampal dentate
gyrus to a more regular network (Dyhrfjeld-Johnsen et al., 2007). This shift is seen at 80%
granule cell axon sprouting and mossy cell loss, when the dentate gyrus model network reaches a
maximum level of hyperexcitability. These results not only support the functional role of
network topology, but are also consistent with observations from tissue samples from patients
with particularly pharmacoresistant forms of temporal lobe epilepsy, where cell counts reveal an
average loss of only approximately 80% of hilar mossy cells in the hippocampus, even in the
most severe cases of end-folium sclerosis (Bliimcke et al., 2000; Gabriel et al., 2004).

Demonstration of the epileptic dentate gyrus as an enhanced small world network also
raises the issue of the existence of putative hubs in the dentate network in epilepsy. Due to the
potentially central nature of hub neurons in synchronization of the network, changes in topology
that affect hubs are likely to have important consequences on the dynamics of the neuronal
assembly. However, to what extent are hypersynchronous discharges attributable to aberrant
connections involving newly formed or existing hub cells? Functional computational models
simulating new, pathological granule cell-to-granule cell connections in several biologically
plausible ways showed that while random connections between newly sprouted mossy fibers
displayed no significant effect on the network (Fig. 1.2B) (Morgan and Soltesz, 2008), the
incorporation of only 5% of richly connected (4-7 times more connected) granule cells was
sufficient to substantially increase dentate excitability (Fig. 1.2A and C) (Morgan and Soltesz,
2008). These highly interconnected cells acted as hubs in the network that propagated and

amplified activity. While experimental evidence of operational hub cells in epilepsy remains an
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open question, this study emphasizes the enormous consequences of the pathological
development of only a few highly connected cells in the dentate gyrus network (Morgan and

Soltesz, 2008).

Optogenetic targeting of specific circuits in epilepsy
Applications of optogenetics in closed-loop seizure detection and control

Considering the complexity of epilepsy, more complete understanding of the circuits
involved would greatly aid the development of newer treatments that have increased specificity,
minimal invasiveness, and few side effects, while maintaining the ability to treat a wide range of
epilepsies. With the emergence of a powerful technique called optogenetics, it has become
possible to better elucidate the microcircuits involved in epilepsy by allowing unprecedented
cell-specific, spatial and temporal control of neural activity (Aravanis et al., 2007; Boyden, 2011;
Deisseroth, 2011). By targeting expression of ion-conducting opsins, which can either depolarize
or hyperpolarize neurons when stimulated by light, previously unattainable goals such as the
modulation of the activity of only one cell population in a small area of the brain is now possible
(Deisseroth, 2011). In a very short time, optogenetics has led to tremendous progress in
understanding the complex neural circuitry and the precise functional consequences of circuit

alterations. Furthermore, the repertoire of optogenetic tools is ever expanding to include opsins
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Figure 1.2. Granule cell hubs greatly increase dentate network excitability. (A) Schematic
of a hub network. Granule cell hubs (gray diamonds) are four- to seven-fold more highly
connected compared with average granule cells (black circles) (B and C) Raster plots of granule
cell activity in a moderately injured dentate network (50% hilar cell loss, 50% of maximal mossy
fiber sprouting) following perforant path stimulation to 1% of the cell population, where (B) new
granule cell-to-granule cell connections are made randomly or (C) 5% of the granule cells serve
as hubs. Adapted with permission from Morgan and Soltesz 2008.
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with altered ion specificity and increased effectiveness (Berndt et al., 2014; Chuong et al., 2014),
and this technology is being used to research possible treatments for a multitude of neurological
disorders, including epilepsy, Parkinson's disease, and Alzheimer's disease (Gradinaru et al.
2009).

By using optogenetics to control the activity of specific circuits, important discoveries
have been made regarding the circuits involved in epileptiform activity in in vitro and in vivo
seizure or epilepsy models (Tennesen et al. 2009; Kokaia 2011; Wykes et al. 2012; Krook-
Magnuson et al. 2013, 2014; Armstrong et al. 2013; Paz et al. 2013; Sukhotinsky et al. 2013;
Rossignol et al. 2013; Ledri et al. 2014; Berglind et al. 2014). Soon after early experiments
demonstrating optogenetic control of seizure-like events in hippocampal culture preparations
(Tennesen et al., 2009), several in vivo studies showed that optogenetics can be used to
manipulate specific neuronal circuits within rodent models of epilepsy to control seizures
(Wykes et al. 2012; Krook-Magnuson et al. 2013, 2014; Armstrong et al. 2013; Paz et al. 2013).
Their success in stopping or delaying seizure progression by using optogenetics to inhibit a small
percentage of principal cells indicated the potential for optogenetics as a promising therapeutic in
epilepsy.

A key aspect of using optogenetics in seizure suppression is the temporal control which
allows the manipulation of neural activity only during seizure events. This requires use of
closed-loop seizure detection systems, where seizures are recorded in real-time and light is
administered in response to seizures. Closed-loop seizure detection systems have been used to
respond to seizures in real-time with electrical stimulation, but such techniques cannot
specifically target microcircuits and instead affect many cell types as well as neighboring areas

of the brain (Osorio et al. 2005; Nelson et al. 2011; Liang et al. 2011; Berényi et al. 2012). With
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optogenetics, however, recent studies revealed that closed-loop optogenetic intervention can
significantly stop seizures in rodent models of epilepsy by targeting appropriate local or even
long-range connections to the seizure focus (Paz et al. 2013; Krook-Magnuson et al. 2013, 2014).
In particular, the ability to target long-range connections permits a powerful way to intervene,
especially in cases where the seizure focus is in an inaccessible area of the brain. In studies of
temporal lobe epilepsy, targeting hippocampal neurons contralateral to the seizure focus was as
effective at suppressing seizures as intervening at the focus itself (Krook-Magnuson et al., 2013).
Even more surprising, optogenetic modulation of a structure as physically distant as the
cerebellum could also control seizures originating in the hippocampus (Krook-Magnuson et al.,
2014), showing that perhaps there are certain “gates” or “chokepoints” that can be effective in
optogenetic suppression of seizures. This phenomenon is not limited to seizures in temporal lobe
epilepsy, as studies showed that seizures arising from cortical stroke could be controlled by
optogenetically targeting long-range thalamic connections to the cortex (Paz et al., 2013).

Until this point, most of the work applying optogenetics to rodent models of epilepsy
relied heavily on using the inhibitory chloride pump halorhodopsin to suppress the activity of
principal cells (Fig. 1.3A-E) (Krook-Magnuson et al., 2013). Would targeting of GABAergic
cells, a much smaller population, be equally effective at controlling seizures? Interestingly, when
the excitatory cation channel channelrhodopsin was expressed only in parvalbumin-expressing
interneurons and light stimulus was applied within a small area of the hippocampus, this was
effective in stopping a significant number of spontaneous seizures — both electrographic and
behavioral (Fig. 1.3F-I) (Krook-Magnuson et al., 2013). These findings have important
implications, especially because parvalbumin-expressing neurons make up a very small

percentage of the hippocampal neuronal population, so optogenetic stimulation affected less than
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5% of cells exposed to light and yet was still able to effectively prevent behavioral seizures
(Krook-Magnuson et al., 2013).
Future challenges and directions of optogenetic application to epilepsy

These studies show that closed-loop optogenetic intervention of seizures is a promising
technique that may have applications for therapeutics in the future. As an extension of these
studies, if optogenetic intervention can be achieved by targeting hub cells, which are
theoretically an even smaller population of neurons that can centrally control brain activity, the
“footprint” caused by altering the normal composition of neurons will be very small. For
example, mossy cells in the hilus of the hippocampus are known to have extensive connections
to other hippocampal neurons (1 mossy cell projects onto >30,000 granule cells) (Dyhrfjeld-
Johnsen et al., 2007), and may represent an important target for seizure suppression, where
modulation of just a few hub cells would be sufficient to control seizures, while minimally
interfering with normal brain functions.

While the current achievements in treating seizure propagation using careful optogenetic
control of neural microcircuits are remarkable, at this point, a true translation of optogenetics to
epilepsy treatment will require much ground work in controlled optogenetic expression and less
invasive light delivery systems. As shown in many rodent model studies, viral vectors are
currently the most effective method of introducing opsins into the brain (Bentley et al., 2013; Ji
and Neugebauer, 2012), but current use of viral vectors in patients is limited, although promising
advances in gene therapy continue to be made in the treatment of neurological conditions such as
Parkinson’s disease (Bartus et al., 2014). While current methods of light delivery to activate

opsins in rodent models involve directing optical fibers into the brain, new
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Figure 1.3. Optogenetic suppression of neural activity in the hippocampus controls seizure
activity. (A) To produce animals expressing halorhodopsin (HR) within excitatory neurons,
CamKII-Cre animals were crossed with those carrying Cre-dependent HR. (B) Example
electrographic seizures detected (vertical green line) in Cam-HR mice, triggering delivery of no
light or amber light (589nm) to the hippocampus, as indicated by the amber line. (C-D) Data
from Cam-HR mice showing the percentage of seizures that stop (C) within 5 seconds of light
stimulus or (D) within 1 second of light stimulus. (E) The normalized post-detection seizure
duration. (F) To produce animals expressing channelrhodopsin (ChR2) within inhibitory
neurons, animals expressing parvalbumin (PV)-Cre were crossed with those expressing Cre-
dependent ChR2. (G) Example electrographic seizures detected in PV-ChR2 mice, triggering the
delivery of no light or blue light (473nm), as indicated by the blue bar. (H-I) Data from PV-
ChR2 mice showing (H) the percentage of seizures that stop within 5 seconds of light stimulus
and (I) the normalized post-detection seizure duration. Scale bars represent 100mV, 5s. Error
bars represent s.e.m. Adapted with permission from Krook-Magnuson et al. 2013.
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opsins have been developed that can be transcranially stimulated in rodents, eliminating the need
for intracranial optical fiber implants (Chuong et al., 2014). As both the field of optogenetics and
the study of potential hub cells in epilepsy move forward, there is certainly a possibility that
there will someday be safe and controlled methods to express opsins in specific neuronal circuit

components in patients, along with safe and long-lasting methods to deliver light to these cells.

Concluding Remarks

Many advances have been made in dissecting the complex microcircuit changes in
epilepsy with the use of powerful techniques that allow visualization, recording, and
manipulation of specific, large populations of neurons. However, more progress needs to be
made to fully understand what causes the abnormal circuit connections in epilepsy. For example,
hub cells in epilepsy are still yet to be identified in vivo and it is still not fully understood how
neural circuits are recruited during seizures.

To answer these questions, innovative methods are constantly being developed and
continue to add to our growing knowledge of this serious and prevalent disorder. Super-
resolution microscopy is a major advancement that allows visualization of single ion channels
and receptors (Dani et al. 2010; Testa et al. 2012; Dudok et al. 2014), and has great potential to
improve our understanding of how changes in the number, activity, and localization of these
proteins deregulate local network activity and contribute to seizures. The development of
miniaturized microscopes that can be implanted to observe cell dynamics during freely moving
behavior (Ghosh et al., 2011; Wilt et al., 2009; Ziv et al., 2013) has provided opportunities to
study microcircuit alterations in chronically epileptic animals. New optogenetic tools are also

expanding at an astounding pace — opsins that are more sensitive or have different channel
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dynamics are allowing for even finer manipulation of network activity (Chuong et al., 2014;
Dhakal et al., 2014; Hochbaum et al., 2014; Mclsaac et al., 2014). As experimental methods
progress, computational tools for modeling neural networks likewise continue to become more
complex and powerful. There have been important advances in large-scale modeling of the
hippocampal networks (Case et al. 2012; Bezaire and Soltesz 2013; Schneider et al. 2012, 2014),
which can give insights into cellular and circuit alterations that may lead to synchronous activity
and seizures, improving and guiding experimental designs. These efforts to elucidate the
microcircuitry underlying the generation and recurrence of epileptic activity will continue to
open avenues in the development of increasingly specific and effective treatments for this

complex neurological disorder.
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CHAPTER 2

Dentate gyrus mossy cells control spatial memory and spontaneous convulsive

seizures

Abstract

Temporal lobe epilepsy (TLE) is characterized by debilitating, recurring seizures and an
increased risk for cognitive deficits. Mossy cells (MCs) are a key neuronal population in the
hippocampal excitatory circuit, and the partial loss of these cells is a major hallmark of TLE.
However, it remains unclear whether MC loss directly contributes to seizure dynamics and
cognitive deficits comorbid with epilepsy. We investigated how MCs contribute to spontaneous
ictal activity and to spatial contextual memory in a mouse model of TLE with hippocampal
sclerosis, utilizing a combination of optogenetic, electrophysiological, and behavioral
approaches. We found that in chronically epileptic mice, real-time optogenetic modulation of
MCs during the electrographic stage of spontaneous hippocampal seizures powerfully controlled
the progression of activity from an electrographic to convulsive seizure. We showed that
decreased MC activity is sufficient to impede encoding of spatial context, recapitulating
observed cognitive deficits in chronically epileptic mice. Our results provide direct in vivo
evidence for an important role of MCs in controlling the generalization of hyperactivity

following the initiation of a spontaneous seizure and in encoding spatial memory.

Introduction
Temporal lobe epilepsy (TLE) is a serious disorder characterized by spontaneous seizures

and an increased risk for cognitive impairments (e.g. learning and memory) and is the most
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common form of epilepsy in adults. Antiepileptic drugs are ineffective in one-third of patients
(Kwan and Sander, 2004), indicating the need for a more complete understanding of the
mechanisms underlying seizure activity and comorbid cognitive deficits. Mossy cells (MCs) are
a glutamatergic cell population in the hilus of the dentate gyrus (DG) in the hippocampal
formation, whose partial loss is a major hallmark of TLE, both in human patients and in animal
models (Bliimcke et al., 2000; Houser, 1999). However, the implications of MC loss in TLE in
both seizure dynamics and in cognition remain poorly understood (Scharfman, 2016). MCs are
relatively few in number but have extensive connections diverging throughout the longitudinal
axis of the DG (Buckmaster et al., 1996). This widespread connectivity has been proposed to
enable separation of information in the DG for more efficient memory storage (Hyde and
Strowbridge, 2012), but there lacks in vivo evidence that MCs directly participate in information
encoding and how this process might be disrupted in epilepsy. Additionally, MCs drive both
network excitation through their direct granule cell (GC) connections and network inhibition via
their synapses onto GABAergic cells, but it remains unclear which of these projections
dominate, particularly during seizure activity (Ratzliff et al., 2004; Sloviter et al., 2003). To
investigate the functional role of MCs in seizure dynamics and cognition, we used a combination
of electrophysiology recordings, closed-loop optogenetics, and behavioral tests. We modulated
MC activity in real-time during spontaneous seizures to understand how MCs are causally
involved in seizure generalization in behaving animals, and we examined the role of MCs in

spatial and non-spatial learning and memory tasks.

Results
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To modulate MC activity during seizures, we expressed either archaerhodopsin (ArchT),
a light-sensitive inhibitory opsin, or the excitatory channelrhodopsin (ChR2) selectively in
hippocampal MCs in mice. For ArchT expression, we topologically targeted MCs through their
commissural projections. Trans-synaptic and retrograde trafficking of a wheat germ agglutinin
(WGA)-Cre fusion protein (Gradinaru et al., 2010) by MCs with synapses in the left DG
activates ArchT expression in the right DG MCs (Fig. 2.1A-C). In order to apply a second,
alternative approach for MC excitation, we injected a virus for ChR2 expression into the hilus of
Crlr-Cre mice (Fig. 2.1E, F) (Jinde et al., 2012). For both MC targeting strategies, opsin
expression was highly specific for MCs, as confirmed by GluR2/3 costaining (Fig. 2.1H)
(Ratzliff et al., 2004). Light delivery (15 s of 589 nm light) effectively suppressed current
induced action potentials in ArchT-expressing MCs, and light delivery (473 nm, delivered as a
20 Hz train of 10 ms pulses for 15 s) induced firing in ChR2-expressing MCs (Fig. 2.1D, G).

