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Abstract

Seizure activity is governed by changes in normal neuronal physiology that lead to a state of neuronal hyperexcitability and
synchrony. There is a growing body of research and evidence suggesting that alterations in the volume fraction (a) of the
brain’s extracellular space (ECS) have the ability to prolong or even initiate seizures. These ictogenic effects likely occur
due to the ECS volume being critically important in determining both the concentration of neuroactive substances con-
tained within it, such as ions and neurotransmitters, and the effect of electric field-mediated interactions between neurons.
Changes in the size of the ECS likely both precede a seizure, assisting in its initiation, and occur during a seizure, assisting
in its maintenance. Different cellular ion and water transporters and channels are essential mediators in determining neu-
ronal excitability and synchrony and can do so through alterations in ECS volume and/or through non-ECS volume related
mechanisms. This review will parse out the relationships between how the ECS volume changes during normal physiology
and seizures, how those changes might alter neuronal physiology to promote seizures, and what ion and water transporters

and channels are important in linking ECS volume changes and seizures.
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Introduction

Epilepsies are chronic disorders that affect over 50 million
people worldwide [1], with approximately 30% of those
cases being untreatable using modern anti-epileptic drugs
[2]. This discrepancy is likely due to seizures having a vari-
ety of causes, with different cases not necessarily having the
same pathophysiology behind it. For a seizure to initiate, a
region of the brain requires the local neuronal circuits to
shift into a hyperexcitable and synchronous state that begins
a pathological pattern of network oscillation [3]. However,
the exact biological mechanisms that can tip a system into
that state are varied, ranging from a non-specific insult or
injury to a portion of tissue, such as a traumatic brain injury,
or as a consequence of a specific molecular change, such as
that induced by a drug such as pilocarpine [4, 5]. Current
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antiepileptic drugs are almost entirely focused on directly
targeting ion channels, neurotransmitter receptors, or vesicu-
lar proteins involved directly in synaptic neurotransmission
[6], which does not cover the wide range of mechanisms
that may promote seizures on a case-by case basis, synaptic
or otherwise.

One prominent non-synaptic mechanism that represents
a potential target of manipulation is the brain’s extracellu-
lar space (ECS). The ECS is a network of interconnected
gaps between cells that substances diffuse through to reach
different destinations in a local region of tissue (Fig. 1a).
Contained within it are substances such as ions and neu-
rotransmitters that help determine neuronal firing pat-
terns at a given point in time. It is also involved in various
mechanisms of chemical neurotransmission, such as those
of synaptic and volume transmission (Fig. 1b, c¢). The ECS
exhibits a high degree of dynamism across physiological
and pathophysiological states, which can affect the balance
of these substances across the extracellular and intracellular
compartments in the brain. This review will focus on how
the ECS can change, the mechanisms these changes affect,
and how these mechanisms can ultimately lead to seizures.
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Fig.1 The ECS and Neurotransmission. a Electron micrograph of
the brain’s ECS highlighted in blue. Tissue was preserved using cryo-
fixation, preserving the size of the ECS. Scale bar 1 um. Photograph
courtesy of Korogod et al. [7]. b A schematic depicting synaptic
transmission between neurons. A truly closed synapse is wrapped by
astrocytes and ECM, which keeps the glutamate isolated to a particu-
lar pre- and post-synaptic neuronal system. ¢ A schematic depicting

Overview of the ECS and ECS Dynamics

The brain’s ECS has been traditionally viewed to simply
be a passive, structural component of the brain. However,
this review will discuss the growing body of evidence that
shows that the ECS plays an active role in neuronal physi-
ology and in the initiation and propagation of seizures.
First, we will look at the composition of the ECS, how the
ECS changes, and how those changes relate to neuronal
firing.

Composition and Function of ECS

The brain ECS has two components: the interstitial fluid
that fills the spaces and is the medium for transport, and
the matrix that gives structural support to the neighbor-
ing cells.

The main components of the interstitial fluid are water,
physiologically important ions (e.g. sodium, potassium,
calcium, chloride), neurotransmitters, nutrients, metabo-
lites, gases, extracellular vesicles, macromolecules, and
proteins secreted by cells [9-11]. This fluid forms the
microenvironment of the cells and occupies the entire
ECS, resulting in the formation of continuous channels
throughout the brain that are in constant interaction with
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volume transmission between neurons. Astrocytes and the ECM can
cover the synapse only partially, allowing for the spillover of neuro-
transmitter into the ECS. The neurotransmitter can then reach distant
synapses and neurons to affect them. The distance neurotransmitter
can travel is highly dependent on the configuration and parameters of
the ECS. Images b and ¢ reproduced with permission from Sykova
[8]. (Color figure online)

cellular and vascular components [12]. Importantly, the
composition of this fluid affects the functionality of neu-
rons, while the amount of this fluid in the ECS will affect
the proportion of brain volume that the ECS occupies.
The main constituents of the brain’s extracellular matrix
(ECM) are hyaluronan (a glycosaminoglycan), lecticans (a
large family of proteoglycans), tenascins (large multimeric
glycoproteins) and small link proteins [13]. Hyaluronan is
a large molecule that forms the framework for other matrix
molecules to attach on, with or without the link proteins.
Hyaluronan is also able to be hydrated by the water present
in the interstitial fluid [14]. Other components, such as
the proteoglycans heparin sulfate and chondroitin sulfate,
provide the ECM with negatively charged domains that
have the potential to interact with ECS cations, such as
Ca’* [15, 16]. Although the composition of the matrix
is more or less similar everywhere in the brain, the con-
centration of the matrix and its constituents can vary in
different regions. This leads to changes in the structural
and functional properties of the matrix in different brain
areas, such as around synapses in the form of perineuronal
nets [17]. Study of the three-dimensional arrangement of
these molecules led to several models that likely represent
how ECM components combine to form the completed
matrix. One such model is the Hyaluronan, Lectican, and
Tenascin-R (HLT) model, which envisions a complex that
places lecticans as scaffolding links between hyaluronan
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and tenascin-R, with these complexes being directly
anchored into cellular membranes [17-19].

A lot of the ECM’s importance lies in its involvement in
brain development and cellular function: it helps guide neu-
rite outgrowth [20], provides important neural cell-adhesion
sites [21], interacts with various cell-surface signaling pro-
teins [22], and is involved in the formation of perineuronal
nets [23]. However, the matrix also helps determine a lot
of the impact that the ECS has on normal brain physiol-
ogy. One of the main functions of the matrix is structural:
it provides a framework that connects different components
across spaces and provides rigidity and structure to the ECS.
Its presence also imposes hindrance to the diffusion of mol-
ecules due to charge-based interactions with diffusing mol-
ecules and an imposed viscous drag by the components of
the matrix itself [10]. Therefore, the brain’s ECM provides
many components of the structure of the brain and helps
determine how molecules can interact with a variety of cel-
lular elements within it.