We first tested how MC activity affects spontaneous electrographic, non-convulsive
seizures in a model of chronic TLE with kainic acid (KA) injected unilaterally into the left
hippocampus (Bragin et al., 1999). This well-established model of TLE produces robust,
recurrent, spontaneous seizures (Bragin et al., 1999), reproduces key features of human unilateral
hippocampal sclerosis (e.g., partial loss of MCs (Volz et al., 2011)), and shows
pharmacoresistance to currently available antiepileptic drugs (Klein et al., 2015). We used a
closed-loop spontaneous seizure detection and intervention method (Armstrong et al., 2013;
Krook-Magnuson et al., 2014) and delivered light (15 s of 589 nm light) at the onset of seizures
to inhibit ArchT-expressing MCs in chronically epileptic mice (Fig. 2.2A). Importantly, light
was delivered for 50% of detected seizures in a random manner, such that light and no light

epochs could be directly compared, and each animal served as its own internal control (Fig.
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Figure 2.1. Selective optogenetic control of dentate gyrus mossy cells in the hippocampal
formation.

(A) Viral vectors for Cre-dependent ArchT expression. (B) Topological targeting of mossy cells
(MCs) with WGA-Cre. WGA-Cre fusion protein expressed in the left dentate gyrus (DG; red) is
trans-synaptically and retrogradely trafficked by neurons with projections at the injection site.
WGA-Cre activates ArchT expression in the right DG MCs that project to the left DG (green).
(C) Top: confocal images of WGA-Cre and ArchT expression in the left and right DG. Bottom:
high magnification images of the right hilus. ArchT-expressing MCs are identified via GFP
expression and GluR2/3+ immunostaining (arrowheads). (D) 15 s illumination blocks current
induced spiking in ArchT-expressing MCs in acute slices from an epileptic animal, quantified on
the right (N = 10 recordings, n = 3 animals). (E) Cre-dependent ChR2 expression system. (F)
Top: confocal images of ChR2 expression in the left and right DG. Bottom: high magnification
images of the right hilus. ChR2-expressing MCs are identified via eYFP expression and
GluR2/3+ immunostaining (arrowheads). (G) Current clamp trace showing light-induced MC
spiking in acute slices from an epileptic animal during a 20 Hz train of 10 ms pulses (N =5
recordings, n = 3 mice). (H) Opsin expression specificity, quantified by the proportion of
ArchT+ neurons that were also GluR2/3+ (N = 103 slices, n = 3 mice) and of ChR2+ neurons
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that were also GluR2/3+ (N = 24 slices, n = 5 mice). All data are presented as mean = s.e.m. G,
granule cell layer; H, hilus; IML, inner molecular layer.
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2.2B). We delivered light to both DG hemispheres to target the MC somata and their axonal
projections (Fig. S2.1), confirming beforehand that illumination of ArchT-expressing MC axon
terminals reduces the amplitude of synaptically evoked field excitatory postsynaptic potentials
(Fig. S2.2). We found that MC inhibition in response to amber light had no effect on the
electrographic seizure dynamics (Fig. 2.2C). Similarly, MC excitation in ChR2-expressing mice
with blue light (473 nm, delivered as a 20 Hz train of 10 ms pulses for 15 s) and light delivery in
opsin-negative control mice did not alter the electrographic seizures (Fig. 2.2D, E and Fig. S2.3).
These results are in contrast with the effect of inhibiting GCs, the only other excitatory cell
population in the DG, where we previously showed that on-demand GC inhibition dramatically
truncated electrographic seizures (Krook-Magnuson et al., 2015) (Fig. S2.4A). Therefore, unlike
GCs, which can curtail electrographic seizures, MCs do not affect electrographic seizure
duration.

A characteristic feature of MCs is their long, extensive projections, connecting multiple
lamellae in both hippocampi (Buckmaster et al., 1996). We reasoned that this property could
endow MCs with the capability to influence seizure generalization. A prediction of this model is
that MC perturbation during non-generalized, electrographic only seizures may be sufficient to
alter the seizure progression into more severe, widespread seizures exhibiting behavioral
manifestations (e.g., rearing or tonic-clonic activity, Racine scale 4-5 (Racine, 1972)). To
investigate whether MCs control seizure generalization, we focused on the seizures that began as
electrographic then evolved into convulsive seizures (Fig. 2.3A, B) and quantified the proportion
of such seizures that occurred following optogenetic MC inhibition. Because these seizures are
much rarer than the electrographic only seizures (Bragin et al., 1999), animals were continuously

recorded for ~1-6 months to accumulate a number of electrographic-to-convulsive seizures
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Figure 2.2. Modulation of MC activity does not alter electrographic seizure dynamics.

(A) Closed-loop approach for in vivo real-time detection and optogenetic intervention of
spontaneous seizures in chronically epileptic mice. (B) Example electrographic seizures, where
no light (gray box) or light (orange box) is delivered upon seizure detection. (C-E) Light
delivery to mice expressing ArchT contralaterally (C), ChR2 contralaterally (D) or ChR2
ipsilaterally (E) to the kainate injection site does not affect electrographic seizure duration. Left:
cumulative distribution and probability density (inset) of the seizure duration following start of
light or no-light delivery (all animals combined, N = 1194/903/714 seizures, n = 4/3/2 animals
for ArchT/ChR2 contralateral/ChR2 ipsilateral; P > 0.05 Kolmogorov-Smirnov). Right: seizure
duration. Data are shown as the normalized difference in seizure duration between the light and
no light events and 95% CI for each individual animal (P > 0.05 Mann-Whitney U test, see
Methods).
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sufficient for statistical analysis (see Methods). Interestingly, we found that MC inhibition during
the initial electrographic stage significantly increased the probability of seizures to generalize
into overt behavioral seizures (Fig. 2.3C, D). The duration of the behavioral seizures was not
significantly different between no light and light events (Fig. 2.3E), suggesting that MC
inhibition does not alter ictal activity once it has reached the behavioral stage but affects solely
the transition between electrographic and convulsive seizures. In agreement with this result,
inhibiting MCs after the end of the behavioral seizures also did not affect the seizure frequency
(Fig. S2.5). Additionally, light delivery in opsin-negative controls had no effect on the
occurrence of behavioral seizures (Fig. 2.3C, D). With regard to excitatory cell populations in the
DG, our experiments showed that the effect on generalized seizures was particular to MCs, as
inhibition of GCs did not affect behavioral seizure occurrence (Fig. S2.4B, C). Together, these
results show that decreased MC activity during spontaneous, electrographic seizures permitted
further generalization of the seizures into more severe, convulsive seizures.

To test whether convulsive seizures could be prevented by increasing the activity of
surviving MCs before seizure generalization, we next stimulated ChR2 expressing MCs at the
onset of electrographic seizures. Since DG microcircuit alterations are different in the
hemispheres ipsilateral and contralateral to the site of KA injection (e.g., degree of severity
(Bragin et al., 1999; Volz et al., 2011)), we tested separately for the role of MCs contralateral
and ipsilateral to the KA injection site by expressing ChR2 and delivering light either only in the
right or left hemisphere, respectively. Exciting contralateral MCs prevented the electrographic
seizures from generalizing into overt behavioral seizures (Fig. 2.3C, D). These results are in
sharp contrast to the effect of optogenetically exciting GCs in epileptic mice, which robustly

induced behavioral seizures (Krook-Magnuson et al., 2015) (Fig. S2.4B, C). Similarly, exciting
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Figure 2.3. Optogenetic modulation of MCs during spontaneous seizures controls the
progression of electrographic seizures into convulsive seizures.

(A, B) Representative EEG recordings of electrographic-to-convulsive seizures (black traces)
and their corresponding line-length (green traces) (Sorokin et al., 2017) in (A) an ArchT- and (B)
a ChR2-expressing epileptic mouse. Boxes indicate the delivery of either light (orange box) or
no light (gray box) for 15 s following seizure detection. Magenta arrow indicates beginning of
Racine scale 4-5 convulsive seizure. Line-length scale bars are normalized with median line-
length value over the 240 s preceding the seizure. (C) Occurrence of convulsive seizures. Left:
for each measured animal (n = 4), photoinhibition of MCs significantly increases the occurrence
of convulsive seizures. Middle: photostimulation of MCs reduces the frequency of convulsive
seizures (n = 5 animals). Right: light delivery to opsin-negative control mice does not affect
convulsive seizure occurrence (n = 3 animals). *P < 0.05, **P < 0.01, two-tailed binomial test.
(D) Control of seizure progression by MC modulation. Solid colored bars represent the fraction
of convulsive seizures occurring after light delivery. White bars represent the expected fraction
and 95% CI of seizure occurring with light, under the null hypothesis that light delivery has no
effect. n.s. P> 0.05, ***P <0.001, ****P <(0.0001, two-tailed binomial test. (E) Modulation of
MC activity does not affect convulsive seizure duration. Data are shown as normalized
difference in seizure duration between the light and no light events and 95% CI for each
individual animal (P > 0.05 Mann-Whitney U test, see Methods). Contra, contralateral to kainate
injection site; ipsi, ipsilateral to kainate injection site.
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MCs on the KA injection side, where hippocampal sclerosis is more severe and where we
observed a 77% MC loss (compared with 55% MC loss contralaterally, which is consistent with
previous studies (Volz et al., 2011); Fig. S6) also strongly prevented the generalization of
seizures (Fig. 2.3C, D). Together, our data demonstrate that despite the dramatic loss of MCs,
surviving MCs play an important functional role in chronic TLE in preventing runaway
excitation culminating into convulsive seizures.

Cognitive deficits are devastating co-morbidities of epilepsy, and epileptic patients
present with a high risk of learning and memory disabilities (Kleen et al., 2012). However, the
microcircuit alterations that lead to cognitive deficits are not well understood, and it remains
unclear whether MC loss contributes to these impairments. To characterize the consequences of
MC loss on cognition, we examined learning and memory processes in chronically epileptic mice
and in non-epileptic mice where we optogenetically inhibited MC activity. We used two well-
validated assays of spatial and object memory: the object location memory (OLM) and object
recognition memory (ORM) tasks (Vogel-Ciernia et al., 2013). These two tasks rely on the
innate attraction of mice for novelty, and those mice which remember the training layout will
prefer the object that has been displaced or that is novel during the testing phase 24 hours later.

We found that chronically epileptic mice had significant deficits in OLM compared with
non-epileptic control mice and were unable to distinguish the moved from the unmoved object,
as reflected in the low discrimination index (DI, see Methods) (Fig. 2.4A). In contrast, ORM was
not impaired in epileptic mice, and their DI in the ORM task was similar to that of non-epileptic
control mice (Fig. 2.4B). The OLM deficits are consistent with previous studies showing that
repeated generalized seizure episodes lead to decreased accuracy in spatial discrimination

performance (Lin et al., 2009). The poor performance of epileptic mice was not due to
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Figure 2.4. Chronically epileptic mice have impaired OLM but not ORM, and MC
inhibition impairs learning, but not retrieval, of OLM.
(A) Object Location Memory (OLM) test schematic and timeline. Epileptic mice (n = 17) exhibit
significantly impaired OLM, compared with control non-epileptic littermates (n = 13). (B)
Object Recognition Memory (ORM) test schematic and timeline. Non-epileptic (n = 10) and
epileptic mice (n = 14) show no significant difference in ORM. (C) Acute MC photoinhibition
during learning interferes with OLM (dorsal: n =9 eYFP, n = 10 eNpHR; ventral: n=8 eYFP, n
=5 eNpHR). (D) MC photoinhibition during testing does not interfere with OLM (dorsal: n =9
eYFP, n = 8 eNpHR; ventral: n = 6 eYFP, n =7 eNpHR). (E) MC photoinhibition during
learning of ORM does not impair task performance (dorsal: n =10 eYFP, n =10 eNpHR;
ventral: n =9 eYFP, n = 10 eNpHR). (F) MC photoinhibition during testing of ORM does not
affect task performance (dorsal: n =10 eYFP, n =10 eNpHR; ventral: n =7 eYFP,n=9
eNpHR). All data are presented as mean + s.e.m. *P < 0.05 two-tailed Welch’s #-test.
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disinterest, as both non-epileptic and epileptic groups explored the objects at similar levels
overall (Fig. S2.7), nor to increased anxiety, as assessed using the elevated plus maze test (EPM;
Fig. S2.8).

To directly test whether MC loss alone is sufficient to impair spatial cognitive abilities,
we turned to non-epileptic mice and mimicked MC loss in TLE by optogenetically silencing
MCs during specific stages of OLM and ORM. This approach using non-epileptic animals
allowed us to examine the effect of decreased MC activity on cognition independently of other
network reorganizations observed in epilepsy. As inhibition with ArchT has been shown to have
excitatory effects when activated for long periods (Mahn et al., 2016), we switched to
halorhodopsin (eNpHR) for longer inhibition of MCs. We verified appropriate opsin response to
light and expression specificity (Fig. S2.9).

When we delivered light (for patterns of stimulation, see Methods) to either the dorsal or
the ventral hippocampal regions solely during the learning phase of the OLM task (Fig. S2.10),
we observed a significant reduction in the performance in eNpHR mice compared with eYFP
controls (Fig. 2.4C). We ruled out the possibility that this learning impairment was related to an
effect of MC silencing on anxiety by assessing the exploration of the mice in the EPM (Fig.
S2.8). In addition, the poor performance was not due to a lack of motivation for object
exploration (Fig. S2.11). In contrast, MC activity does not appear to be necessary during retrieval
of spatial memory. We found that silencing of either dorsal or ventral MCs during the testing
phase of the OLM task did not impair performance, as both eNpHR and eYFP mice were able to
recognize the displaced object (Fig. 2.4D). Therefore, reduced MC activity during exposure to a
new spatial context precludes proper formation of the associated memory, but decreased MC

firing during OLM testing does not hinder performance. Finally, we also assessed whether MCs
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are involved in non-spatial ORM. Optogenetic MC inactivation during learning or testing of
ORM did not interfere with ORM task performance (Fig. 2.4E, F).

Together, these results show that dorsal and ventral MCs are necessary for the encoding
of the spatial context, and a loss or decrease in MC activity leads to spatial memory impairments.
Furthermore, inhibiting MCs focally in healthy mice during learning reduces their OLM task
performance to a level similar to that observed in epileptic mice (Fig. 2.4A, C). MC loss by
itself, even partial, is therefore sufficient to degrade cognitive abilities independently of other
network changes that might occur in epilepsy, such as mossy fiber sprouting or GC dispersion

(Houser, 1990).

Discussion

Here, we have shown that decreased MC activity allows for the generalization of
electrographic seizures into convulsive seizures and that optogenetic excitation of surviving MCs
prevents the occurrence of convulsive seizures in TLE. We also found that selective MC
inhibition precludes the encoding of spatial but not of object memory, recapitulating cognitive
deficits observed in chronically epileptic mice. These findings indicate that MCs are key for
blocking runaway hippocampal hyperexcitation and for spatial memory processes and that the
MC loss often observed in TLE patients (Bliimcke et al., 2000) is likely to be directly implicated
in both seizures and comorbid cognitive deficits.

Earlier studies have led to conflicting models for the role of MCs on hippocampal
network dynamics. Widespread chronic MC deletion led to transient disinhibition of granule
cells (Jinde et al., 2012), and stimulation of commissural fibers including MC axons inhibited
GCs (Buzsaki and Eidelberg, 1981; Hsu et al., 2015), indicating that MCs may exert a primarily

inhibitory effect on the network. Conversely, others reported a decrease in DG activity in slices
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after partial MC ablation (Ratzliff et al., 2004) or an increase in DG afterdischarges, induced by
perforant path stimulation, with MC optogenetic excitation (Sugaya et al., 2016), suggesting that
MCs may exert a net excitatory effect. Rather than addressing the net effect of MCs on GC and
dentate activity, our study focused on elucidating how surviving MCs control the dynamics and
progression of spontaneously occurring seizures in TLE. This is a critical question from a
clinical perspective that had never been addressed. By leveraging closed-loop optogenetics, we
established unambiguously that surviving MCs play a protective role in preventing spontaneous
seizure progression.