How the ECS Is Described and Measured

One of the main ways that the brain’s ECS is described is
in terms of the ratio of ECS volume to total tissue volume.
This measurement is termed « in the literature and is defined
mathematically as:

o= Vics

Vt

otal

The ECS volume fraction has been studied using many
different techniques. Because the interstitial spaces are
below the resolution of light microscopy, visualization of
them was attempted using electron microscopy. These exper-
iments initially led to the estimate of 0.05 for a [24]. The
advent of freeze substitution preparation of electron micros-
copy samples, however, revealed that those estimates were
faulty due to water re-distribution of the preparations, and
this new technique led to the estimate of 0.15-0.2 for a [25].
The disadvantage with this technique is that it cannot be
directly applied to acute, living brain tissue samples, hinder-
ing study of the ECS in physiological or pathophysiologi-
cal settings. Therefore, there are many other techniques that
were developed that could be used in slices and/or whole
brains in living animals, ranging from the measurement of
diffusing radiotracers as one of the oldest techniques [26], to
modern techniques such as the utilization of super-resolution
microscopy to directly visualize interstitial space [27]. The
real-time iontophoresis (RTI) technique specifically can be
credited with providing most of the measurements of « taken
across animal models and many physiological and pathologi-
cal states of the brain. Today, it is well accepted that the ECS
has an a of approximately 0.2, with physiological values for
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a ranging between 0.15 and 0.3 in the brain, depending on
several factors such as the age of the organism and the region
being measured. For a review of the history of measuring
techniques for ECS volume fraction, see [10].

For the purposes of this review, it is important to under-
stand techniques of measuring ECS volume using double-
barreled ion-selective microelectrodes (ISMs). These ISMs
are capable of recording voltages whose magnitude directly
corresponds to the local concentration of an individual ion
around its tip [28—30]. In order to utilize these tools to meas-
ure ECS volume, they must be made to sense an ion that can
serve as a suitable probe of the ECS. To qualify as a suit-
able probe, the ion must be small, exogenous, and unable to
enter cells freely during the time course of the recording.
Tetramethylammonium (TMA™) is one such ion that will
stay largely confined to the extracellular space [31], due to
its hydrophilic nature and lack of endogenous transporters
into cells, and ISMs can be made to sense its concentration
[32]. While there are other ions that have similar character-
istics, TMA™ is the most commonly used probe of the ECS
in techniques that rely on ISMs to obtain measurements of
ECS volume.

All of these properties of TMA™Y allow it to be used in
several techniques to measure a. The main technique that
uses them, RTI [32], is still one of the main techniques used
that can provide an accurate measurement of  in a small
region of brain tissue. Historically, this allowed for extensive
characterization of @ across many brain regions and animal
preparations [10]. The technique relies on the sensing of
TMA™ by an ISM that diffuses away from a point source,
provided by a fabricated iontophoresis electrode contain-
ing a solution of TMA-CI (Fig. 2a, b). The ISM and ionto-
phoresis electrode are placed deep in brain tissue at a fixed
distance away from each other. The iontophoresis electrode
has a current passed through it for a set period that forces the
release of the TMA™ from its tip, creating a point-source of
ions diffusing away from it. From the resulting concentration
curve measured by the ISM, a value for a can be derived
that represents the ECS volume fraction for that local region
of tissue [33, 34]. A second, but similar technique can be
employed if the experimenter is only interested in meas-
uring fast changes in a, such as those induced when cells
are suddenly osmotically stressed (Fig. 2c). To employ this
technique, an ISM is placed into a brain slice that is being
perfused by artificial cerebrospinal fluid containing a base-
line concentration of TMA-CI. The local concentration of
TMA™ is recorded by the ISM both before and after the
volume change takes place. The magnitude of that change
is directly proportional to the volume of the ECS, allowing
for the calculation of a % volume change between the two
states [35, 36]. This technique, referred to in this review as
relative volume monitoring (RVM), is incapable of measur-
ing « directly, but has been used to obtain relative changes
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Fig.2 TMA-ISM based methods for measuring ECS volume. a A
diagram outlining the setup of RTI and RVM. For both techniques,
a TMA-ISM must be placed deep into a brain slice that is being per-
fused with a baseline concentration of TMA-CI. The two signals
measured by the ISM will be subtracted, and the resulting signal will
represent a change in the concentration of TMA* measured at the tip
of the electrode. For RTI to be performed, an iontophoresis electrode
is typically placed 100 pm away from the ISM and is set up to release
a point-source of TMA* from the tip (red). b The resulting signal of

of a during different physiological states, as discussed in
later sections.

ECS volume fraction has profound effects on the struc-
ture and organization of the brain. Aside from affecting
local concentrations of substances when a sudden change
occurs, it also can affect the rate of diffusion of substances
throughout the ECS. The tortuosity for molecules diffusing
through the ECS, labelled as the parameter 4 in the literature,
is defined mathematically as:

DV€€ 1/2
= (%)
D*

a measurement taken using RTI. TMA" was released from the ion-
tophoresis electrode for a period of 50 s. The resulting rise, then fall
of [TMA™] was recorded. This curve allows for the quantification of
both a and A. Image courtesy of Hrabetova et al. [37]. ¢ A TMA™ sig-
nal that represents a transient ECS volume change is shown on the
left. During state 1, the ECS is at a particular baseline volume. Dur-
ing state 2, the [TMA™] is higher, which represents a smaller ECS
than during state 1. A relative change in a can be calculated between
those two states. (Color figure online)

where Dy, 1s the diffusion coefficient of the molecule in an
unhindered medium and D" is the diffusion coefficient of the
molecule in the hindered medium (i.e. the brain’s ECS) [10].
The relationship between a and A is complicated by the fact
that a change in a does not always necessitate a change in
A [38]. Therefore, describing the geometry of the ECS and
how its structure affects the molecules in it requires both
parameters. Experimentally, A can be obtained through RTI
along with a, as well as through several other techniques.
For review of these techniques, see [28, 34].
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ECS Changes

The ECS is a dynamic compartment that changes its compo-
sition as well as its volume. These changes can occur over
varying time scales and some of them, such as those during
pathological processes, are likely irreversible. Significant
changes in the brain ECS volume occur during development
and aging. As the brain develops, the extracellular volume
fraction is known to decrease. It was reported that 2-3 day
old rats had an ECS volume fraction of approximately 0.36
in layer III of neocortex, with similarly large values in other
regions of cortex and white matter, whereas adult rats had an
approximate volume fraction of 0.2 in layer III, with similar
values elsewhere [39]. This decrease is most likely attributed
to neurogenesis and gliogenesis during development. Inter-
estingly, there is no change observed in the tortuosity in the
neocortex during postnatal development in rats, showing that
while young animals may have a more dilute environment of
neuroactive molecules, ions, and neurotransmitters due to a
large volume fraction, the diffusion of those substances is
likely the same during development [39]. A similar course
of changes of ECS parameters seems to occur in elderly
animals. RTI studies revealed that the ECS volume fraction
in multiple brain regions dropped between adult and aged
animals, with the largest drop existing in the somatosensory
cortex and CA1 hippocampus (a¢=0.13-0.16 in the aged
mice, «=0.17-0.20 in the adult mice) [40, 41]. However,
there was no apparent change in tortuosity between the
adult and aged rats. These aging data suggest that the ECS
changes on a slow time course throughout several stages of
an animal’s life, with o dropping during development, then
once again during advanced age.