Our learning and memory results are consistent with the emerging model that MCs have
an important functional role in spatial memory. MCs have been recently shown to have multiple
place fields and to exhibit stronger remapping of their place fields than GCs in response to
changes in environmental clues (Danielson et al., 2017; GoodSmith et al., 2017; Senzai and
Buzséki, 2017). By controlling MC firing during memory tests, we demonstrated that MCs are
critical in encoding, but not in retrieval, of spatially relevant information. As GCs have been
implicated in learning contextually relevant information (Kheirbek et al., 2013; Zhuo et al.,
2016), it is possible that MCs may control information encoding by regulating GC excitability in
separate lamellae through their widespread, divergent projections (Hyde and Strowbridge, 2012;
Jinde et al., 2012; Myers and Scharfman, 2009). Future work recording MC activity during
seizures, or the activity of GCs and other hippocampal cells while simultaneously manipulating
MCs, will be key to unravel how MCs control microcircuit dynamics in the DG during seizures
and memory encoding. Our work suggests that strategies to limit MC loss or to directly excite

surviving MCs may provide powerful treatment options for seizure control.
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Materials and Methods

Animals

For mossy cell targeting, both C57BL/6J mice (Stock No: 000664, Jackson Laboratories) and
mice expressing Cre in mossy cells [Crlr-Cre; CS7BL/6N-Tg(Calcrl,cre)4688Nkza/J; Stock No:
023014, Jackson Laboratories] (Jinde et al., 2012) were used. Mice expressing opsins
specifically in dentate gyrus granule cells were generated by crossing mice expressing Cre in
GCs [B6.FVB-Tg(Pomc-cre)1Stl/J; stock 010714; Jackson Laboratories] with either floxed-
STOP HR mice [Ai39; B6;129S-Gt(ROSA)26Sortm39(CAGHOP/EYFP)Hze/J; stock 014539;
Jackson Laboratories] or floxed-STOP ChR mice (A132; Rosa-CAG-LSLChR2H134R-EYFP-
deltaNeo generated by Hongkui Zeng; stock 012569; Jackson Laboratories). All mice used were
more than 6 weeks old and were backcrossed by at least five generations to C57BL/6J. Male and
female mice were used. Animals were housed under a 12:12 h light/dark cycle with food and
water available ad libitum. For behavioral studies, animals were age matched and underwent the
same surgical procedures. All behavioral testing was performed during the light portion of the
cycle. All procedures were carried out in accordance with the National Institutes of Health
guidelines for animal care and use and were approved by the Institutional Animal Care and Use
Committee of the University of California, Irvine and by the Administrative Panel on Laboratory

Animal Care of Stanford University.

Stereotactic injection
The mice were deeply anesthetized with isofluorane and placed into a stereotactic apparatus. For
ArchT expression, C57BL/6J mice were injected with a virus encoding a Cre-recombinase wheat

germ agglutinin (WGA) fusion protein (2.00 mm posterior, 1.60 mm left, 2.65 mm ventral to
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bregma), and a virus encoding a Cre-dependent ArchT (2.00 mm posterior, 1.60 mm right, 2.65
mm ventral to bregma). The virus was delivered via a 2 pl syringe and a 25 gauge metal needle
(Hamilton); the injection volume and flow rate were 1 pl at 0.1 pl/min. The needle was left in
place after injection for 10 min before slowly being withdrawn. For ChR2 and eNpHR3.0
expression, Crlr-Cre mice were injected with the Cre-dependent opsin (2.00mm posterior,
1.60mm left and/or right, 2.65mm ventral to bregma). The virus was delivered via a 10 pl
syringe and a 33 gauge metal needle (World Precision Instruments); the injection volume and
flow rate were 0.2 pl at 0.1 pl/min. The needle was left in place after injection for 10 min before
slowly being withdrawn. Non-opsin controls were injected similarly. Viruses were purchased
from the University of North Carolina Vector Core. Mice used for behavioral tasks were also
implanted with optical fibers (multimode 200 um diameter, 0.37 NA; Thorlabs) either into the
dorsal hippocampus (1.70 mm posterior, 1.35 mm left/right, 1.80 mm ventral to bregma) or the
ventral hippocampus (3.30 mm posterior, 2.80 mm left/right, 3.70 mm ventral to bregma). Mice
used for seizure dynamics studies were implanted as described in “Epilepsy induction and
monitoring.” Screws (McMaster-Carr) and dental cement (Teets Cold Curing) were used to fix

the implant to the skull.

Epilepsy induction and monitoring

The procedures for epilepsy induction and monitoring are similar to those previously described
(Armstrong et al., 2013; Krook-Magnuson et al., 2014). For this model, kainic acid (KA; 40-100
nL, 20 mM in saline, Tocris Bioscience) was stereotaxically injected into the left dorsal
hippocampus (2.0 mm posterior, 1.25 mm left, and 1.6 mm ventral to bregma) under isoflurane

anesthesia at least 3 weeks after virus injection. After two weeks, animals developed
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electrographic and behavioral (Racine stage 4-5), spontaneous, recurrent seizures (Bragin et al.,
1999). The mice were then stereotaxically implanted with bipolar, twisted wire, depth electrodes
(1.70 mm posterior, 1.90 mm left, and 1.90 mm ventral with respect to bregma; PlasticsOne) and
optical fibers (3.30 mm posterior, 2.80 mm left and/or right, and 3.70 mm ventral to bregma;
0.37 NA, 200 um diameter multimode, Thorlabs). The location of the depth electrodes, was
chosen based on previous studies showing that spontaneous seizures in the KA epilepsy model
typically arise from the hippocampal formation ipsilateral to the KA injection site (Bragin et al.,
1999). It is important to note, however, that the goal of our study was not to determine the spatial
seizure profile or to pinpoint the site of seizure initiation. Data for the GC-HR and GC-ChR2
mice were obtained from recordings performed for a previous study (six animals (Krook-
Magnuson et al., 2015)). These animals had optical fibers implanted bilaterally (2.60 mm
posterior, 1.75 mm left/right, 1.40 mm ventral with respect to bregma). After recovery from the
implant procedure, mice underwent 24 h video and EEG monitoring for closed-loop seizure

detection and light delivery.

Closed-loop seizure detection and light delivery

Closed-loop seizure detection and light delivery were carried out as previously described
(Armstrong et al., 2013; Krook-Magnuson et al., 2014). Briefly, the hippocampal EEG signal
was analyzed in real-time by a PC running a custom MatLab (MathWorks) seizure detection
algorithm, and seizures were detected by the software using identifiable spike features. When a
seizure was detected, the software randomly decided to deliver light (p = 0.5) or no light (p =
0.5), resulting in a 50% chance of light delivery for each seizure. Light delivery consisted of a 15

s bout of 10 ms light pulses at 20 Hz for ChR2 excitation or of continuous illumination for
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ArchT excitation. In both cases, light power was ~3.5-5 mW at the tip of the fiber from a fiber-
coupled diode laser (Shanghai Laser & Optics Century Co.) of the appropriate wavelength to

activate the expressed opsin (473 nm for ChR2, 589 nm for ArchT).

Extraction of electrographic seizure duration, and transition from electrographic to
convulsive seizure

The EEG signals surrounding each trigger from the closed-loop system were analyzed offline by
individuals trained to analyze EEG signals but blinded to the light condition and type of opsin
expression. Post-detection electrographic seizure duration (Fig. 2, figs S3 and S4) was calculated
as total duration of the electrographic seizure minus the detection dwell time (typically 1-3 s)
between the beginning of the seizure and the light or no light delivery. The beginning and end of
convulsive seizures were annotated based on the EEG signal and confirmed by analysis of the

video recordings.

Slice electrophysiology

Whole-cell patch-clamp recordings were done at 33°C from 300 pum transverse slices from adult
(>6 weeks old) mice using artificial cerebrospinal fluid containing (in mM): 126 NaCl, 2.5 KCl,
26 NaHCO:s, 2 CaCl,, 2 MgCl,, 1.25 NaH,POys, and 10 glucose. The patch pipette intracellular
solution contained (in mM): 90 K- gluconate, 27.4 KCl, 1.8 NaCl, 1.7 MgCl,, 0.05 EGTA, 10
Hepes, 2 Mg-ATP, 0.4 Na,-GTP, 10 phosphocreatine, 8 biocytin; pH 7.2; 270290 mOsm;
pipette resistance: 3—5 MOhms. Recordings were done using a Multiclamp 700B (Molecular
Devices), Digidata 1410A (Molecular Devices), a 3 kHz low pass filter and a sampling rate of 10

kHz. Light was delivered through the epifluorescence port of an Eclipse FN-1 (Nikon, Tokyo,
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Japan), using a Lambda DG-4 with smart shutter and Lambda SC controller (Sutter Instruments,
Novato, CA, USA) and TTL input from a Digidata 1440A (Molecular Devices). For the mossy
cell terminal inactivation experiments (fig. S2), electrophysiology recordings were done as
above, but in the presence of 10 uM SR 95531 hydrobromide (gabazine). Electrical stimulation
of mossy cell axons in the inner molecular layer to elicit field excitatory postsynaptic potentials
(fEPSPs) was performed using a platinum-iridium alloy microelectrode (FHC, cat# 30201).
Stimuli consisted of 5 Hz pulses for a total of 45 s, divided into three 15 s epochs, where light
was delivered continuously for 15 s during the second epoch. The recorded traces were analyzed
using Clampfit 10.2 (Molecular Devices). The stimulus intensity was set such that the fEPSP

amplitudes were approximately 50% of the maximum.

Object location memory and object recognition memory paradigms

Prior to training, mice were handled 2 min/day for 5 days, then habituated in the experimental
apparatus 5 min/day for 6 days in the absence of objects. During training, the mice were placed
in the presence of two identical objects (e.g. 100 ml beakers) for 10 min and allowed to freely
explore. During testing (24 hours after training), the mice were placed again in the presence of
two objects. For OLM, the objects were the same, but one object was in the same location as
during training, while the other object was moved to a novel location. For ORM, one object was
replaced with a novel object, but the location remained the same as during training. The
determination of which object was moved or replaced was randomized and balanced. Light
stimulation was delivered continuously either during the training or testing phase (bilaterally into
the hippocampus, 589 nm, 5-7 mW at the tip of each fiber). Training and testing trials were

video-recorded and analyzed by a researcher blind to the injection scheme. Interaction with the
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object was counted as exploration when the nose of the mouse was pointing directly at and
within 1 cm away from the object or when the nose was touching the object. The relative
exploration times were expressed as a discrimination index (D.I. = (thovel — tramitiar) / (tnovel
tramiliar) X 100). Mice that explored the objects for less than 3 s total during either training or
testing were removed from further analysis. Mice that exhibited an object preference during
training (D.I. > 20) were also excluded; these criteria were pre-established (Vogel-Ciernia et al.,

2013).

Elevated plus maze

The elevated plus maze consisted of two open arms (30 x 5 cm) and two enclosed arms (30 x 5 x
20 cm) which extended from a central platform (5 x 5 cm) to form a plus. The apparatus was
elevated to 30 cm above the floor. Mice were placed individually in the center of the maze facing
the open arm opposite to the researcher. The percentage of time spent in the open arms was
scored using AnyMaze (Noldus), and movement was tracked relative to the center of the mouse
body. Between subjects, the maze was cleaned with 70% ethanol. Testing with epileptic/non-
epileptic mice was 5 min total. Testing with eNpHR-/eYFP-expressing mice was 15 min total,
and was divided into three 5 min epochs. The mice received no light during the first epoch, light
stimulation during the second epoch, and no light during the third epoch. During the light on
epoch, mice received 5 min of continuous illumination bilaterally into the hippocampus (589 nm,

5-7 mW at the tip of the fiber).

Opsin expression validation, immunohistochemistry and histology
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To determine specificity of opsin expression in MCs, animals were deeply anesthetized and
perfused transcardially with 4% paraformaldehyde. 60 um coronal brain sections were stained
for GluR2/3 (rabbit anti-GluR2/3, 1:200, AB1506, Chemicon). Selectivity of opsin expression
was quantified by comparing GFP or eYFP cells with GluR2/3-positive cells, and degree of
mossy cell loss was quantified by examining GluR2/3 immunoreactivity and using the 49,6-
diamidino-2-phenylindole (DAPI) stain to identify cells. Measurements were done using a
confocal microscope and the optical dissector method, using every slice for the ArchT-
expressing mice (Fig. 1H), and every fourth section throughout the entire anterior—posterior

extent of the hippocampus for all other measurements.

Statistical analysis

Electrographic seizure durations: Differences in the distribution of post-trigger seizure duration
between the light and no light triggers (Fig. 2, figs S3 and S4) were analyzed at the group level
(animals pooled by type of opsin) using the Kolmogorov-Smirnov test, which is standard for
comparing two empirical distributions. Outcomes of light vs. no light conditions on post-
detection seizure durations were also compared within each individual animal. Since the
distribution of seizure duration is visibly not Gaussian (Fig. 2C-E insets), the outcomes were
compared using a two-sample Mann-Whitney U test, which does not require normality
assumptions. This tests the null hypothesis that a randomly selected seizure from the light group
is equally likely to be shorter as it is to be longer than a randomly selected seizure in the no light
group, which we phrased in the text as “light has no effect on seizure duration.” The effect of
light on seizure duration was further quantified using a normalized Hodges Lehman (HL)

estimator of the difference in median between the two conditions, which is a standard way to
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analyze samples compared using a Mann-Whitney test. The normalized HL estimator was
calculated as the median of the difference in seizure duration across all possible pairs of seizures
from the light and no light conditions, divided by the median of the mean duration of all possible
pairs of seizures from the no light group, and is approximately a relative change in median
seizure duration. Data in figures 2 and 3, and supplementary figures 3 and 4 report the
normalized HL estimator, along with the 95% CI computed by bootstrap (n = 10,000 bootstraps).
For each animal, a random set of ~300 electrographic seizures was included in the analysis. This
number allows us to detect a 3 s change in seizure duration with a 20% false negative rate (power

estimated for a two-tailed t-test at 0.05 level with a standard deviation in seizure duration of ~13

S).

Convulsive seizure durations: Group level and animal level statistical analysis of the convulsive

seizure duration was done in a similar manner as for the electrographic seizure analyses.

Occurrence of convulsive seizures: To compare the number of convulsive seizures occurring
following either light or no light delivery in epileptic MC-ChR2, MC-ArchT, MC-GFP animals
(Fig. 3), we used a binomial test with a success probability of p = 0.5. This tests the null
hypothesis that behavioral seizures are equally likely to occur following light or no light
delivery, which would be expected if light had no effect on seizure progression since each trigger
independently delivered light with a 50% probability. The binomial test was also used for group
data (animals pooled by type of opsin, Fig. 3D), and the test results were presented as the
measured fraction of behavioral seizures occurring following light delivery, side-by-side with the

expected fraction and its 95% CI under the null hypothesis (binomial distribution, p = 0.5).
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Occurrence of convulsive seizures in opsin-expressing GC animals was analyzed in a similar
manner (fig. S4). Only appropriately timed triggers for behavioral seizures (i.e., triggers during
the electrographic only portion of the seizure, before the emergence of overt convulsions) were
included in the analysis. Effect of post-seizure triggers (fig. S5) was quantified similarly, except
that the triggers used were the first triggers occurring after the end of each convulsive seizure.
Starting from the beginning of the closed-loop intervention, each animal was monitored during
its entire lifespan or until the EEG signal became corrupted (e.g., due to excessive motion during
seizures), amounting to up to 6 months of continuous recording per animal. For each group, at
least 2-3 animals were recorded to obtain >37 seizures total, which gives a 0.2 false negative rate
for the binomial test (power beta = 0.8) to detect a 20% change in seizure frequency between
light and no light at the 0.05 level. Non-significance at the 0.8 power level was reported as n.s. in

the text.

OLM, ORM, EPM tests: Data from OLM, ORM, and EPM were analyzed using the unpaired

Welch’s t-test to compare the performance of non-epileptic vs. epileptic, or eYFP vs. eNpHR

mice. This test does not require equal variance between groups but assumes normality, which

was verified using the Kolmogorov-Smirnov test (p < 0.05).

Statistical analysis was conducted using MatlabR2016 (MathWorks).
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Fig. S2.1. Post-hoc verification of optical fiber locations for chronically epileptic mice with
optogenetic seizure intervention. (n =4 ArchT mice, n =5 ChR2 mice, n = 3 GFP).
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Fig. S2.2. Illumination of ArchT-expressing MC axon terminals reduces the amplitude of
synaptically evoked field excitatory postsynaptic potentials (fEPSPs). (A) fEPSPs normalized
to the fEPSP peak amplitude during 5 Hz electrical stimulation of MC axons in the left DG inner
molecular layer in acute slices from epileptic mice. Light (590 nm; orange bar) is delivered only
during the second epoch of three 15 s epochs to activate ArchT-expressing MC axons,

decreasing the fEPSP amplitude. Normalized fEPSP amplitude is expressed as mean + s.e.m. (N
= 12 slices, n = 3 mice). (B) Representative traces of synaptically evoked fEPSP recordings from
the GC layer before (left), during (middle), and after (right) light delivery.
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Fig. S2.3. Light delivery to opsin-negative control mice does not affect electrographic
seizure duration. (A) Opsin expression specificity, quantified by the proportion of ArchT+,
ChR2+ and GFP+ neurons that were also GluR2/3+ (ArchT and ChR2 replotted from Fig. 1; N =
38 slices, n = 3 mice for GFP+). (B) Left: cumulative distribution and probability density (inset)
of the seizure duration following start of light or no light delivery (all animals combined, N =
733 seizures, n = 3 animals; P > 0.05 Kolmogorov-Smirnov). Right: seizure duration. Data are
shown as the normalized difference in seizure duration between the light and no light events and
95% CI for each individual animal as in Fig. 2. (P > 0.05 for each animal, Mann-Whitney U
test).
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Fig. S2.4. Dentate gyrus (DG) granule cell (GC) optogenetic perturbation during
spontaneous seizures in chronic TLE. (A) On-demand inhibition of DG GC significantly
shortens spontaneous electrographic seizures. Left: cumulative distribution and probability
density (inset) of the seizure duration following start of light or no light delivery (all animals
combined, N = 841 seizures, n = 3 animals; ****P < 0.001 Kolmogorov-Smirnov). Right:
seizure duration. Data are shown as normalized difference in seizure duration between the light
and no light events and 95% CI for each individual animal (***P < 0.001, ****P <(.0001,
Mann-Whitney U test). (B) Left: for each measured animal (n = 3), photoinhibition of DG GCs
does not affect the occurrence of behavioral seizures. Right: DG GC photostimulation
significantly increases the occurrence of behavioral seizures (n = 6). *P < 0.05, ***P <0.001,
FasEp <0.0001, two-tailed binomial test. (C) On-demand inhibition of HR-expressing GCs has
no effect on the occurrence of behavioral seizures, and photostimulation of ChR2-expressing
GCs induces behavioral seizures. Solid colored bars represent the fraction of convulsive seizures
occurring after light delivery. White bars represent the expected fraction 95% CI of seizure
occuring with light, under the null hypothesis that light delivery has no effect. ****P < 0.0001,
two-tailed binomial test. Data from (A) and ChR2 data from (B & C) are re-analyzed from data
presented in Krook-Magnuson et al. 2015. HR data in (B & C) are new data from this study.
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Fig. S2.5. Test of causality: light delivery following the end of the convulsive seizure does
not correlate with seizure occurrence. (A) Number of convulsive seizures followed by either a
light or no light trigger (post-seizure trigger). Light and no light post-seizure triggers are equally
likely to occur in all ArchT- (left; n = 4 mice), ChR2- (middle; n = 5 mice) or GFP- (right; n=3
mice) expressing mice. This is in contrast with the data shown in Fig. 3 for pre-convulsive
seizure triggers, which demonstrates that the relationship between pre-convulsive seizure trigger
type (light vs. no light) and convulsive seizure occurrence is causal and not due to selection bias
or artifacts in light delivery. (B) The measured fraction of convulsive seizures followed by a light
trigger (solid bars) falls in the range expected under the null hypothesis that post-seizure light
delivery has no effect on the occurrence of convulsive seizure (white bars show the mean
fraction and 95% CI for a binomial distribution with 50% success rate). Contra, contralateral to
the kainate injection site; ipsi, ipsilateral to the kainate injection site.
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Fig S2.6. Hilar mossy cell loss in mice with chronic TLE. Number of GluR2/3+ cells in
epileptic animals (N = 33 slices, n = 3 mice), compared with and normalized to non-epileptic
controls (N = 35 slices, n = 3 mice). All data are presented as mean + s.e.m. Ipsi, ipsilateral to the
site of kainate injection; contra, contralateral to the site of kainate injection.

54



C

Object Location Memory Exploration during ExPIorTZt;%g during
Training 9
@15 2.6 Onon-epileptic
10 mi 24 h 5 min ) ) Hepileptic
— -—— £ Elrg, OO
Training Testing =101 c4.
9 k)
o o o © ©
o] s}
——-- o8 5 ) 3_2 J
~GE ~GF o G o
I g
2 0 20
D_ . ” E F
Object Recognition Memory _ _
2,15 4 L.5
(0] (0]
10 min 24 h 5 min £ E4l —I—
Training Testing 5 10 - 53
© ©
S 59 82
x x
(G} 1
g I
2 0- 20

Fig. S2.7. Total exploration times for Object Location Memory and Object Recognition
Memory in epileptic mice. (A-C) Epileptic mice do not have significantly different total
exploration times as compared with their non-epileptic littermates during the (B) training or (C)
testing phases of the OLM task. (n = 13 non-epileptic mice, n = 17 epileptic mice; P > 0.05, two-
tailed Welch’s t-test). (D-F) Epileptic mice do not have significantly different total exploration
times as compared with their non-epileptic littermates during the (E) training or (F) testing
phases of the ORM task (n = 10 non-epileptic mice, n = 14 epileptic mice; P > 0.05, two-tailed
Welch’s t-test).
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Fig. S2.8. Epileptic mice do not have altered levels of anxiety, and anxiety is not altered
with mossy cell inhibition. (A) Non-epileptic (n = 12) and epileptic (n = 10) mice do not have
significantly different levels of anxiety as assessed by the time spent in the open arms of the
elevated plus maze (EPM). (B) MC photoinhibition in the dorsal hippocampus does not alter
time spent in the open arms of the EPM (n =9 eYFP, n = 8 eNpHR). (C) MC photoinhibition in
the ventral hippocampus does not alter time spent in the open arms of the EPM (n= 10 eYFP, n
= 12 eNpHR). Shaded orange boxes indicate epochs of light delivery. All data are presented as
mean + s.e.m. P > 0.05, two-tailed Welch’s t-test.
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Fig. S2.9. Selective optogenetic control of hippocampal dentate gyrus mossy cells.

(A) Cre-dependent eNpHR expression system. (B) Top: confocal images of eNpHR expression
in the ventral (left) and dorsal (right) DG. Bottom: high magnification images of the DG showing
eNpHR-expressing MCs identified via eYFP expression and GluR2/3+ immunostaining. (C) 15 s
illumination blocks current induced spiking in eNpHR-expressing MCs, quantified on the right
(N = 5 recordings, n = 3 mice). (D) Cre-dependent eYFP expression system. (E) Top: confocal
images of eYFP expression in the ventral (left) and dorsal (right) DG. Bottom: high
magnification images of the DG showing eYFP-expressing MCs identified via eYFP expression
and GluR2/3+ immunostaining. (F) 15 s illumination has no effect on eYFP-expressing MCs in
opsin-negative control mice, quantified on the right (N = 5 recordings, n = 3 mice). (G) Opsin
expression specificity, quantified by the proportion of eNpHR+ neurons that were also GluR2/3+
(N =33 slices, n = 3 mice) and of eYFP+ neurons that were also GluR2/3+ (N = 16 slices, n =3
mice). All data are presented as mean + s.e.m. G, granule cell layer; H, hilus.
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Fig. S2.10. Post-hoc verification of optical fiber locations for OLM, ORM, and EPM mice.
(n =18 eNpHR dorsal, n = 18 eYFP dorsal, n = 10 eNpHR ventral, n = 8 eYFP ventral).
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Fig. S2.11. Total exploration times for Object Location Memory and Object Recognition
Memory. (A-C) MC photoinhibition during training of the OLM task does not alter total
exploration time of objects during the (B) training or (C) testing phases (dorsal: n=9 eYFP, n =
10 eNpHR; ventral: n = 8 eYFP, n = 5 eNpHR). (D-F) MC photoinhibition specifically during
testing of OLM does not alter total exploration time of objections during the (E) training or (F)
testing phases. (dorsal: n =9 eYFP, n = 8 eNpHR; ventral: n = 6 eYFP, n =7 eNpHR). (G-I) MC
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photoinhibition during training of the ORM task does not alter total exploration time of objects
during the (H) training or (I) testing phases (dorsal: n =10 eYFP, n = 10 eNpHR; ventral: n=9
eYFP, n =10 eNpHR). (J-L)) MC photoinhibition specifically during testing of ORM does not
alter total exploration time of objects during the (K) training or (L) testing phases (dorsal: n =10
eYFP, n =10 eNpHR; ventral: n =7 eYFP, n =9 eNpHR). *P < 0.05, two-tailed Welch’s t-test.
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CHAPTER 3

In vivo evaluation of the dentate gate theory in epilepsy

Abstract

The dentate gyrus is a region subject to intense study in epilepsy because of its posited role as a
‘gate’, acting to inhibit overexcitation in the hippocampal circuitry through its unique synaptic,
cellular and network properties that result in relatively low excitability. Numerous changes
predicted to produce dentate hyperexcitability are seen in epileptic patients and animal models.
However, recent findings question whether changes are causative or reactive, as well as the
pathophysiological relevance of the dentate in epilepsy. Critically, direct in vivo modulation of
dentate ‘gate’ function during spontaneous seizure activity has not been explored. Therefore,
using a mouse model of temporal lobe epilepsy with hippocampal sclerosis, a closed-loop system
and selective optogenetic manipulation of granule cells during seizures, we directly tested the
dentate ‘gate’ hypothesis in vivo. Consistent with the dentate gate theory, optogenetic gate
restoration through granule cell hyperpolarization efficiently stopped spontaneous seizures. By
contrast, optogenetic activation of granule cells exacerbated spontaneous seizures. Furthermore,
activating granule cells in non-epileptic animals evoked acute seizures of increasing severity.
These data indicate that the dentate gyrus is a critical node in the temporal lobe seizure network,

and provide the first in vivo support for the dentate ‘gate’ hypothesis.

Introduction
Epilepsy manifests with recurrent bursts of hypersynchronous neuronal activity that can arise

from a number of brain regions. The most commonly affected regions are areas where recurrent
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excitatory networks pre-exist and can serve as a substrate for this type of activity, such as the
temporal lobe, where recurrent excitatory connections of the hippocampus are required for
normal spatial navigation, learning and memory (Eichenbaum and Cohen, 2014, Hartley ef al.,
2014). Thus, the dentate gyrus (DQG), classically considered as the first stop in the trisynaptic
loop of entorhinal-hippocampal circuitry within the temporal lobe (van Strien et al., 2009), has
been extensively studied in both healthy and pathological circumstances. Both the microcircuitry
of the DG and unique features of granule cells (GCs; the main principal cell type of the DG)
make them less easily excitable than other types of principal cells: in healthy tissue, GCs not
only have extensive feedforward and feedback inhibition, but also intrinsic properties, such as a
particularly hyperpolarized resting membrane potential, low input resistance and a relatively high
threshold for firing (Heinemann ef al., 1992, Lothman et al., 1992, Mody et al., 1992,
Heinemann et al., 1993, Acsady et al., 1998, Coulter, 1999, Henze et al., 2002, Lysetskiy et al.,
2005, Coulter and Carlson, 2007, Leutgeb et al., 2007, Morgan et al., 2007, de Almeida et al.,
2009, Armstrong et al., 2011, Armstrong et al., 2012, Yu et al., 2013). Therefore, although
substantial barrages of excitatory input may arrive at the DG, there is normally only sparse
activation of GCs, limiting the input to downstream regions of the hippocampus, where
pyramidal cells can generate action potentials more easily and where there are abundant intrinsic
recurrent excitatory connections. The limited activation of GCs is important for pattern
separation functions during normal brain activity (Leutgeb ef al., 2007, de Almeida et al., 2009),
but, in addition, this may help protect the vulnerable downstream hippocampal formation and
prevent seizure activity. The latter idea is the basis of the dentate ‘gate’ theory of temporal lobe

epilepsy (TLE), which posits that seizures occur when the gate function of the DG is disrupted
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such that excess excitation emerges from or passes through the DG to downstream regions
(Heinemann ef al., 1992, Lothman et al., 1992).

The dentate gate hypothesis has been a major and frequently cited mechanistic concept in
epilepsy for over 20 years (Heinemann et al., 1992, Lothman et al., 1992) and, further
illustrating the importance of this concept, the National Institutes of Health has invested millions
of dollars in projects related to the DG and epilepsy in this fiscal year alone
(http://projectreporter.nih.gov). A wealth of evidence in support of the theory has been found in
the numerous changes in this region in TLE that are predicted to cause hyperexcitability. These
changes include, amongst many others, mossy fibre sprouting (such that GCs form aberrant
recurrent synapses onto other GCs, a feature not observed in healthy tissue; (Nadler ef al., 1980,
Zhang et al., 2012)), altered intrinsic properties and receptor expression (Coulter, 1999, Stegen et
al.,2012), and reduced GABAergic inhibition (Acsady et al., 1998, Bouilleret et al., 2000,
Kobayashi and Buckmaster, 2003, Coulter and Carlson, 2007). A recent study found that
dysregulation in GCs of molecular pathways known to be important in epileptogenesis can result
in epilepsy (Pun ef al., 2012), and correlations have been reported between seizure frequency and
changes seen in the DG, including mossy fibre sprouting (Marucci ef al., 2010, Hester and
Danzer, 2013).

However, other work has demonstrated that, unexpectedly, it is possible to suppress
certain changes considered to lead to hyperexcitability, such as mossy fibre sprouting, without
also suppressing seizures, questioning the causality of the morphological changes observed in the
dentate in TLE (Buckmaster and Lew, 2011). Additionally, calcium imaging of hippocampal
slices suggests only an initial, transient breakdown in the dentate gate prior to the emergence of

spontaneous seizures in a rat model of TLE, with the temporoammonic pathway to the CA1
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region instead showing the greatest dysregulation at a time when the first spontaneous seizures
appear (Wozny et al., 2005, Ang et al., 2006, Pathak et al., 2007, Coulter ef al., 2011). These
data raise the possibility that there is a primary alternate pathway by which seizures spread that
bypasses the DG altogether. If this were the case, therapeutic interventions targeting the DG in
an attempt to restore the dentate gate in TLE would be ineffective at controlling seizures.
Importantly, direct in vivo evidence supporting the dentate gate hypothesis in TLE has been
conspicuously lacking.

For the dentate gate hypothesis to be demonstrated in vivo, inhibition of GCs during
spontaneous temporal lobe seizures to restore gate function should prevent overexcitation of the
rest of the hippocampal formation and effectively stop seizure activity. If, however, an alternate
pathway bypassing the DG is the critical pathway involved in TLE, targeting GCs would be
ineffective at inhibiting ongoing seizure activity. Similarly, overexcitation of GCs to mimic a
breakdown of the gate might be expected to cause seizures. Optogenetics is a powerful tool that
can be harnessed to study epilepsy (Krook-Magnuson et al., 2014a) and has been successfully
applied in animal models of focal cortical epilepsy (Wykes et al., 2012), cortical stroke-induced
thalamocortical epilepsy (Paz et al., 2011) and TLE (Krook-Magnuson et al., 2013), as well as to
inhibit acute seizures in vivo (Sukhotinsky et al., 2013, Berglind ef al., 2014, Chiang et al., 2014)
and epileptiform activity in vitro (Tonnesen et al., 2009, Berglind et al., 2014, Ledri et al.,
2014). Importantly, by allowing direct and selective manipulation of GCs in vivo, on-demand
optogenetic techniques (Armstrong et al., 2013) provide a straightforward way of directly testing

the dentate gate hypothesis.
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Methods

Ethical approval

All procedures were approved by the UC Irvine Animal Care and Use Committee and were
carried out in accordance with the Guide for the Care and Use of Laboratory Animals of the
National Research Council.