The ECS can also change quite rapidly. These changes are
commonly reversible and are associated with physiological
functions of the body. One example was found in the spi-
nal cord, where repetitive stimulation of peripheral nerves
revealed that the ECS volume in L4-L5 reduced by 20-45%
several minutes after stimulation [42]. Another example is
the change associated with the sleep-wake cycle. It has been
shown that during sleep, the ECS volume is measured as
a=0.23, whereas in awake animals this volume becomes
smaller (¢ =0.14) [43]. There is also a change observed in
the extracellular concentrations of various ions between
states, such as an increase in extracellular potassium, and
a decrease in extracellular calcium and magnesium during
the awake state [44]. However, the RTI measurements made
during the sleep-wake cycle show no change in the tortuosity
of the ECS. Later studies have looked into how the ECS can
be investigated in an awake state and attempted to deter-
mine why the ECS parameters change during wakefulness.
Through these studies, a new method of investigating the
awake brain was developed by applying p-adrenergic ago-
nists to a brain slice, which created an awake-like state [45].
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In this awake-like state, it was observed that the reduced
ECS volume fraction can directly be attributed to the volume
of astrocytes, which were found to be significantly larger
[45]. The ECS can also change rapidly during an osmotic
challenge. A systematic study of osmotic challenges per-
formed on brain slices showed that RTT measurements were
affected by both hypo- and hyper-tonic changes in osmolar-
ity after a 15-min application period of the various solutions.
This study showed that @ decreased and A increased as tonic-
ity was lowered, to values of 0.12 and 1.86, respectively,
in a 150 mOsm medium. As osmolarity increased, o con-
tinuously increased to a maximum of 0.42 in a 500 mOsm
medium, whereas A did not increase in any hypertonic chal-
lenge [38]. All of these data show that the ECS is capable
of changing in a variety of conditions on a short time scale.

Brain ECS Dynamics and Neuronal Firing

Extracellular space is present in all the tissues of the body.
However, the brain’s ECS is special in that it plays a direct
role in neuronal physiology, largely through ion balance
between cellular compartments. If we break down neuronal
communication into its individual steps, we have two impor-
tant processes: action potential generation, and chemical
transmission of the action potential. First, action potential
generation involves the opening and closing of ion chan-
nels, resulting in a flow of ions between the intracellular and
extracellular environment. This movement is largely depend-
ent on the electrochemical gradients belonging to each spe-
cies of ion [46]. The ECS can affect these concentrations
transiently, through changing its own volume [47]. Thus,
volume changes of the ECS can affect the excitability of
the individual neurons by affecting the baseline concentra-
tion of ions adjacent to neurons [48, 49]. Second, chemical
transmission involves the release of neurotransmitters into
the synaptic cleft. The molecules must diffuse through the
space to reach their receptors but can also spillover out of the
cleft and into the perisynaptic area. The diffusion through
this area can get affected by various changes in the ECS
[50]. Action potential generation and chemical transmission
together comprise one form of communication between neu-
ronal cells, and it is called “wiring transmission” or “synap-
tic transmission” as these neurons are wired together through
synaptic interactions (Fig. 1b) [8]. However, when the syn-
aptic neurotransmitters escape the synaptic cleft, they can
diffuse over distances and affect other cells as well. This
leads to hetero-synaptic modulation. Some neurotransmit-
ters and neuropeptides are not released into the cleft, but
are released from extrasynaptic sites, either as paracrine-
like, or endocrine-like secretions. These molecules also
diffuse through the ECS in order to reach their targets and
affect other neurons or neuronal networks in the vicinity.
This alternate form of communication is called “volume
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transmission” and is largely dependent on diffusion through
the ECS (Fig. 1c) [51]. Thus, both kinds of intercellular
communication can be affected by ECS, and any changes
occurring in ECS. This relationship results in a powerful
control that the ECS can exert on neuronal excitability and
inter-neuronal crosstalk.

Volume changes of the ECS have been heavily investi-
gated as a mechanism that can affect neuronal excitability
in various ways. The ECS can change in volume due to net
movement of the ionic extracellular fluid into or out of the
cells, thus altering their distribution in intracellular and
extracellular space. In some cases, these volume changes
can also occur because of changes in the composition of
the matrix. For instance, when one of the genes required
for the production of hyaluronan synthase enzyme, Has3,
is knocked out, there is an overall reduction in the amount
of hyaluronan seen in the brain. There is also a correspond-
ing reduction in volume of the extracellular space, which is
believed to occur due to a loss of the hydrated hyaluronan
in the ECS [52]. Volume changes can affect neuronal excit-
ability in three different ways. First, because of the changes
in volume, the components of the extracellular fluid, such as
the ions, will change their concentrations transiently. This
will have a direct effect on the resting membrane potential
and, as a result, may make neurons closer or further away
from resting potential at a given point in time [53]. Second,
a change in volume will alter the way that electric fields gen-
erated by neurons overlap with each other. These so-called
ephaptic interactions will be strengthened by a shrinkage of
the ECS due to neurons shifting closer together and weak-
ened by an expansion of the ECS due to neurons drifting
apart [54]. Third, changes in volume of the ECS can affect
volume transmission, which can then affect intercellular
cross-talk [51].

Reciprocally, the local ECS volume surrounding a neu-
ron is also directly altered through the time course of neu-
ronal firing. To understand this relationship, it is important
to consider the ionic shifts that occur during the firing of
a neuron. As the cell fires, there is an exchange of ions,
with potassium flowing out of the cells, and sodium flowing
in. For the cell to be ready to fire again, all these changes
need to be reversed. The glial cells help in this recovery
by taking up K* from the ECS. As the ions move across the
membranes of these cells, there is also an associated move-
ment of water molecules through membrane proteins. For
glial cells, the net movement of ions is mostly inward, with
a corresponding inward flow of water. Thus, the volume of
glial cells increases, resulting in a decrease in brain ECS
volume [36]. It is important to note that while one might
expect water to flow back into neurons in a similar manner
as glia, experiments done in a developmentally immature rat
optic nerve without glial cells showed that this phenomenon
cannot occur without glia [55]. This paradigm had been used

to explain the phenomenon of activity-induced shrinkage,
which has been shown to occur across many investigations
[36, 56-58].