Animals

The molecular Cre-lox system permitted the selective introduction of the inhibitory
halorhodopsin (HR) or the excitatory channelrhodopsin (ChR2) into specific cell populations.
Mice were generated by crossing Cre lines expressing Cre either in DG GCs selectively
(B6.FVB-Tg(Pomc-cre)1Stl/J; stock 010714 from Jackson labs (McHugh et al., 2007)) or in
principal cells broadly (including CA1 pyramidal cells: CamK-Cre; B6.Cg-Tg(Camk2a-cre)T29-
1Stl/J; stock 005359 from Jackson labs (Tsien ef al., 1996)) with either floxed-STOP HR mice
(A139; B6;129S-Gt(ROSA)26Sortm39(CAGHOP/EYFP)Hze/J; generated by Hongkui Zeng,
available from Jackson labs, stock 014539 (Madisen et al., 2012)), or floxed-STOP ChR mice
(A132; Rosa-CAG-LSLChR2H134R-EYFP-deltaNeo generated by Hongkui Zeng, obtained from
the Allen Institute and now available from Jackson labs, stock 012569 (Madisen et al., 2012)).
Ai39 and A132 lines were maintained by crossing with C57BL/6J mice (Jackson labs stock
number 000664). For visualization, the GC-Cre line was also crossed with a line expressing the
red fluorescent protein tdTomato in a Cre-dependent fashion (B6;129S6-
Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J; stock 007905 from Jackson labs (Madisen et al.,
2012)). While Cre is transiently expressed in developing GCs in the B6.FVB-Tg(Pomc-
cre)1Stl/J line, recombination leads to permanent opsin or tdTomato expression in GCs with this

approach. Images of expression were acquired using either a Zeiss Axioskop 2 plus and post-
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acquisition coloring, or the confocal facility of the Optical Biology Shared Resource center at the
University of California, Irvine. GC-ChR2, GC-HR, and GC-Tomato mice demonstrated
occasional scattered cortical cells with expression. The location of these varied between animals
and was not within the path of light. However, in a subset of GC-ChR2, GC-HR, and GC-Tom
animals, we found wide-spread non-specific expression (potentially due to transient Cre
expression during early development of the animal). Therefore, the expression in all GC mice
was examined post-hoc, and animals with such non-selective expression were not included in the
analysis. This resulted in the exclusion of 10 animals. Negative littermates were used for opsin-
negative controls. Animals were housed with a 12hr light/dark cycle and with ad libitum access
to food and water. Male and female mice were used. At the end of experiments, animals were
deeply anaesthetized with isoflurane, followed by rapid decapitation.

Epilepsy induction and monitoring

The procedures employed are similar to those described in (Krook-Magnuson ef al., 2013) and a
detailed protocol is provided in Armstrong et al. (2013). We used the unilateral intrahippocampal
kainate model of TLE (Cavalheiro ef al., 1982), which best mimics unilateral hippocampal
sclerosis. Kainic acid (KA; 50-100 nL, 20 mM in saline; Tocris Bioscience, St Louis, MO, USA)
was stereotaxically injected directly into the left dorsal hippocampal formation (posterior

2.0 mm, lateral 1.25 mm, ventral 1.6 mm with respect to bregma) of mice under isoflurane
anaesthesia on or after postnatal day 46. After at least 2 weeks, allowing for the emergence of
spontaneous recurrent seizures, optical fibres and twisted wire bipolar electrodes were implanted
into the dorsal hippocampal formation (posterior 2.6 mm, lateral 1.75 mm, ventral 1.4 mm with
respect to bregma). Light was delivered ipsilaterally or contralaterally to the site of previous

kainate injection, as noted in the Results. Based on previous estimates of the volume of light
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delivery (Krook-Magnuson ef al., 2013) and volume of the GC layer (Peirce et al. 2003), in
healthy tissue, this fibre location would result in less than 5% of GCs being illuminated. Seizures
were detected and recorded from electrodes located in the hippocampal formation ipsilateral to
previous kainate injection; direct information about the source or spatial profile of seizures was
not obtained in our experiments. The selection of our electrode placement was based on previous
studies indicating that, in this model of epilepsy, spontaneous seizures typically arise ipsilateral,
and slightly posterior, to the site of previous kainate injection (Cavalheiro et al., 1982, Bragin et
al., 1999, Haussler et al., 2012), such that the light stimulation was directed at seizure activity in
an area of the DG where gate function was expected to be most compromised. The extent of
hippocampal sclerosis is variable between animals; an example of the extent of sclerosis is
provided by (Krook-Magnuson ef al., 2013), who illustrate GC dispersion and CA1 cell loss;
note that the optical fibre was not placed in the area of maximal hippocampal sclerosis but rather
where sclerotic and non-sclerotic tissue tended to interface. In separate experiments, animals not
previously injected with kainate (non-epileptic, kainate-naive animals), were similarly implanted
with optical fibres and bipolar depth electrodes. Data for some of the Cam-HR mice used for
comparison with the effects seen in GC-HR mice were reported previously (in six animals).
These animals had optrodes targeted to above the CA1 region (ventral 1.25 mm with respect to
bregma), with light reaching an estimated depth of at least 0.55 mm from the tip of the fibre, and
thus also reaching the DG (Krook-Magnuson ef al., 2013). In two additional Cam-HR animals,
the placement of the optical fibre was lowered to match that of GC-HR animals. The results
obtained at this location were not substantially different, and the results from all Cam-HR
animals were combined. After recovery, 24 h video and EEG monitoring for seizures and

subsequent closed-loop seizure detection and/or light delivery were initiated. On average, KA-
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injected animals were implanted 15.9 + 2.3 weeks after KA injection and the effect of light on
seizures was examined 19.9 + 2.6 weeks after KA injection. There was no correlation between
seizure duration reduction and time subsequent to kainate injection (P = 0.34, Spearman test).
Closed-loop seizure detection and light delivery

Closed-loop seizure detection and light delivery was performed in a manner similar to that
described by (Krook-Magnuson et al., 2013) and in more detail by (Armstrong ef al., 2013). For
experiments using on-demand light delivery, the hippocampal EEG signal was analysed in real-
time by a PC running a custom MATLAB (http://www.mathworks.com) seizure detection
algorithm. A version of this software is available for download from (Armstrong et al., 2013).
Once the presence of spontaneous recurrent seizures in individual animals was established, an
experimenter identified features of the early ictal electrographic signal to be used in triggering
the real-time closed-loop seizure detection software. The recording software has been modified
slightly and interfaces with a custom-built trigger control box for a more accurate timing of light
pulses. A fibre-coupled diode laser (Shanghai Laser & Optics Century Co., Ltd, Shanghai,
China) of an appropriate wavelength to activate the opsin expressed (473 nm for ChR2, 589 nm
for HR) was used. Steady state power measured post hoc from the tip of the optical fibres was
9.3 +£0.6 mW. When a seizure was detected, it was flagged for later review and, for a preset
percentage of events (in a random sequence), light delivery (30 s of 50 ms on, 100 ms off for
473 nm; 30 s of 2000 ms on, 50 ms off for 589 nm) was immediately triggered. This allowed for
each animal to serve as its own control, in addition to opsin-negative controls. In non-epileptic
animals, triggering was instead performed in a scheduled manner, with triggers occurring every
15 min and light being delivered for 50% of triggers.

Slice electrophysiology
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Whole-cell patch-clamp recordings were made at 36°C from coronal slices using artificial
cerebrospinal fluid (aCSF) containing (in mMm) 2.5 KCl, 10 glucose, 126 NaCl, 1.25 NaH,POy, 2
MgCl,, 2 CaCl, 26 NaHCOs. The intracellular solution contained (in mm): 90 potassium
gluconate, 27.4 KCl, 1.8 NaCl, 1.7 MgCl,, 0.05 EGTA, 10 Hepes, 2 Mg-ATP, 0.4 Na,-GTP, 10
phosphocreatine, 8 biocytin; pH 7.2; 270-290 mosmol 1"'; pipette resistance: 3—4.5 MQ.
Recordings were made a using a Multiclamp 700B, Digidata 1322A (Axon Instruments, Foster
City, CA, USA), a 4-10 kHz low pass filter and a sampling rate of 10-50 kHz. Light was
delivered through the epifluorescence port of a Eclipse FN-1 (Nikon, Tokyo, Japan), using a
Lambda DG-4 with smart shutter and Lambda SC controller (Sutter Instruments, Novato, CA,
USA) and TTL input from a Digidata 1322A (Axon Instruments). Where noted in the text,

1 um of TTX was added to the aCSF.

Scoring of behavioural seizures

The extended Racine scale of Pinel and Rovner (1978), which captures also more severe
behavioral seizures, was modified to include additional phenotypes observed (Racine, 1971,
Pinel and Rovner, 1978, Luttjohann et al., 2009): stage 1: a change in behavioural state (sudden
behavioural arrest or sudden motion); stage 2: head nodding; stage 3: forelimb clonus; stage 4:
rearing, or clonus when on belly, or strong hindlimb clonus (bucking); stage 5: falling, or clonus
when on side; stage 6: multiple sequences of rearing and falling, or brief jumps; stage 7: violent
jumping; and stage 8: class seven, followed by a period of tonus lasting longer than 5 s.
Statistical analysis

Electrographic seizure durations after the time of the trigger and the time to next seizure were
analysed offline by reviewers who were blinded to the light condition and genotype of the

animal, and behavioural seizures were confirmed by video and EEG analysis. Post-detection
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seizure durations for light and no light conditions in GC-HR animals were compared in each
animal using a two-sample Kolmogorov—Smirnov test and a two-tailed Mann—Whitney test

(93 + 5 seizure events per animal were analysed to assess the effect of ipsilateral light delivery;
102 £ 2 seizure events per animal were analysed to assess the effect of contralateral light
delivery). Group level statistics for duration reduction and time to next seizure used a Wilcoxon
signed ranks test (light vs. no light) and a Mann—Whitney test (opsin-expressing vs. opsin-
negatives; GC-HR vs. Cam-HR). Comparisons for the frequency of events progressing to
behavioural seizures in epileptic GC-ChR2 animals with and without light delivery was made
using chi-squared tests (137 + 44 events per animal were examined to assess the effect of
ipsilateral light delivery; 75 + 22 events per animal for contralateral light delivery). In kainate-
naive animals, a correlation between the number of light deliveries (for light deliveries one to
eleven) and seizure duration or behavioural seizure score was tested using Spearman's correlation
coefficient. Note that this is a non-parametric test and does not assume a linear relationship.
Values presented are the mean £ SEM. P < 0.05 was considered statistically significant.
Statistical analysis was conducted using Excel 2007 and 2013 (Microsoft, Redmond, WA, USA),
OriginPro 8 and 9 (OriginLab Corp., Northampton, MA, USA) and Google documents

(https://docs.google.com).

Results

On-demand inhibition of dentate GCs

To gain selective optogenetic inhibition of GCs, we generated chronically epileptic mice
expressing the inhibitory opsin HR in DG GCs (GC-HR) (Fig. 3.1) utilizing a model of TLE with

unilateral hippocampal sclerosis as described in the Methods. GC-HR mice were injected with
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KA 1n the left dorsal hippocampus, and the effect of inhibition of GCs on spontaneous seizures
was examined during the chronic phase of the disorder. Expression of HR selectively in GCs
remained after chronic, spontaneous seizures emerged (specificity of expression was
confirmed post hoc for all animals included in the present study). Light delivery produced robust
inhibitory currents, hyperpolarizing GCs (Fig. 3.1D and and E).

During closed-loop spontaneous seizure detection and intervention in vivo, amber light

was immediately delivered upon seizure detection above the DG (reaching a depth of ~0.55 mm

from the tip of the optical fibre; (Krook-Magnuson ef al., 2013), and thus reaching both blades of
the DG) for 50% of detected events in a random fashion, allowing each animal to serve as its
own internal control. As noted above, seizures in this model typically arise ipsilateral to the site
of prior kainate injection (Bragin et al., 1999), and thus the region of the hippocampal formation
with the greatest probablility of having a compromised dentate gate was the region both recorded
from and targeted with light. Supporting the dentate gate hypothesis, we found that ipsilateral on-
demand light delivery in GC-HR mice dramatically truncated seizures (75 = 7% stopping within
5 s of light delivery; post-detection seizure duration, light vs. no light, P < 0.05 Wilcoxon test;
six animals) (Fig. 3.1F-H). On average, there was a 66 + 4% duration reduction (P < 0.01, opsin-
positive vs. opsin-negative controls, Mann—Whitney). There was no effect on time to next
seizure, indicating a lack of any rebound effect (P = 0.2). These data illustrate that selective
inhibition of dentate GCs is able to inhibit temporal lobe seizure activity arising from regions of

the hippocampus where there is probably most deficient DG function.
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Figure 3.1. On-demand restoration of the dentate gate inhibits spontaneous temporal lobe
seizures. Crossing a mouse line expressing Cre in DG GCs (visualized in 4 and B, by crossing
with a tdTomato reporter line; red in the online version) with a mouse line expressing the
inhibitory opsin HR in a Cre-dependent fashion, produced mice with HR expressed selectively in
DG GCs (GC-HR). Selectivity of opsin expression was maintained in epileptic animals (C,
yellow fluorescent protein tagged HR; green in the online version). The edge of the slice and the
border between CA1 and the alveus are drawn in 4 for reference. D and E, whole-cell patch-
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clamp recordings from epileptic brain slices revealed robust light-induced inhibition of GCs of
opsin-expressing but not opsin-negative animals. (Peak, peak-induced currents; End, current
measured at the end of 10 s of pulsed light delivery; Neg, opsin-negative controls. The number of
cells recorded is indicated in each bar. D, summary voltage clamp data. E, example current
clamp recording). F—G, in vivo online detection of spontaneous seizures allowed on-demand
light delivery, which rapidly truncated seizures when delivered to the hippocampus ipsilateral to
prior KA injection (example animal: vertical blue lines indicate seizure detection; amber bars
indicate light delivery; hashed bars indicate events not receiving light; G, inset: expansion of the
first 5 s after light delivery; 100 seizures; colour is shown in the online version). H, the inhibition
of seizure duration achieved with selective inhibition of GCs is comparable to that achieved with
broader inhibition of excitatory cells including CA1 pyramidal cells (Cam-HR; shown for
reference in H; each dot represents one animal). Scale bars: 4, 200 um; B and C, left 200 pum,
right 30 um; £, SmV, 1 s; F, 0.2 mV, 5 s.
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We previously demonstrated significant seizure control with on-demand light delivery to
the hippocampal formation in mice broadly expressing HR in excitatory cells, including CA1
pyramidal cells (Cam-HR mice; (Krook-Magnuson ef al., 2013). We therefore also directly
compared the seizure control obtained with this broader inhibition with the seizure control
obtained with selective inhibition of GCs. Selectively inhibiting GCs produced comparable
seizure control (Cam-HR 72 + 6% duration reduction; eight animals; GC-HR 66 + 4% duration
reduction, as discussed above; Cam-HR vs. GC-HR: P = 0.33, Mann—Whitney) (Fig. 3.1H),
indicating that, by identifying a key component of the network, improved intervention specificity
can be achieved without sacrificing efficacy, and that the DG is a necessary participant in
ongoing seizure activity.

We additionally tested the efficacy of light delivered contralateral to the site of previous
kainate injection and recording electrode in GC-HR mice and found that it did not affect seizure
duration (light vs. no light, GC-HR: P = 1.0, Wilcoxon). Therefore, inhibition of GCs
ipsilaterally (and not contralaterally) inhibits seizures. Given that seizures in this model typically
arise ipsilateral and in relatively close proximity to the site of prior kainate injection (Bragin et
al., 1999, Haussler et al., 2012), and that GCs do not have contralateral projections, in the
context of the dentate gate hypothesis, these findings suggest that inhibiting GCs can prevent
seizure activity only where changes indicative of dentate gate breakdown occur.