One of the most recent investigations performed by
Larsen and MacAulay [58] shows how these volume changes
occur in living slices following local neuronal stimulation.
Measurements of both extracellular ion concentrations and
volume changes using several ISMs were made in the CA1
region of rat hippocampus. They first observed that after
electrically stimulating the cells via the Schaffer collateral
pathway, field potentials were generated, along with changes
in extracellular ion concentrations and ECS volume changes.
During the period of stimulation, the combined effect of all
the action potentials led to an increase in extracellular [K*]
of about 2-10 mM and a relative decrease in the extracel-
lular volume of 2—-14%. After the stimulation was stopped,
both ion concentration and ECS volume returned to base-
line along similar time courses. Since astrocytes are mostly
involved in the movement of potassium ions, it would be
logical to expect that the K* flowing into the astrocytes are
directly bringing water in and forcing the volume changes.
However, blockade of Na™/K*-ATPase, NKCC1, KCCs, and
Kir 4.1, the main K™ transporters on astrocytes and neurons,
were not required for the activity-induced shrinkage. Instead,
it was shown that NBCel, a pH-regulating transporter, and
MCT, a lactate transporter, are required for the activity-
induced shrinkage. Furthermore, their activity is stimulated
through astrocytic-depolarization induced by the increase in
ECS [K™]. Therefore, this body of work modifies the previ-
ously held paradigm that K* directly transports into the glia
and drags water along with it. Instead, K* clearance induces
the activity of multiple other transporters responsible for
pH regulation that, in turn, drag water into the glia [58, 59].

In summary, there is a large body of evidence linking
ECS volume fraction and neuronal firing under physiological
conditions. The following section will explore whether this
relationship can extend to the pathological state of excessive
neuronal firing—a seizure.

Seizures and the ECS
ECS as a Possible Mechanism for Seizure Activity

There is a large body of work surrounding the dynamics of
the ECS during seizures. Seizures are defined by their state
of synchronized and frequent neuronal activity, which causes
large scale changes in the concentrations of ions in the intra-
cellular and extracellular compartments. The first studies on
the changes in ionic composition of the extracellular space
were made possible by the advent of ion-selective microelec-
trodes (ISMs), which allowed for the real-time measurement
of various endogenous extracellular ions, including sodium,
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potassium, chloride and calcium [28-30, 60]. Through using
these measurements, it became clear that there is a sequence
of ionic shifts between the intracellular and extracellular
compartments that occurs following the propagation of
epileptiform activity: [K*]gcg increases from 4 to 12 mM,
[C17 g increases from 145 to 152 mM, [Na*]gg decreases
from 145 to 139 mM, and [Ca®* g decreases from 2 mM to
100 uM [61]. Soon after their advent, ISMs have also been
used to cleverly estimate the size of the ECS by taking
advantage of the real-time measurement of concentration
they provide. ISMs can be fabricated to measure the concen-
tration of TMA™Y, and various methods were developed that
allowed for an estimation of ECS volume based on changes
in TMA concentration under different conditions: RTI and
RVM (see “How the ECS Is Described and Measured” sec-
tion). One of the first studies into ECS volume and seizure
activity investigated changes in volume during repetitive
stimulation of the sensorimotor cortex. By using a TMA-
selective ISM, it was observed that there was a 30% volume
decrease during the induced activity [47]. This change has
been thought to be largely driven by the [K*] changes during
seizures, which shift large amounts of K* from neurons, to
the ECS, and into glia. This creates an osmotic gradient that
would drive water from the ECS into the glia, and the sub-
sequent cellular swelling could account for this large ECS
volume shrinkage [36].

Since this study, there have been many other investiga-
tions into ECS dynamics during seizures utilizing a variety
of models and methods. Investigations into the absolute ECS
volume using the real-time iontophoresis method showed
that during pilocarpine-induced status epilepticus, there is
a gradual shift in « that starts at 0.19 from before pilocar-
pine application and reaches a minimum of 0.13 80—-100 min
after the pilocarpine application, with no change in tortuos-
ity from baseline values [62]. While RTI is capable of giving
absolute values of ECS volume in a given region of tissue,
other techniques have been used to provide measurements
of ECS parameters under seizure conditions. Because tis-
sue electrical resistance is indirectly proportional to ECS
volume, tissue resistance measurements have been used to
demonstrate ECS volume shrinkage, and it has indeed been
shown that tissue resistance increased to 108% during the
first 15 s of potassium-induced seizures in rat hippocampal
slices, with the resistance continuing to grow to a maximum
of 122% [63]. More recently, super-resolution shadow imag-
ing (SUSHI) allowed for direct visualization and measure-
ment of ECS width during seizure induced by picrotoxin in
a hippocampal mouse slice and found that the median ECS
width shifted from 0.26 to 0.15 um, which serves as another
confirmation that the ECS shrinks significantly during sei-
zures [27].

The significance of the relationship between ECS size
and seizures has to do with how changes in « can actually
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influence the likelihood of seizure propagation. As dis-
cussed previously, seizures require several main conditions
to occur in a region of brain tissue: a group of neurons must
be hyperexcitable, fire synchronously, and participate in an
oscillating network. In order to get this specific firing pat-
tern to occur, influences that promote neuronal firing must
affect a large group of neurons at the same cross section in
time. A large-scale shrinkage of the ECS, such as a sudden
change in ECS osmolarity, has the capability of changing
the environment around many neurons from one that allows
normal physiological activity to one that promotes a hyper-
synchronous oscillating network. The factors that ECS vol-
ume can affect that would promote such a network mostly
fall under changes in neurotransmitter or ion concentration
and the alteration of ephaptic interactions. For instance, ECS
shrinkage can simultaneously concentrate ambient glutamate
and K* and cause the electric fields of neighboring neurons
to overlap more. All three of these factors would promote
both more neuronal excitation and, if the shrinkage occurs in
a large area at a single point in time, would promote a syn-
chronous discharge. This insult could then push the system
to oscillate, thereby producing a seizure. Many documented
mechanisms that can promote this state are ultimately con-
trolled and influenced by the ECS: electrolyte disturbances
in the ECS that result in increased neuronal firing, such as
elevated K™ [64, 65]; increases in signaling of excitatory
neurotransmitters, such as glutamate [66, 67]; decreases in
signaling of inhibitory neurotransmitters, such as GABA in
the adult population [68]; or increases in nonsynaptic/ephap-
tic interactions between neurons [69].