Direction of modulation is a critical factor

Recent work examining cerebellar directed intervention for TLE unexpectedly found that the
direction of modulation of cerebellar neurons was not a critical factor in achieving a reduction in
seizure duration, with optogenetic excitation or inhibition of cerebellar neurons inhibiting

seizures (Krook-Magnuson et al., 2014b). We thus investigated whether the direction of
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modulation is a critical factor in achieving seizure inhibition when targeting DG GCs in the
hippocampal formation, or whether a disruption of on-going activity through on-demand
optogenetic activation rather than inhibition of GCs could also inhibit seizures. To be able to
selectively excite GCs, we generated mice expressing the excitatory opsin ChR2 selectively in
GCs (GC-ChR2) and tested the effect of on-demand optogenetic intervention in these animals.
Light delivery produced strong direct excitation of GCs (Fig. 3.24and B; light-induced action
potentials in 6 of 6 GCs recorded in current clamp; on average, light induced 820 + 150 pA in 7
GCs recorded in voltage clamp), which remained in the presence of TTX (Fig. 3.2B, inset;
90 £+ 5% of induced current remained in TTX; 3 GCs), as well as indirect excitation of
downstream CA3 pyramidal cells, which was blocked in the presence of TTX (Fig. 3.2C;
average peak current in regular aCSF: 270 + 110 pA; abolished by TTX; 3 CA3 pyramidal cells).
Rather than truncating spontaneous seizures, in vivo on-demand light delivery to
chronically epileptic GC-ChR2 mice increased the probability of electrographic seizures
becoming large behavioural seizures (seizures were 90 times more probable to become a large
behavioural seizure with light delivery; light vs. no light, P < 0.001, x*; behaviour included
rearing with forelimb clonus, falling and violent jumping; five animals; Fig. 3.2D. Light delivery
to the contralateral hippocampus also induced behavioural seizures (Fig. 3.2E light vs. no
light, P <0.001, x2 ; four animals). These data indicate that increased excitatory drive to GCs
selectively is sufficient to push the network to behavioural seizures in epileptic animals, and that
this occurs not only when excitatory drive is increased in areas of expected dentate gate
compromise, but also in the contralateral hippocampus where dentate gate restoration had no

effect on ongoing seizure activity.
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Figure 3.2. Excitation of GCs worsens spontaneous seizures. A, light-induced excitation of a
GC 1n a slice from an epileptic GC-ChR2 animal. B, robust light-induced currents in a GC,
which remain in the presence of TTX (inset). Grey traces: individual sweeps; black traces:
average. C, optogenetic activation of GCs produces postsynaptic currents in a downstream CA3
pyramidal cell (PC), which are eliminated by the application of TTX (inset). D and £, on-
demand light delivery to the dentate gyrus in mice expressing the excitatory opsin ChR2 in GCs
(GC-ChR2 mice) ipsilateral (D) or contralateral (£) to previous kainate injection causes
electrographic seizures to progress to large behavioural seizures. Right: each dot pair represents
one animal. *P < 0.001 (chi-squared). Scale bars: 4, 10 mV, 50 ms; B and C, 100 pA,

20 ms; D and E, 0.1 mV, 10 s. Boxes (coloured blue in the online version) denote light delivery.
Vertical lines (coloured green in the online version) indicate online seizure detection. Large
amplitude signals include a movement artefact and have been truncated.
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Seizure induction in kainate-naive animals

Given the finding that activation of GCs worsened, rather than inhibited, seizures in epileptic
animals, and that this occurred even with contralateral activation (distant from the site of dentate
gate injury, in a location where inhibition had no effect on seizure activity), we reasoned that
overexcitation of GCs, effectively selectively collapsing or bypassing the dentate gate in the
targeted region, may be sufficient to induce seizures in kainate-naive non-epileptic animals. To
achieve this, we implanted optrodes in non-epileptic (kainate-naive) GC-ChR2 animals and
repetitively stimulated DG GCs unilaterally for 30 s with at least 15 min between stimulation
periods. This protocol of 30 s of pulsed light delivery was chosen to mimic the previous on-
demand experiments performed in epileptic animals and determine whether the DG is a
sufficiently powerful region to generate seizures in kainate-naive animals. As such, the
parameters do not represent an attempt to mimic the overexcitation of GCs probably occurring
spontaneously in epileptic animals during endogenously occurring seizure activity.

Light delivery to the DG in kainate-naive GC-ChR2 animals was capable of inducing
seizures (Fig.(Fig.3)3) (in total, 30 of 47 light deliveries produced behavioural seizures in three
animals). The duration and severity of seizure activity in response to light increased with
repeated light delivery, resembling a kindling effect seen with electrical stimulation
(Racine et al. 1973; Pinel & Rovner, 1978), and seizure duration outlasted light delivery
(Spearman's correlation coefficient for seizure duration: 0.50; P < 0.01; Spearman's correlation
coefficient for behavioural seizure score: 0.69; P <0.001; Fig 3.3). Light never produced a
seizure in opsin-negative kainate-naive controls (367 light deliveries in four animals). These
findings indicate that the selective excitation of GCs, mimicking a breakdown of the dentate

gate, is sufficient to induce seizures even in non-epileptic animals.
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Figure 3.3. Excitation of GCs is sufficient to induce seizures in kainate-naive animals. 4,
example responses to repeated light delivery in a kainate-naive GC-ChR2 animal. Small grey
numbers under traces indicate the number of light delivery. Boxes (coloured blue in the online
version) denote 30 s of pulsed light delivery. Large amplitude signals include a movement
artefact and have been truncated. Scale bar: 0.1 mV, 20 s. B, seizure duration and severity
increases with repeated light delivery. Each symbol represents the seizure duration from a given
animal; shading (coloured blue in the online version) indicates the duration of light delivery (left
axis). The black line indicates the average behavioural seizure score (right axis). Seizure scoring
was based on the extended Racine scale of Pinel & Rover (1978), as detailed in the Methods.
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Discussion
Using optogenetics to selectively manipulate GCs in the DG, we demonstrate that (i) on-demand
selective inhibition of GCs ipsilateral to kainate injection effectively stops spontaneous temporal
lobe seizures; (i1) the direction of modulation is a critical factor, such that excitation of GCs
worsens, rather than inhibits, seizures; and (ii1) selective optogenetic activation of GCs can
induce acute seizures in kainate-naive, non-epileptic animals. These findings provide direct
support for the dentate gate hypothesis because inhibition of the DG in areas of hippocampal
sclerosis, and thus of predicted dentate gate breakdown, inhibits spontaneous temporal lobe
seizures being propagated through the region. In addition, the DG is a sufficiently powerful node
in the circuit such that driving GCs can generate seizures even in healthy, non-sclerotic tissue.

Our findings suggest that, although blocking some of the changes in the dentate
associated with TLE may not be sufficient in isolation to stop the generation of seizures
(Buckmaster and Lew, 2011), and while alternative pathways may exist (Wozny et al., 2005,
Coulter et al., 2011), the DG is a critical component of the seizure circuitry. The numerous
changes seen in hippocampal sclerosis that lead to DG hyperexcitability are indeed probably
pathogenic, and the DG can be an effective target for the inhibition of seizures. The fact that
selective inhibition of GCs produced a robust inhibition of seizures comparable to the broad
inhibition of excitatory neurons in the hippocampal formation (including CA1 pyramidal cells)
illustrates that, by identifying a key component in the network, increased specificity of
intervention can be achieved without greatly sacrificing efficacy.

In considering these findings, it is important to emphasize that, although dysfunction of
the dentate clearly allows the propagation of seizure activity through the hippocampal formation

in temporal lobe seizures, our findings have limited spatial implications about the propagation
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patterns, and certainly do not imply that upstream regions such as the entorhinal cortex are not
involved in seizure initiation, nor do they indicate a unique or privileged role of the dentate in
stopping seizure activity. Modulating any essential node within the seizure circuitry, or even
modulating other brain regions that have strong influence on any of the essential nodes, may
effectively inhibit seizures as well. Indeed, modulating the activity of certain extrahippocampal
regions is known to modulate temporal lobe seizures (Fisher, 2013, Bertram, 2014, Krook-
Magnuson et al., 2014b), and changes seen in other brain regions, including in the CA1 and the
temporoammonic pathway, may also contribute to seizure propagation. Alternative potential sites
of intervention do not detract from the significance of the dentate gate hypothesis, nor from the
finding that the DG is a critical node in the network and an effective target for seizure inhibition.
With the recent approval of medical devices in human patients that are capable of delivering
closed-loop electrical interventions to specific brain regions in response to seizure activity (Heck
et al., 2014), understanding seizure circuitry becomes even more beneficial because the findings
may be more readily translated for clinical use. Future work examining other nodes or
modulatory regions will provide increasing insight into the mechanisms and underlying
architecture of seizures and epilepsy, and will also identify new intervention strategies.
Traditional medications, which have broad effects in numerous brain areas, can have
major negative side effects, and restricted intervention strategies may reduce any negative side
effects. Although our understanding of the exact changes that critically contribute to the
breakdown of the dentate gate is still incomplete, the findings obtained from numerous studies of
this region in epilepsy hint at a number of unique changes that may make excellent targets for
interventions. The results of the present study clearly demonstrate that the DG is an essential

node in TLE with hippocampal sclerosis, and indicate that an intervention approach selectively
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targeting GCs or otherwise improving dentate gate function may be an effective strategy for
inhibiting seizures and also reducing side-effects.
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CHAPTER 4

Seizing Control: From Current Treatments to Optogenetic Interventions in

Epilepsy

Abstract

The unpredictability and severity of seizures contribute to the debilitating nature of
epilepsy. These factors also render the condition particularly challenging to treat, as an ideal
treatment would need to detect and halt the pathological bursts of hyperactivity without
disrupting normal brain activity. Optogenetic techniques offer promising tools to study and
perhaps eventually treat this episodic disorder by controlling specific brain circuits in epileptic
animals. Here we briefly review the current treatment options for patients with epilepsy. We then
describe the many ways optogenetics has allowed us to untangle the microcircuits involved in
seizure activity, and how it has, in some cases, changed our perception of previous theories of
seizure generation. Control of seizures with light is no longer a dream, and has been achieved in
numerous different animal models of epilepsy. Beyond its application as a seizure suppressor, we
highlight another facet of optogenetics in epilepsy, namely the ability to create “on-demand”
seizures, as a tool to systematically probe the dynamics of networks during seizure initiation and
propagation. Finally, we look into the future to discuss the possibilities and challenges of

translating optogenetic techniques to clinical use.

Introduction

Epilepsy: Epidemiology and current treatments

82



Epilepsy is a widespread neurological disorder, affecting 50 million people worldwide
(World Health Organization (WHO), 2015). The overall prevalence is approximately 0.5% in
developed countries and 1% or higher in developing countries (Banerjee et al., 2009; Hirtz et al.,
2007; Picot et al., 2008; World Health Organization (WHO), 2015). Overall, 30-40% of patients
are pharmacoresistant (Kwan and Sander, 2004). Unfortunately, this high percentage of non-
responding patients persists despite the advent of a large number of new antiepileptic drugs
(AEDs) since the 1990s. Currently, there are over 20 clinically utilized AEDs (Duncan et al.,
2006; Zaccara and Perucca, 2014). Patients with chronic refractory epilepsy have at least a two-
fold increase in mortality when compared to non-epileptic age-matched controls (Mohanraj et al.,
2006). This is partially due to the risk of sudden death associated with epilepsy (SUDEP), which
rises from 1 per 1000 patient-years in all patients with epilepsy to 6 per 1000 patient-years in
patients with refractory epilepsy (Laxer et al., 2014; Thurman et al., 2014). Additionally, the
cause of death is directly epilepsy-related in one-third of patients (Brodie et al., 1997). Epileptic
patients also suffer have a high risk of psychological comorbidities, with nearly one-third of
patients suffering from depression and/or anxiety (Kwon and Park, 2014). Finally, persistent
seizures drastically decrease the patient’s quality of life, limiting their independence and
preventing them from driving or holding many types of employment (Taylor et al., 2011).

The first-line treatment for epilepsy is AEDs, which can offer excellent seizure control
for many patients. However, they only treat the symptoms, i.e. the seizures, but not the disease,
i.e. epilepsy, (Duncan et al., 2006). Additional drawbacks are that drugs are not effective for all
patients or seizure types, they are not specific to the seizure focus, they must be taken at all times
(not just during a seizure), and they can have serious negative side effects. Another issue is that

except for a few drugs directed at specific types of seizures, such as ethosuximide for absence
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seizures, the selection of an AED is not tailored to the patient’s seizure semiology (Duncan et al.,
2006). Furthermore, once patients have intractable epilepsy, they have a very low chance (less
than 4% per year) of achieving seizure remission with the addition of new drugs (Choi et al.,
2008). Drug-drug interactions are common among AEDs and can cause problems with affecting
with the efficacy of drugs, such as other AEDs, oral contraceptives, antibiotics, analgesics,
antidepressants, antihypertensives, and chemotherapeutic drugs (Zaccara and Perucca, 2014).
Much research has been done to investigate why there is such a significant population of drug-
resistant patients. Hypotheses of pharmacoresistance include a failure of the drug to reach its
target, an alteration of the drug’s target, and the possibility that the drug may not be acting on the
true pathogenic target (Kwan et al., 2011).

Surgical treatments are the second-line therapy for patients with drug-resistant epilepsy
(Figure 4.1). Well-established surgical treatments include temporal lobectomy, which leads to an
excellent chance of seizure freedom. A randomized controlled trial of temporal lobectomy versus
medical management for patients with medically refractory temporal lobe epilepsy demonstrated
that 58% of surgical patients were completely seizure-free after one year, compared to only 8%
of pharmacologically treated patients (Wiebe et al., 2001). Focused resections of other lesions
such as cortical dysplasia, tubers in tuberous sclerosis, and low grade tumors can also be very
effective in treating epilepsy. Overall, surgical resection of epileptic lesions leads to very good
results, with about 70% of patients being seizure free after surgery with an MRI-identified lesion
(Téllez-Zenteno et al., 2010). Patients without a clear lesion can go through so-called Phase I and
Phase II monitoring. Phase I consists of inpatient video-EEG. If the electrographic and clinical

features of the seizures localize to one side of the brain, the patient may be eligible for phase II
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monitoring, where either subdural or depth electrodes are surgically implanted. The patient then
undergoes further video-electrocorticography (ECoG analysis), and if a resectable seizure focus

Figure 1
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Figure 4.1. Currently used treatments for epilepsy in human patients. Medical and surgical
treatments for epilepsy are shown with schematic diagrams. Major pros (+) and cons (—) of each
type of treatment are noted.

is identified, this is then surgically removed. A recent study showed that after 10 years of follow-
up, 38% of such patients remained seizure free (Noe et al., 2013). Although long-term seizure
freedom of 38% of patients is much higher than can be achieved with medical management, this
number demonstrates that there is still a need for more efficacious treatments.

Surgical implantation of electrodes for stimulation offers another type of treatment for
refractory epilepsy. Deep brain stimulation (DBS), which involves the delivery of electrical
impulses through electrodes surgically implanted into subcortical regions of the brain, is well-
known as a highly effective treatment for Parkinson’s Disease. DBS is also currently approved
for treatment of epilepsy in Europe and Canada, and there is evidence that DBS has particularly
beneficial outcomes for patients with temporal lobe epilepsy (Beudel and Brown, 2015;
Miocinovic et al., 2013; Nune et al., 2015). A randomized controlled trial of DBS in the anterior
nucleus of the thalamus demonstrated significant seizure reduction in patients with refractory
epilepsy (Fisher et al., 2010). Vagal nerve stimulation is another surgical option for patients with
nonlesional epilepsy or an unresectable seizure focus, and this technique offers about 50%
seizure reduction. With this stimulation, small electrodes are wrapped around the left vagus
nerve in the patient’s neck, and these electrodes stimulate the vagus nerve in response to
substantial increases in the patient's heart rate, which serves as a proxy for seizure activity (Nune
et al., 2015). Drawbacks to VNS include that an unknown mechanism of action, open-loop rather
than closed-loop control, and lack of curative potential (Orosz et al., 2014).

Over the past ten years, several new neurosurgical technologies have emerged with

applications for epilepsy. One very promising, newly-approved treatment is responsive
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neurostimulation (RNS). This is a closed-loop system in which electrodes are implanted either
deep into the brain or onto the surface of the brain. The attached device is then programmed to
detect seizures, and delivers electrical stimulation to the implanted electrode(s) upon detection of
a seizure. The device has a built-in seizure detection algorithm, which is customizable to the
patient’s own seizures. The initial clinical trial showed promising results in terms of seizure
control (Heck et al., 2014), and follow-up studies are promising in terms of improved cognition
(Loring et al., 2015). This new and promising device represents a first step towards the goal of
"no seizures, no side-effects." Laser interstitial thermal therapy (LITT) is another new surgical
option for refractory epilepsy. With this technique, a laser fiber is stereotactically implanted into
the patient’s pre-identified seizure focus, and then the tissue is heated to 90°C, using real-time
thermal MRI imaging to verify the tissue temperature and the zone of the lesion (Medvid et al.,
2015). This technique has been successfully used for the treatment of many types of lesional
epilepsy, including hypothalamic hamartoma, mesial temporal sclerosis, focal cortical dysplasia,
cortical tubers, insular lesions, and Rasmussen’s encephalitis (Curry et al., 2012; Esquenazi et
al., 2014; Hawasli et al., 2013; Lewis et al., 2015; Willie et al., 2014). LITT ablation of the
hippocampus has also been used for mesial temporal sclerosis. A small study of this technique
suggests that postoperative language function is better preserved with LITT than with temporal
lobectomy (Drane et al., 2015). Overall, although surgical techniques for epilepsy can offer
excellent outcomes in select patients, drawbacks include: patient hesitation to undergo surgery,
the need for an identified and accessible seizure focus, the fact that many of these techniques are
destructive, the risk of surgical complications, and the fact that many patients are not candidates

for these procedures. Therefore, given the fact that current surgical and medical techniques

87



cannot adequately treat a substantial population of epilepsy patients, new treatments must be

developed.