Various regions of the brain have different baseline ECS
volumes, and there have been some studies that suggest this
has an impact on the prevalence of seizures in those regions.
The hippocampus is frequently involved in many epilepsy
syndromes, with temporal lobe epilepsy being the most com-
mon form of complex partial seizures [70]. Its heterogene-
ous structure also allows for some varied and unique ECS
characteristics. RTT in the CA1 and CA3 regions of the hip-
pocampus have revealed that the stratum pyramidale regions
have an a of 0.12 and 0.18, respectively [71]. This indicates
the severe restriction in the ECS size of the CAl region in
comparison to other regions such as the cortex, where a
ranges from 0.17 to 0.25 [10]. This restricted size of the ECS
in the CA1 region has been suggested to be a key reason for
the common implication of the hippocampus in epilepsies,
due to the impact a small ECS can have on neurotransmit-
ters, ions, and ephaptic interactions.

To demonstrate the overall control that the ECS has on
ictogenesis, multiple studies have utilized experiments that
directly affect the state of the ions contained in the ECS
and observed the consequences on neuronal activity. A com-
mon way to affect the ECS is through osmotic stress, which
results in the swelling or shrinking of neurons and glia [38,
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72]. This results in widespread consequences that affect
the excitability and synchrony of neurons through many
mechanisms. Hypoosmotic stress, which results in a lower
a dependent on the severity of the stress, has been shown
numerous times to result in hyperexcitability, and at times,
enhance ongoing epileptiform activity [73—-76]. Addition-
ally, the reverse, which resulted in a larger a, demonstrated
a suppression of epileptiform activity. Recent studies have
identified specific neuronal consequences that occur dur-
ing the onset of induced osmotic edema. For instance, an
NMDA-receptor dependent slow inward current has been
observed to occur 1 min following the onset of hypoosmolar
stress. This phenomenon occurred during the time course
of astrocytic swelling during the stress and correlated with
its intensity. Furthermore, because it was determined that
these slow inward currents were generated in the absence of
action potentials or miniature spontaneous vesicular release,
it is believed that the glutamate source must be non-synaptic
in origin, making diffusion through the ECS necessary for
binding to its target receptors [76]. Earlier studies have also
found non-synaptic based effects of hypoosmolar stress.
Whether CA1 neurons are orthodromically or antidromi-
cally stimulated during hypoosmolar stress, there was an
increase in population-spike amplitude that was dependent
on the magnitude of the hypoosmolar stress, indicating that
the effect is simply tied to the increase in electrical resist-
ance imposed on the current by swelling cells. This directly
supported the idea that ephaptic interactions helped generate
neuronal synchrony and was affected by the state of the ECS
[73, 74]. Other studies have also been able to show that even
addition of K* into the ECS of the hippocampus has been
able to cause the propagation of spontaneous seizures [71].
The experiments showed that manipulations of the ECS had
a direct effect on the propagation of epileptiform activity.
Affecting the ECS through manipulations of the extra-
cellular matrix has also revealed another way that this
space can influence neuronal activity. Hyaluronan, a main
constituent of the extracellular matrix, is synthesized
by three main enzymes: HAS1, HAS2, and HAS3 [77].
Through histology, it was determined that the CA1 region
of a Has3KO mouse had a significantly diminished con-
centration of hyaluronan compared to WT controls [52].
When the ECS parameters were measured using the RTI
method in tandem with multilayer analysis [78] in the stra-
tum pyramidale of the CAl region, @ was significantly
reduced in the Has3KO compared to WT controls (¢=0.07
in Has3KO whereas a=0.12 in WT). This discrepancy
was attributed to the hydration capacity of hyaluronan,
which allows it to expand and push other cells away from
the cell that it was synthesized from, effectively creat-
ing a larger ECS [79]. Interestingly, in CA1 hippocampal
slices, recordings of spontaneous field potentials were also
made using extracellular electrodes, indicating enhanced

excitability of the region. Furthermore, the Has3KO ani-
mal was also shown to exhibit spontaneous ictal seizures
on EEG. Put together, these phenotypic consequences of
the Has3 gene deletion indicate that the reduced ECS vol-
ume may have directly led to an epileptic phenotype in
these animals.

Taken together, the findings in this section thus far show
that there are many possible ways the ECS volume can
change and, in doing so, lead to a phenotype predisposed
to seizures. To understand this further, it is important to
explore the various ways that the brain can be impacted to
promote ECS volume changes that could then lead to sei-
zures and ultimately epilepsy.

Mechanisms

The composition of interstitial fluid is of prime importance
in the determination of how excitable a region of brain tis-
sue is. Because excitability of a neuron is determined in
part by proximity of its resting voltage to its action poten-
tial threshold, the ionic concentrations in the extracellular
and intracellular compartments directly affect the excitable
state of the neuron. Taking K* as an example, an increase in
[K™] in the extracellular compartment of a region of tissue
induces an increase in the resting potential of a neuron and,
in turn, will cause it to be closer to threshold. A change in
the concentration of an ion such as [K*] can be caused in
two main ways: a dysregulation in the flux of K* into or out
of the ECS, causing an increase in the absolute number of
ions present in the compartment, or a change in the volume
of the ECS, causing the total number of K* ions to exist in
a smaller space. An unfortunate complication is that these
two mechanisms are frequently tied together, as ECS volume
frequently changes due to ionic fluxes between the extra- and
intracellular compartments. Therefore, in order to under-
stand the mechanistic role that ECS volume plays in excit-
ability and seizures, it is important to look at mechanisms
that regulate ionic flux through the ECS.

Membrane channels and transporters are the main ways
that ions are allowed to enter and exit cells, making them
key components that affect ionic flux through the ECS. Some
are responsible for actively maintaining ionic gradients that
are necessary for normal neuronal activity (i.e. Na*/K*-
ATPase), some take advantage of the energy provided by
ionic gradients to tightly regulate important neuromodula-
tors (i.e. GLT-1), and others assist in volume regulation by
allowing for water to shift between the intra- and extracel-
lular space (i.e. AQP4). Because dysfunctions in all of these
applications can be responsible for the generation of neu-
ronal hyperexcitability, channels and transporters of all of
these types have historically been investigated as potentially
being important in ictogenesis.

@ Springer



1028

Neurochemical Research (2019) 44:1020-1036

Na*/K*-ATPase

Most ionic gradients in the brain begin with an initial input
of energy into the Na*/K*-ATPase, that then generates a
relatively high ECS [Na*] and a low intracellular [K*]. Tt
accomplishes this by binding and hydrolyzing ATP (provid-
ing the initial activation energy), then pumping 3 Na* ions
out of the cell and 2 K™ ions into the cell. The 3/2 ratio of
Na* pumped out and K* pumped in per cycle is primarily
responsible for creating the ionic gradients that, in concert
with ion channels, result in the negative resting membrane
potential of neurons [80, 81]. Because the normal function
of this pump is to create a hyperpolarizing neuronal environ-
ment, dysfunctions of the pump have long been implicated
as a potential cause for neuronal hyperexcitability. Multi-
ple experiments using Na*/K*-ATPase blockers, such as
ouabain, have been shown to extend or even initiate seizure
activity across multiple animal models [82]. Hippocampal
tissue taken from patients suffering from epilepsy have
also shown decreased Na*/K*-ATPase activity, indicating
a potential causative role for its dysfunction in the disease
[83].

There are many indications that Na*/K*-ATPase dysfunc-
tion can promote excitability of neurons through impair-
ment of Kt clearance. As discussed before, excess K in
the ECS promotes neuronal firing through shifting of the
Nernst potential in a depolarizing manner. ECS [K*] meas-
urements using ISMs demonstrate that a brain slice under
the effects of oubain exhibits about 75% of the clearance rate
of K* compared to controls [59]. Glial Nat/K*-ATPases, as
opposed to their neuronal counterparts, have been primar-
ily believed to be responsible for the clearance of excess
K* in the ECS. The Na*/K*-ATPase is composed of two
subunits, with the neuronal and glial populations of this
protein having different subunit isoforms in its composition
[84]. This structural heterogeneity allows for a difference in
the kinetics of the two populations: the glia have a Nat/K*-
ATPase subpopulation that has a lower affinity for K* (i.e.
higher K ) than others. This lower affinity, combined with a
higher total glial Na*/K*-ATPase V,, allows the glial Na*/
K*-ATPase to clear K* effectively at a higher range of con-
centrations. The glia can therefore respond to the transient
increase in [K*]gg that is evoked during neuronal firing,
allowing the glia to act as K* sinks [85, 86]. Furthermore,
a recent study has shown correlations between increased
developmental age, increased expression of various isoforms
of the Nat/K™-ATPase, and faster removal of the K* in the
ECS added after neuronal stimulus [87]. These data, taken
together, show an important link between the activity of the
Na*/K*™-ATPase and control of [K*] in the ECS.

The K* accumulation in the ECS that occurs as a result
of Nat/K*-ATPase dysfunction can also be worsened by
the high energy consumption that occurs during seizure as
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a result of repeated neuronal firing. These proteins require
approximately 50% of the energy available to the brain under
physiological conditions, making the lower energy availabil-
ity that occurs during seizures a potential impediment for
normal Na*/K*-ATPase function [88]. Therefore, dysfunc-
tion Na*/K*-ATPase can be a direct causative factor of a
seizure [89] or be a prolonging factor of a seizure when
dysfunction arises sometime after ictogenesis.

NKCC1 and KCC2

The NKCC1/KCC2 proteins are membrane bound cotrans-
porters that work to regulate the concentrations of Na®, K,
and CI~ based on their respective concentration gradients.
NKCC1 brings Na*, K*, and 2 C1~ ions into or out of cells,
whereas KCC2 brings 1 K* and 1 CI™ into or out of cells,
depending on the electrochemical gradients that exist for
each population of ion. They work very differently from the
Na*/K*-ATPase, because their activity is reactive to devia-
tions from ionic equilibrium, whereas the Na*/K*-ATPase
works to create the imbalance of ions across cell membranes
necessary for normal neuronal activity [90]. This function
is especially important when considering the fluxes of Na™,
K*, and CI~ that result from neuronal activity, which cause
large changes in the concentrations of these ions in the ECS
that, if not restored to their original baseline, influence the
overall excitability of the neuronal environment.

NKCCI1 and KCC2 are critically important in determin-
ing the action of GABA receptors on neurons. The iono-
tropic GABA, receptor, when opened, transports [C17] down
its electrochemical gradient; the direction of this gradient
determines whether this action has a depolarizing (i.e. the
gradient is pointed intracellularly) or hyperpolarizing (i.e.
the gradient is pointed extracellularly) effect on neurons.
NKCCI1 brings its substrates into the neuron, making it
responsible for neuronal C1™ loading and therefore push-
ing GABA to a more depolarizing function, whereas KCC2
extrudes C1™ and therefore has the opposite effect [68]. Dur-
ing infancy NKCCI1 activity is relatively high compared to
KCC2, making GABA activation result in neuronal depo-
larization. STE20/SPS1-related proline—alanine-rich protein
kinase (SPAK) phosphorylates both NKCC1 and KCC2,
which results in downregulation and upregulation of activ-
ity, respectively. This results in CI™ extrusion to become
more dominant during brain development, allowing for the
functional switch of GABA to become hyperpolarizing [91].

When dysregulated control of these transporters results
in a switch to depolarizing GABA, ictogenesis is promoted
in multiple ways. In vitro studies that attempt to downregu-
late KCC2 function using pharmacological blockers or
functional mutations of KCC2 resulted in the promotion of
status epilepticus-like events in tissue [92]. Furthermore,
the usage of NKCC1 blockers, such as bumetanide, have
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reported some anti-seizure effect in in vivo animal models
across multiple studies [93-95]; however, other studies that
show no anticonvulsant effect of bumetanide [96, 97] sug-
gest the drug may not exert the same effect across all models.
Diminished KCC2 function and increased NKCC1 function
have also been identified in different epilepsy syndromes,
including acquired epilepsy resulting from gliomas [98].
These studies highlight the importance of CI™ concentration
balance in neurons in order to maintain normal, hyperpolar-
izing GABA.

However, there are reasons to suspect that the importance
of NKCC1/KCC2 has to do with regulating ECS volume in
addition to their effects on GABA. Multiple seizure mod-
els that involve non-GABA-dependent mechanisms (and
even non-synaptic mechanisms) have shown to be affected
by the application of furosemide, a potent NKCC1/KCC2
blocker [99]. This meant that while the GABA-related con-
trol exerted by NKCC1/KCC?2 is likely important in some
models, there is still likely a common mechanism across the
other models that also affects neuronal excitability that is
non-synaptic in origin; ECS volume regulation fits this cri-
terion. Intrinsic optical signaling (IOS) was used to measure
relative volume changes of the ECS during activity-induced
shrinkage and observe the effects that NKCC1/KCC?2 inhi-
bition has on the magnitude of shrinkage. Both furosemide
and Cl™~ replacement with gluconate resulted in significant
decrease of activity induced shrinkage of the ECS, indicat-
ing that these transporters may play a role in the phenom-
enon [100]. This may have been through indirect changes
in K* clearance from the ECS or directly from inhibition of
water transport through NKCC1, which is able to transport
500 molecules of water per cycle of transport [101]. How-
ever, later studies have shown that not only is there negligi-
ble expression of NKCC1 on astrocytes in vivo [102], but
that blockade of NKCC1 using bumetanide does not alter the
rate of stimulus-induced K* clearance [59]. Furthermore,
TMA-ISM studies measuring ECS volume shrinkage during
neuronal stimulation and furosemide application have not
replicated the effect seen in the IOS studies [58]. Another
study has also contended that the anti-epileptic effect may be
partly due to its ability to block other transporters at the high
concentration needed to suppress epileptiform activity [103].
Despite this discrepancy, there still has not been a consist-
ent explanation for the effects that furosemide has on non-
synaptic seizure models, making NKCC1/KCC2’s role in
ECS volume regulation and seizures not entirely elucidated.