Optogenetics: theory and current scientific uses
Optogenetics has greatly evolved over the past decades since the first opsin (light-sensitive
protein) was discovered in 1971 in Halobacterium salinarum, a single-celled archaeon which
uses the opsin to pump protons out into the extracellular environment, thus creating a gradient
that drives ATP synthesis (Oesterhelt and Stoeckenius, 1971, 1973). The field of optogenetics
was brought into the limelight in 2005 when the light-gated cation channel channelrhodopsin-2
(ChR2), from the unicellular green alga Chlamydomonas reinhardtii, was successfully expressed
in cultured rat hippocampal neurons. With the expression of this protein, it became possible to
activate transfected neurons on a millisecond timescale with simple photostimulation (Boyden et
al., 2005). Since these early breakthroughs, the field of optogenetics has exploded, and now
encompasses a wide array of light-gated excitatory channels, inhibitory pumps and channels, and
G-protein coupled receptors (Figure 4.2). Two additional opsins which are especially relevant to
epilepsy are the chloride pump halorhodopsin (NpHR), identified in the archaeon Natronomonas
pharaonis, and the proton pump archaerhodopsin-3 (Arch) from the bacterium Halorubrum
sodomense (Chow et al., 2010; Yizhar et al., 2011). The harnessing of natural opsins and
engineering of novel opsins with desired kinetic properties, has led to unprecedented spatial, and
temporal control of neuronal activity.

However, the real power of optogenetics lies in the ability to express these opsins
selectively and specifically in spatially or genetically targeted populations of neurons. This

allows the activation or silencing of nearly any imaginable definable neuronal population. There
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A ChR2 B C Arch/ArchT

Figure 4.2. Optogenetic tools for light-mediated control of neuronal activity with high
temporal precision. (A) Following light activation, the cation channel of channelrhodopsin-2
(ChR2) opens to allow passive movement of Na+, Ca2+, K+, and H+ ions down their respective
electrochemical gradients (top) causing neurons to depolarize and fire action potentials (bottom,
blue bar signifies time of light activation). (B) Halorhodopsin (NpHR) pumps Cl- into the cell
(top) following light stimulation. At standard chloride concentrations, this results in
hyperpolarization and a decrease in neuronal firing (bottom, orange bar signifies time of light
activation). (C) When activated, archaerhodopsin (Arch/ArchT) pumps H+ out into the
extracellular environment (top), thus suppressing cell firing and causing hyperpolarization
(bottom, green bar signifies time of light activation). Note that Arch/ArchT may thus be
particularly useful in epilepsy as it is not dependent on the reversal potential for chloride.
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is a large, and ever expanding, repertoire of viral vectors and transgenic animals available for
opsin targeting. One common method is to package an opsin into a viral vector (such as
lentivirus or adeno-associated virus) that includes a fluorescent protein and a cell-type specific
promoter. The virus is then injected into a target area, and only the neurons with cell bodies near
the injection site will take up the virus and express the opsin. Not all promoters are amenable to
viral delivery, however, and some situations call for expression of the opsin in a larger area than
accessible by viral injection. Therefore, transgenic mouse lines are also available. A common
strategy is to use a Cre recombinase-loxP targeting strategy. In this situation, one set of mice
expresses Cre under a specific promoter (for example, in parvalbumin (PV)-expressing neurons).
These are crossed to another set of mice which express an opsin in a Cre-dependent manner. The
double mutants will express the opsin only under the control of the specific promoter. Further
details of optogenetic targeting techniques as well as the different opsins have been reviewed in
detail elsewhere (Krook-Magnuson and Soltesz, 2015; Paz and Huguenard, 2015; Yizhar et al.,

2011).

Using optogenetics to control epileptiform events and to dissect critical microcircuits in
epilepsy

One of the key advantages of optogenetic techniques in studying neurological disorders is
that they are uniquely suited to dissect neuronal circuits. With optogenetic tools, researchers can
selectively switch on or off specific elements of a circuit, one at a time, and thereby probe the
effect of each element on total circuit function. In the context of epilepsy, this has been useful in
examining the role of specific microcircuits in seizure dynamics, by permitting precise

perturbation of neuronal subpopulations and investigating how it alters epileptiform activity.
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The first study to demonstrate that epileptiform events could be controlled with
optogenetic manipulation in vitro was published in 2009. NpHR was expressed in principal cells
of hippocampal neurons, in organotypic slice culture. Optical silencing of either CA1 or CA3
pyramidal led to the suppression of stimulation-induced bursting in these slices (Tgnnesen et al.,
2009). Shortly after, it was shown that epileptiform activity could also be controlled in awake,
behaving animals. More recently, in the intrahippocampal kainic acid model of temporal lobe
epilepsy, spontaneous seizures were suppressed optogenetically, by inhibiting hippocampal
principal cells as well as by exciting a subset of interneurons (Krook-Magnuson et al., 2014).
Optogenetic inhibition of thalamocortical cells was able to suppress stroke-induced cortical
seizures (Paz et al., 2013), and suppression of the activity of principal cells in a model of tetanus
toxin-induced neocortical seizures could also abort electrographic seizures (Wykes et al., 2012).

These studies have been essential in demonstrating the potential for translational
applications of optogenetics in seizure control. They have also set a basis for a wave of studies
that have used similar experimental schemes to probe the contribution of various microcircuits in
seizure activity and to test previously posited hypotheses in new ways. One such hypothesis, the
dentate gate theory, proposes that the dentate gyrus normally acts as a "gate" to the rest of the
hippocampus by shutting down incoming hyperexcitability before it can travel to the rest of the
hippocampus. In epilepsy, however, it has been hypothesized that this gate breaks down and the
normally quiescent granule cells are overexcited, thus allowing the spread of hyperexcitation
throughout the hippocampus (Heinemann et al., 1992; Lothman et al., 1992). An experimental
restoration of the dentate gate in vivo in epileptic mice was created by silencing selectively-
labeled granule cells with NpHR. Consistent with the hypothesis, on-demand gate restoration

was able to stop seizures (Krook-Magnuson et al., 2015). As additional proof, mimicking a
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breakdown of the dentate gate via ChR2-induced excitation of granule cells, both in epileptic and
in control animals, was able to exacerbate and induce seizures.

Understanding the contribution of interneuronal subpopulations in epilepsy has also been
a major research focus. An often-posed hypothesis is that, in epilepsy, interneurons are no longer
able to shut down out-of-control excitation because GABA can become excitatory during
seizures. Supporting this theory, selective optogenetic activation of PV-positive interneurons led
to depolarizing—i.e. excitatory —GABAergic events in CA3 pyramidal cells during low-
magnesium-induced ictal events, due to a brief collapse in the CI reversal potential. This
contribution of PV cells to network excitability during ictal events was further validated by the
fact that optical silencing of these cells leads to decreased afterdischarges during the ictal event
(Ellender et al., 2014).

In addition to being a powerful approach for characterizing the role of various neuronal
populations in seizure activity, optogenetic studies can also reveal detailed mechanistic
information about circuit function and dysfunction, such as changes in synaptic transmission. In
that respect, in a novel model of absence seizures, created by selectively deleting P/Q-type
calcium channels in rhombic lip-derived neurons, optogenetic activation of cerebellar granule
cells (GC) showed that the GC to Purkinje cell (PC) synaptic transmission was substantially
reduced, implicating alterations to the GC to PC circuit in this type of seizure (Maejima et al.,
2013). In another model of absence seizures triggered by deletion of the GluA4 AMPA receptor,
the thalamocortical circuit’s normal oscillatory action is perturbed, leading to pathologic seizures
rather than physiologic spindles. Specific optogenetic labeling of different synapses within the

circuit was utilized not only to show pathologic problems in the thalamocortical circuit during
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seizures, but also to help map out the synaptic pathway involved in normal oscillations (Paz et
al.,2011).

Finally, it is becoming clear that results obtained from optogenetic studies can have
profound implications for future epilepsy treatments. For example, a set of recent studies showed
that in temporal lobe epilepsy, seizures could be effectively stopped by optogenetically
manipulating neurons in areas physically distant from the ictal focus. Targeting PV interneurons
contralateral to the site of seizure initiation significantly curtailed seizure activity (Krook-
Magnuson et al., 2014), and intervening at a site even as remote as the cerebellum could
effectively stop seizures originating in the hippocampus (Krook-Magnuson et al., 2014). The
cerebellum proved to be a powerful seizure "choke-point" in absence epilepsy as well (Kros et
al., 2015), and in the case of cortical seizures, long-range thalamic projections to the cortex could
be targeted to interrupt both electrographic and generalized seizures (Paz et al., 2013). These
results highlight the feasibility of "remote seizure control," which could be a useful clinical
strategy in cases where the seizure focus is unknown, diffuse, or not surgically approachable.
Additionally, optogenetic control of seizures is not limited to chronic epilepsy but has been
shown to be effective in postponing status epilepticus following the injection of a convulsant. By
optically inactivating halorhodopsin expressing pyramidal cells, the onset of acute electrographic
and behavioral seizures induced by injection of lithium-pilocarpine into the hippocampus of

living rats, could be successfully delayed (Sukhotinsky et al., 2013).

Closed-loop optogenetic intervention

The studies demonstrating the success of optogenetics in the control of seizures in vitro

and in vivo have greatly advanced the field, and another important leap towards the translational
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usefulness of optogenetic technology would be a fully automated system. This type of system
would offer advantages over most current treatments of epilepsy. Namely, an on-demand
automated system (referred to as “closed-loop”) would allow treatment to occur only during
seizure initiation and at the location of a seizure focus, thus providing temporal and spatial
specificity. Closed-loop optogenetic control involves a real-time readout of the neural activity
recorded from electroencephalographic, electrocorticographic or electromyographic signals.
Once a seizure is detected, the system immediately responds with the delivery of light to excite
or inhibit the opsin-expressing cells and abort the seizure (Figure 4.3). In neurological disorders
like epilepsy where abnormal activity occurs sporadically, such activity-guided intervention is
extremely attractive as the optogenetic stimulation can be restricted to those precise moments
when seizures occur, thus avoiding unnecessary perturbations during normal brain activity.
Various seizure detection systems for use with closed-loop optogenetics have been
developed for studying rodent models of temporal lobe epilepsy and thalamocortical epilepsy
(Armstrong et al., 2013; Krook-Magnuson et al., 2014; Paz et al., 2013). Since seizures in
temporal lobe epilepsy are notoriously heterogeneous in terms of their electrophysiological
signatures, it has been crucial to implement detection systems that are highly flexible and
tunable. Typically, multiple characteristics of the recorded electrical signal, such as spike rate,
amplitude, and frequency band power ratios, are simultaneously analyzed to distinguish the
occurrence of a seizure from normal activity (Armstrong et al., 2013). Manual tuning of the
detection thresholds and of the filter parameters is necessary to ensure the low occurrence of
false-positive or missed triggers. Once a seizure starts, a brief integration period (<2 seconds) is
usually sufficient to detect the pathological activity and respond. Using closed-loop optogenetic

techniques, it was possible to drastically decrease seizure duration (57+14% reduction) in
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epileptic animals through inhibition of hippocampal excitatory cells (Krook-Magnuson et al.,
2014). Likewise, on-demand inhibition of thalamocortical cells in a stroke-induced model of
focal cortical epilepsy has also been shown to be effective at suppressing spontaneous seizure
activity (Paz et al., 2013). Like the new surgical technique of RNS as described above, these
experimental models operated as a closed-loop system, but the advantage to an optogenetic
system is that the optical fiber specifically activates a target set of neurons, whereas the RNS

electrode activates all nearby neurons.

Clinical implications of optogenetic studies

Optogenetic-based seizure control has not only been helpful in teasing apart important
microcircuits involved in ictal activity, but it has also enhanced our understanding of the
therapeutic mechanisms underlying current clinical treatments such as electrical stimulation. It is
unclear how clinically used electrical stimulation such as DBS and RNS interfere with
ictogenenesis, due to the fact both of these techniques rely on global stimulation with
nontransparent effects on individual cells or connections. Optogenetics can shed light on these
mechanisms by allowing cell-specific stimulations in animal models, the effects of which can
then be compared with those of the global stimulation generated by DBS. For example, in a 4-
aminopyridine model of acute seizures, optogenetic stimulation of interneurons, at frequencies
standardly used with DBS (Koubeissi et al., 2013), was sufficient to recapitulate the seizure
suppressive effect observed when all neuronal cells were stimulated (Chiang et al., 2014; Ladas
et al., 2015). Mechanistically, inhibitory cells appeared to initially induce a paradoxical
excitatory bursting in pyramidal cells, which caused synchronization, and then ultimately

suppression of pyramidal cell activity (Ladas et al., 2015). These results emphasize the role of
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interneurons in network synchronization, and suggests that induction of the inhibitory network is

a crucial aspect of DBS.
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Figure 4.3. Closed-loop optogenetic seizure intervention in epileptic mouse models. An
optrode (optical fiber + electrode) is implanted into the brain. Electrocorticographic (ECoG)
activity from the rodent brain is recorded in real time. (A) At the resting state, no seizure is
detected, and the optical fiber is not illuminated. (B) When the animal begins to seize, the
hyperactivity and hypersynchrony is detected by the recording software (green arrow), and a
predetermined pulse of light is delivered via the optical fiber to modulate the firing activity of
opsin-expressing neurons and thereby stop the seizure. (C) The seizure terminates (red arrow),
and the light is turned off.
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On-demand seizures: characterizing circuit dynamics and pinpointing seizure propagation
networks with optogenetics

Beyond its use as a tool to control seizures, an unexpectedly powerful application of
optogenetics is in the generation of "artificial," light-inducible seizures. There are many ways to
trigger seizures with optogenetic techniques. For example, patterned bursting in random
networks of cultured ChR2-infected hippocampal neurons can be induced with pulsed
optogenetic activation of the entire culture plate (El Hady et al., 2013). Additionally, pulsed
stimulation leading to activation of ChR2 in rat hippocampus can lead to the successful induction
of seizure-like afterdischarges (Osawa et al., 2013).

However, if the ultimate goal is treatment of epilepsy, what is the utility of causing or
triggering seizures? From a microcircuit standpoint, finding neurons that can provoke seizures or
cause hyperexcitatory activity may reveal information about mechanisms of ictogenesis. This
strategy was instrumental in demonstrating the hippocampal dentate gyrus’s place as a powerful
node in the epileptic circuit, as excitation of granule cells increases seizure activity in mice
(Krook-Magnuson et al., 2015), as well as in revealing that seizures caused by optical activation
of PV-positive interneurons may be partially due to a transient breakdown in GABAergic
signaling (Ellender et al., 2014), as described above.

In addition to pinpointing “guilty” elements in neuronal circuits, light-generated seizures
have also been used as a way to create uniform seizures with well-defined initiation conditions.
One of the most daunting challenges of epilepsy research lies in the heterogeneity and diversity
of seizures and epilepsies. Even within a given epilepsy model, not all seizures are the same:
seizures can differ in the location of initiation as well as in subsequent microcircuit dynamics. In

fact, studies using two-photon microscopy or microelectrode arrays have shown that, in
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experimental models as well as in human patients with epilepsy, such variability can occur even
between sequential convulsive events within the same individual (Feldt Muldoon et al., 2013;
Keller et al., 2010; Sabolek et al., 2012; Truccolo et al., 2011). For example, two-photon imaging
of network dynamics looked at the activity of neurons in the hippocampal granule cell layer
during epileptiform events. It was found that for epileptic animals, clusters of spatially localized
cells were simultaneously recruited during large-scale network events (Feldt Muldoon et al.,
2013). However, these synchronous neuronal clusters did not fire during each epileptiform event,
and the clusters that were recruited varied from one event to another. This seizure-to-seizure
variability can be a confounding factor when interpreting experimental data, as seizures that
appear similar may in fact involve different pathways and respond differently to optogenetic
perturbations. Therefore, optogenetically generated seizures which begin with a predetermined
population of neurons offer an attractive approach to the investigation of underlying
mechanisms, since they often have more reproducible and more stereotypic characteristics.
These more tightly regulated, light-triggered seizures will be especially useful for investigating
how and which networks are recruited upon seizure initiation.