Kir4.1 and AQP4

The astrocyte-specific Kir4.1 and AQP4 channels represent
the main passive mechanisms that are involved in regulation
of ECS [K™] and volume. They allow for the passage of K*
or water down their concentration gradients into or out of

cells. These two proteins are predominantly coexpressed at
astrocytic endfeet facing capillaries, thus providing an exit
path for both water and K* to the outside of the brain. Kir
4.1 is also expressed at perisynaptic glial membranes [104].
The action of this protein here allows the glia to participate
in a K* clearing mechanism called spatial buffering. The
mechanism is different from other K* clearance mechanisms
in that it allows the glia to redistribute K* from an extracel-
lular region that experiences a transient increase in [K*]
concentration (such as after a neuronal depolarization) to a
distant extracellular region that did not have any transient
increase occur. This process has been hypothesized to be
functionally coupled to AQP4, which would allow for water
to follow and balance the ionic shift caused by K* spatial
buffering [105]. Evidence for this coupling was provided by
studies on mice with impaired or knocked-out AQP4, which
revealed impaired K* clearance in these models [106]. How-
ever, some published data has shown that the K*-dependent
current through Kir4.1 was unaffected in isolated AQP4-null
glial cells. In the same study, inhibition of Kir4.1 did not
alter AQP4 water permeability [107]. Similar findings have
been reported in retinal Muller cells [108]. These studies do
suggest that there may be some functional independence of
these two transporters under some conditions.

The role that these transporters play in seizures and
neuronal excitability has been controversial in the litera-
ture. Their ability to regulate water and K* dynamics make
them seem mechanistically important in these settings.
Looking at studies that investigated the relative expres-
sion of Kir4.1 and AQP4 supports this hypothesis. Kir4.1
has been shown to be significantly downregulated in tis-
sue taken from patients with mesial temporal lobe epilepsy
[109, 110]. Multiple loss-of-function mutations in KCNJ10,
which codes for Kir4.1, have been identified in groups of
patients with temporal lobe epilepsy [111, 112]. AQP4 also
showed downregulation in temporal lobe epilepsy patients,
specifically around the perivascular astrocytic endfeet [113].
These changes are believed to be responsible for impaired
K* regulation and therefore contribute to seizure susceptibil-
ity in patients with temporal lobe epilepsy [114]. Supporting
this are AQP4-null mice, which have been shown to exhibit
increased seizure duration [106]. However, several stud-
ies go against the idea that Kir4.1 and AQP4 are involved
as causative factors in ictogenesis. First, while AQP4-null
mice show slower K* clearance, this may be blamed by the
baseline enlargement of the brain’s ECS in these knockouts
[115]. Secondly, spatial buffering may not be a dominant
mechanism for K* clearance in a large, synchronous network
of firing neurons, especially when compared to NKCC1 and
the Na™/K*-ATPase. Inhibition of Kir4.1 using BaCl, dur-
ing high-frequency stimulation of the CA1 region of the
hippocampus revealed no reduction in K* clearance or ECS
volume shrinkage compared to control stimulation [116].
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Clearance of Kt was only affected when [K*] was increased
through local iontophoretic release. This implies that spatial
buffering is only relevant in a highly localized region of
elevated [K™], likely because a glial network needs to be in
contact with a region of lower [K*] to dump the excess ions.
This situation, however, is unlikely to be the case when tis-
sue is engaged in synchronous neuronal activity, where K*
is flooding a large region of ECS simultaneously.

Na*/HCO,~ Symport (NBCe1)

The Na™/HCO;~ symport (NBCel) has come under some
scrutiny regarding its role in osmotic and pH regulation of
the ECS, and how this relates to neuronal excitation. The
transporter is present on astrocytes and normally functions
as a modulator of extracellular pH by transporting Na™*
and HCO;™ in a 1:2 ratio [117]. At baseline, this process
is directed towards the ECS, but under conditions of higher
extracellular [HCO;™], lower intracellular pH, or depolari-
zation, the current is reversed into the astrocyte [118]. The
net absorption of 3 ions caused per cycle of transport of
this protein indicates that its activity may result in osmotic
imbalance and cellular swelling. Evidence was obtained
for this in a study that looked at activity-induced shrinkage
of the ECS during application of 4,4'-diisothiocyano-2,2'-
stilbenedisulfonic acid (DIDS), a non-specific blocker of
the Na*/HCO;"~ transporter. Application of DIDS resulted
in a 25% reduction of activity-induced ECS shrinkage, an
increase in post-stimulus alkalization, and no change in [K*]
increase [58]. The effects of the increase in post-stimulus
alkalization is important to consider when evaluating the
impact this drug may have on neuronal excitability. It has
been demonstrated that alkalization of the ECS results in an
increase in neuronal excitability due to downstream effects
on synaptic transmission [119]. Taken together, this sug-
gests that blockade of the Na*/HCO;~ transporter has mixed
effects on neuronal excitability: reduction in ECS volume
shrinkage is inhibitory, whereas increase in alkalization is
excitatory.

The relationship between DIDS’ effect on activity-
induced ECS shrinkage and its effect on seizure activity
provides evidence for ECS volume playing a large role in
seizure propagation. DIDS application has previously been
shown to have a seizure attenuating effect when applied
in vivo to rats undergoing lithium-pilocarpine induced sta-
tus epilepticus [120]. If the antiepileptic effect of DIDS is
due to a change in the local neuronal circuit properties, then
the study conducted in [58] provides a possible mechanism.
The symport normally engages in Na*-driven HCO; ™ trans-
port into the astrocyte due to the astrocytic depolarization
induced by the rise in [K*] in the ECS immediately follow-
ing neuronal depolarization [121]. DIDS blocks this action
from occurring, leading to the two main effects found in the
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study: a greater peak alkalization of the ECS and a reduc-
tion in stimulus-induced ECS volume shrinkage. Of these
effects, the only local anti-epileptic effect of DIDS was the
reduction in activity-induced ECS shrinkage. This further
highlights the importance that ECS volume dynamics has
on ictogenesis.