An interesting study that took advantage of optogenetic seizure generation also utilized
functional MRI to visualize network activity on a large scale (Weitz et al., 2014). High-
frequency optogenetic stimulation of excitatory cells in the intermediate hippocampus led to
widespread propagation of activity to cortical and subcortical brain regions. On the other hand,
when cells in the dorsal hippocampus were excited, the activity remained restricted to the
hippocampus. Since the rodent dorsal hippocampus is equivalent to the human posterior
hippocampus, this result has interesting clinical implications. In human temporal lobe epilepsy,

prior studies have shown that the posterior hippocampus is much less epileptogenetic and
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undergoes far less severe anatomical and neurochemical perturbations than other areas of the
hippocampus (Babb et al., 1984; Dam, 1980; King and Marsan, 1977; King et al., 1997). These
results also highlight that the combination of optogenetics and functional MRI represents a
promising method for the investigation of large-scale functional networks and for mapping brain

regions that are more susceptible or resistant to seizure propagation.

Microcircuits affecting seizure dynamics or seizure dynamics affecting microcircuits?

Thanks to optogenetics, we are gaining a more complete picture of the circuit
components involved in epileptic activity. However, it is also becoming increasingly clear that a
static approach to circuit dissection might not be sufficient to develop a thorough understanding
of the disorder. Seizures are inherently dynamic and so the effect of a given optogenetic
perturbation does not depend solely on which connections are controlled, but also on the location
of intervention with respect to the seizure focus as well as on the time of intervention with
respect to ongoing brain processes.

One of the most notable illustrations of the need for awareness of the spatial context of an
intervention concerns the role of interneurons in seizure activity. In a cortical slice model of
focal epilepsy, exciting parvalbumin (PV)-positive interneurons had opposite effects on seizure
activity depending on the proximity of the cells to the seizure focus. When PV interneurons at
the seizure focus were stimulated, this induced a post-inhibitory rebound spiking in pyramidal
cells, ultimately enhancing neuronal synchrony and promoting seizure generation. In contrast,
activation of PV cells distant from the focus instead blocked ictal propagation and significantly

shortened the seizure duration (Sessolo et al., 2015). Therefore, stimulation of even the same

99



type of GABAergic neurons can have antagonistic effects on epileptiform activity depending on
the exact location of the stimulation with respect to the seizure focus.

Likewise, the temporal context of the light intervention with respect to the network
dynamics has been shown to be important. For instance, optogenetic stimulation of GABAergic
neurons in entorhinal cortical slices perfused with the pro-convulsant compound 4-
aminopyridine was sufficient to elicit interictal spikes or preictal discharges that were followed
by tonic-clonic seizure-like events (Yekhlef et al., 2015). However, stimulation of the same
neurons after the seizure had already begun did not alter the ongoing seizure activity. Even more
interestingly, a recent report revealed the outcome of activating principal cells is strongly
correlated to the brain state prior to stimulation. Light delivery to ChR2-expressing cortical
pyramidal cells was shown to trigger convulsive activity in a rodent model of absence seizures
(Wagner et al., 2015). Interestingly, seizures were not induced during every trial, and the
occurrence of a seizure could be predicted by the power of the local field potential (LFP)
oscillations immediately prior to the stimulation. Increased LFP power directly correlated with
increased probability of seizure occurrence. This result corresponds well with the observation
that in animal models as well as in humans, seizures occur mostly during certain behavioral
states, such as drowsiness or light sleep. Additionally, it has been shown that optogenetic
intervention to terminate seizures is much more effective in behavioral states exhibiting theta
rhythm (such as slow-wave sleep) than in non-theta states (such as waking or REM sleep) (Ewell
et al., 2015).

Taken together, the results of these optogenetic studies clearly highlight the fact that the
potential of a given targeted microcircuit for seizure control or induction is not a static property

of the microcircuit itself, but is also a function of the state of network and the overall brain
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activity. In light of these results, it is expected that our understanding and treatment of epilepsy
will greatly benefit from assays that combine optogenetics (as a way to engage or disengage
specific neuronal populations) with technologies that can report on network dynamics during and
in between seizures. Advances are being made in functional MRI (as discussed earlier) as well as
in electrical recording capabilities. Studies using miniaturized electrocorticography (ECoG)
arrays have demonstrated the ability to precisely record temporally and spatially discrete signals
(Richner et al., 2014; Wang et al., 2010). A novel optrode has also been constructed, in which
the electrode portion of the optrode is a multi-electrode array, which allows for seizure detection
in a larger spatial area (Zhang et al., 2009). Genetic Absence Epilepsy Rats from Strasbourg
(GAERS) rats were injected with virus, so that they would express ChR2 in neocortical neurons.
The MEA-optrode construct was subsequently implanted above the injection site, and this device
was successfully used to detect and stop spontaneous absence seizures. Another technique that
exists but has not yet been used in the context of epilepsy is fiber photometry, which allows the
recording of spatially and genetically well-defined neurons by measuring Ca*" transients
(Grosenick et al., 2015; Gunaydin et al., 2014).

Importantly, better understanding of the relationship between the network state and the
effect of optogenetic manipulation of specific neuronal connections or populations will likely
open doors for more efficient seizure control schemes. Closed-loop seizure control, for instance,
could be improved by integrating information, in real-time, from EEG recordings with a wider
array of signals, such as fMRI or multielectrode array recordings. Rather than simply applying
light intervention based on a binary signal (seizure/no seizure), one could personalize the

response to each seizure in an activity-guided manner.
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Future directions

The final common goal for all epilepsy research is not just to understand the circuits
involved or to stop seizures in mice, but to apply these lessons to humans in order to treat
epilepsy patients, especially the thirty percent who are refractory to AEDs. The obvious “holy
grail” of translating optogenetic techniques into humans would be a closed-loop implantable
system using on-demand light stimulation to stop seizures. Under ideal circumstances, the
seizure would be aborted while it was only still electrographic, i.e. without any behavioral
manifestations. Overall, the system setup would be similar to DBS or RNS and would work like
so: an optrode would be permanently implanted into the patient’s brain at their specific seizure
focus. The optrode lead would then be tunneled under the skin and connected to a power
source/light source, which could be implanted either in the skull (like RNS) or under the skin in a
subclavicular location (like DBS and VNS). The seizure-detecting microchip would likely be
housed with the power source and light source. The electrode portion of the optrode would detect
the beginning of the seizure and then the light would be activated through the optical fiber
portion of the optrode at a particular frequency and duration to stop the progression of the
seizure. Ideally, like RNS, this human closed-loop optogenetic system would be customizable as
far as seizure detection parameters and light activation parameters (Figure 4.3).

Unfortunately, there are major hurdles that lie between where we are today (closed-loop
system in rodents) and the finish line. Technical challenges abound, and there are several
questions regarding feasibility that remain to be addressed. First of all, given that the volume of
the human brain is over one thousand times larger than the mouse brain, will the volume of tissue
that can be illuminated by an optical fiber be sufficient to stop an entire human epileptic

network? If a large volume of tissue is successfully activated, will this end up heating and
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damaging the neurons (Pavlov et al., 2013)? In order for the system to be fully implantable, a
laser or LED must be engineered, along with an associated power source, which is small and
lightweight enough to be implantable. The power source will have to have sufficient power to
last a few years before replacement, or be rechargeable through the skin. The optical fiber will
have to be flexible enough to hold up to the patient’s head and neck movement without breaking.
The optrode will have to be non-immunogenic.

Scientific challenges remain as well. To induce opsin expression in the human brain,
genetically based Cre recombinase-loxP systems will not be usable. Two other possibilities do
exist with current technology to induce opsin expression in human neurons: viral vectors to
induce opsin expression under specific promoters, and injection of pre-transfected neuronal stem
cells. Will either of these techniques be safe and successful with human tissue? Will institutional
review boards approve the injection of mutational viruses or engineered stem cells into human
patients with a non-fatal disease? If a viral method is chosen, will transfection be stable over
decades of the patient’s life (Fisher, 2012)?

There are some answers from animal studies which suggest that the answer to at least
some of the above questions is “yes.” Although we are not aware of any human studies, there
have been a few papers demonstrating feasibility of functional opsins in primates. Recent studies
have demonstrated the feasibility of functional expression of various opsins in macaque cortex,
with appropriate electrophysiological responses, stable expression over months, and a labeled
volume of 1 mm® per injection (Diester et al., 2011; Han et al., 2009). Demonstrating a
behavioral effect of optogenetic activation of neurons seems to be more challenging in primates.
However, it has been shown that by activating the frontal eye fields or visual cortex of macaques

with ChR2, functional saccades could be induced or altered (Gerits et al., 2012; Jazayeri et al.,
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2012). Other promising advances include the fabrication of MRI-compatible carbon fiber
optrodes, which would improve the clinical utility in human subjects (Duffy et al., 2015).
Computer modeling studies in meso-scale model of the human cortex also demonstrated
feasibility of using optogenetic control to suppress seizures (Selvaraj et al., 2013).

Although injecting stem cells into human brain that could then be activated by light to stop
seizures might seem like futuristic technology, it might not be so far-fetched. It has been shown
that implanted embryonic medial ganglionic eminence (MGE) cells into the hippocampus of
pilocarpine-treated epileptic mice develop into functional inhibitory interneurons, and that this
treatment greatly reduces the seizure frequency in these animals (Hunt et al., 2013). In
pilocarpine-induced temporal lobe epilepsy in mice, ChR2-expressing MGE-cells were
successfully transplanted into the dentate gyrus. Mice receiving these transplants had fewer
seizures, and light-induced IPSCs were recorded in native dentate granule cells (Henderson et al.,
2014). In another study, long-term self-renewing neuroepithelial stem cells (ItNES) were
successfully generated from human fibroblasts and then injected into the hippocampus of nude
rats. By stimulating ChR2-labeled rat neurons, this group was able to evoke EPSPs in the human
ItNES-derived neurons (Avaliani et al., 2014). To move this into a translational application, one
would want to have the human stem-cell derived neurons express ChR2. In this way, it might be
feasible to inject human ChR2-expressing stem cells that would develop into GABAergic
neurons into the seizure focus. An optrode would be implanted simultaneously. Once the stem
cells matured into functional neurons, the optrode would use closed-loop technology to detect the
seizure and then optogenetically activate a large quantity of GABAergic neurons, thereby
shutting down the seizure before any behavioral manifestation occurs. This would be a clever

way to get the ChR2 cells into human brain without having to use a viral vector (Figure 4.4).

104



Closed-loop
device
Detection
Power
Light
/Step 1: Seizure Localizatiob 4 Step 2: Delivery of ) 4 Step 3: Implantation of )
Optogenetic Vector Closed-Loop Device
Barriers to translational success: Barriers to translational success: Barriers to translational success:
Seizure localization in patients Safety and feasability of Manufacturing of lightweight
with non-lesional or diffuse opsin expression in human tissue light source, avoiding tissue
epilepsy syndromes which is stable over decades heating with light activation,
and sufficient to produce and customizing seizure
physiological effect detection algorithms
S J (& J € J

Figure 4.4. A theoretical model of closed-loop optogenetic seizure control in humans. (A)
The first step would be localization of the seizure focus. This could be performed via standard
phase II monitoring (see text), but in the future this step could possibly be avoided in some
patients if long-distance targets, or targets based on seizure semiology or genetics are identified.
(B) The next step is to deliver the optogenetic vector to the seizure focus. This could be
accomplished with a viral vector carrying an opsin gene, which would then transfect the patient’s
own neurons, or by pretransfecting neurons (or neuronal precursors) with opsins, which would
then functionally integrate into the patient’s brain. (C) An optrode construct (gray denotes
electrodes for recording, orange denotes optical fibers) is implanted in the brain at the seizure
focus or remote target. The electrical leads and optical fibers are tunneled under the skin to the
“control box” which is implanted in a subclavicular location. This control box would contain a
seizure-detecting microchip, a power source, and a light source. Its function would be to detect
seizures quickly and then turn on the light source to activate or silence specific neurons, thereby
stopping the seizure. As noted in the figure, ethical concerns with such a system include the
safety of injecting optogenetic viral vectors or transfected neuronal precursors into the human
brain. Technical challenges include being able to optogenetically activate a sufficient volume of
tissue to cause a physiological response, the stability of optogenetic expression in neurons over
decades of the patient’s life, manufacturing a compact and lightweight light source, customizing
seizure detection algorithms, and avoiding tissue heating with light activation.
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It is possible that, due to all of these technical and ethical hurdles, optogenetics will never
be directly translated into human clinical use. However, this does not diminish the importance or
relevance of using optogenetic techniques to study seizures in animal models. As discussed
above, optogenetics present a unique tool for determining what changes can lead to dysfunctional
networks. Understanding more about the mechanisms of epileptogenesis, seizure initation, and
pathologic seizure circuitry could open up avenues to develop other treatments for epilepsy. For
example, if a particular interneuronal subtype can be manipulated to stop seizures, perhaps a
biologic drug could be developed to similarly modulate these neurons in humans. If clinically
relevant models of epilepsy are studied and a stimulation target is found which can stop the
seizure, perhaps an RNS electrode could be placed into that target. Finally, if seizure models are
studied which are based on human genetic epilepsies, perhaps new drug targets may be found as

well.
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CHAPTER S

Conclusions and Future Directions

This work provides insight into the role of the hippocampus in normal brain processes and how
pathological alterations in the circuitry can lead to seizures and cognitive impairments in
temporal lobe epilepsy. In chapter 1, we discussed various microcircuit alterations that occur in
epilepsy, and how network theory and computational modeling can help unravel and better
understand these complex changes. We also described findings using electrophysiology and two-
photon imaging that reveal the complex interplay of different neurons and connections during
seizure-like activity. In chapters 2 and 3, we focused on the hippocampal dentate gyrus and shed
light on two very important cell populations in the region, hilar mossy cells and granule cells.
Mossy cells have long been an enigmatic cell population in the hippocampus, as a large hurdle
was to be able to selectively target the cells. Using a combination of optogenetics, real-time
seizure detection and intervention, and behavioral tests, we showed that mossy cells are critical
in controlling seizure propagation throughout the brain as well as in learning and memory. We
also found that restoration of the dentate gyrus to a hyperpolarized state by photoinhibiting
granule cells was able to successfully curtail electrographic seizures. Finally, in chapter 4, we
discussed the currently available treatments for epilepsy, and explore how optogenetic
techniques can enable the development of more therapeutical approaches or may one day
become itself a treatment for epilepsy.

These findings open exciting new avenues for future work investigating exactly how

these neurons and circuits behave during normal brain processes as well as during seizures.
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As Eve Marder, Professor at Brandeis University, perfectly put it, “Optogenetics reveals what
neurons can do, not what they do do.” There is increasing evidence for the heterogeneity of cell
populations, even within the same family. This has been the case, for example, during once-
thought repetitive states such as seizures, where it was found that even for sequential seizures or
seizure-like events, different populations of neurons were recruited each time (Feldt et al., 2011;
Feldt Muldoon et al., 2013; Keller et al., 2010; Truccolo et al., 2011). Therefore, it would be
informative to specifically measure and record the activity of the various cell populations,
including mossy cells and granule cells of the hippocampal dentate gyrus, in epilepsy as well as
during normal behavior. New methods and technologies are continuously being developed that
would allow such measurements, such as fiber photometry (Gunaydin et al., 2014) and two-
photon microscopy (Danielson et al., 2017). Fiber photometry, with its advantages of being light-
weight, stable, and minimally disruptive, would be useful monitoring of cell dynamics during
exploratory behavioral processes requiring freely moving animals, or for chronic recordings to
study seizure activity.

Finally, it will be important and useful to take such studies a step further and investigate
how different cell populations interact during normal and abnormal brain processes. We have
shown that mossy cells play a key role in the propagation of seizure activity, but exactly how
their activity influences the activity of other cells in the dentate gyrus during seizures remains an
outstanding question. Likewise, we have found that mossy cells are necessary for the encoding of
spatial information and other studies have pointed to the involvement of granule cells in
contextual memory encoding (Kheirbek et al., 2013; Zhuo et al., 2016). An important next step
will be to understand how these cells interact with each other, as well as with other cells in the

hippocampus, to encode information. With the continual and rapid technological advancements,
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it is becoming possible to simultaneous manipulate and record from specific and different
neuronal populations. Such findings may have wide implications and may open new avenues in
the development of new therapeutical approaches for epilepsy as well as for the comorbid

cognitive impairments often observed in this neurological disorder.
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