Volume Transmission, GLT-1, and Ambient Glutamate

The interplay between the glutamate transporter family and
the ECS is a primary determinant in determining the dynam-
ics of volume transmission—a physiological phenomenon
that promotes synaptic crosstalk across neurons. The main
member of the glutamate transporter family that is respon-
sible for 90% of glutamate reuptake in the brain is GLT-1
(also known as EAAT?2) [122, 123]. GLT-1 is present on
astrocytes and allows for the secondary active transport of
glutamate by bringing a Na* down its concentration gradi-
ent into the astrocyte. Almost all synapses in the brain have
some degree of astrocytic ensheathment around the synapse,
which forces neurotransmitter that escapes the synaptic cleft
to interact with astrocytic membranes [124]. During nor-
mal transmission in a glutamatergic synapse, glutamate will
travel through the cleft and eventually concentrate around
the perisynaptic astrocytic membrane. The GLT-1 in the
perisynaptic membrane will then allow for the uptake of
glutamate and Na* into the astrocyte, providing the main
clearance mechanism of glutamate from the ECS. If the glu-
tamate concentration becomes too high, it can overwhelm
the kinetics of the GLT-1 transporters and escape beyond the
perisynaptic space, potentially reaching other glutamatergic
sites on distant cells. This phenomenon can represent normal
physiological volume transmission—a mechanism in which
synapses are non-isolated and distant neurons can commu-
nicate with each other through neurotransmitters—or it can
be a consequence of excessive glutamate transmission, such
as during seizure [51, 62, 125, 126].

Because of GLT-1’s role in glutamate clearance, its
presence around the synapse is important in determin-
ing synaptic isolation and the degree of spillover that can
occur from glutamatergic synapses. Different synapses
have differing degrees of glial ensheathment and have
concentrations of extracellular matrix that help trap glu-
tamate around GLT-1 transporters to allow for clearance
to occur [127]. This means that the isolation of synapse
can be modulated simply by changing the proximity of
the astrocytic membrane to the synaptic cleft. Indeed, this
phenomenon is demonstrated in the supraoptic nucleus
(SON) of rats during lactation. During lactation, astrocytic
processes retract away from glutamatergic synapses in this
region, causing GLT-1 to be overwhelmed, glutamate to
spill over, and ultimately accumulate in the ECS [128].
Spillover from synapses such as these and accumulation



Neurochemical Research (2019) 44:1020-1036

1031

of glutamate can have multiple consequences related to
seizures. First, an environment rich in ambient glutamate
can excite multiple neurons in a single point in time. Sec-
ond, excess glutamate in an environment is responsible
for the downstream consequences of seizure: promoting
excitotoxicity, and ultimately neuronal death [129].
While this type of synaptic crosstalk does not inherently
cause seizures, the presence of ambient glutamate in the
ECS does assist in promoting hyperexcitability and syn-
chrony. As discussed previously, manipulating the ECS by
washing on hypotonic ACSF led to an increase in neuronal
excitability and action-potential frequency. Further experi-
ments have shown that hypotonic ACSF also promote slow
inward currents (SICs), which are neuronal and induced
by enhanced glutamate binding to extrasynaptic NMDA
receptors during cell swelling induced by the addition of
ACSF [76]. This phenomenon matches the time course of
the excitatory postsynaptic potentials that occur during
osmotic edema induced by hypotonic ACSF, making it a
possible link between ECS shrinkage and neuronal excit-
ability. Ambient glutamate in the ECS can have several
main sources, such as volume transmission and astrocytic
glutamate release [130]. Therefore, if there is an ambi-
ent glutamate concentration present and any ECS shrink-
age occurs, then there is the potential to generate SICs
and start down the path to a seizure. GLT-1 has also been
known to participate in glial swelling, as it can accom-
modate water and therefore cause swelling when sufficient
glutamate needs to be cleared from the ECS. Sufficient
glutamate in the ECS can therefore also cause swelling of

astrocytes, promoting further concentration of the excita-
tory substance.

Conclusions and Future Directions

The relationship between the ECS, neuronal physiology,
and the propagation of seizures is dominated by a variety
of cellular components that control ionic gradients. Both
astrocytic and neuronal transporters exert control over neu-
ronal firing, either through modification of the ECS volume
fraction, alteration of ionic or neurotransmitter activity, or
both. Summaries of the mechanisms that affect neuronal fir-
ing either through mediation of the ECS or otherwise are
shown in Figs. 3 and 4. Of the transporters discussed, all
of them can affect ECS volume through alteration of ionic
gradients and induction of cellular swelling, which can ulti-
mately lead to a seizure. However, NKCC1/KCC2, Kir 4.1,
AQP4, and GLT-1 are all likely to promote or depress neu-
ronal excitability through other means, such as modulation
of [K*] concentrations or through alteration of neurotrans-
mitter activity. NBCel, because of its direct implication in
modulation of stimulus-induced ECS shrinkage, and because
blockade has no other direct anti-epileptic effect, is likely
to be the main transporter to participate in seizure propaga-
tion through ECS volume changes. This induction of cel-
lular swelling is likely to promote seizures through multiple
mechanisms (summarized in Figs. 3, 4), such as the con-
centration of glutamate and ECS K* or the enhancement of
ephaptic interactions. At the time that such a volume change

| ECS = ICS ionic ﬂux|

I ECM composition changes I

ECS shrmkage

| T~

I 1 [GIutamate]ECSJ IT electric field overlap

N~ N

IT Neuronal Depolarization I

I Encouraging Synchrony I

Seizure Initiation

Fig.3 A flow chart showing the mechanisms that can ultimately lead
to seizures. Two main conditions need to occur to induce seizures:
excessive neuronal depolarization and a synchronously firing neu-
ronal circuit. Many mechanisms can lead to these consequences. ECS
shrinkage is the main mechanism involving the ECS that can ulti-

mately lead to seizure propagation through the indicated intermediary
steps (green). The blue elements point to mechanisms that can assist
in seizure propagation, but only purely by leading to ECS shrink-
age. Red elements would, by themselves lead to seizure propagation
through the indicated mechanism. (Color figure online)
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Fig.4 A graphical summary
of the mechanisms discussed
in the review and how they can
ultimately affect the likelihood
of seizure propagation. Four
main highlighted regions—the
perivascular endfeet (top-left
box), the synapse and perisyn-
aptic area (bottom-left box),
the soma-dendrite system
(bottom-right box), and the ECS

surrounding neuronal axons
(top-right box)—contain a
variety of highlighted elements
that alter neuronal excitation
and/or synchrony by ECS and
non-ECS volume-altering
mechanisms
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occurs, the composition of the interstitial fluid is therefore of
prime importance, as it could already have a high concentra-
tion of pro-excitation forces, such as excess glutamate from
a source of volume transmission.

All of these excitable forces that relate to the ECS can
serve as potential new therapeutic targets to treat drug resist-
ant epilepsies. However, other fundamental questions must
still be explored to understand the phenomenon. The NBCel
is a likely transporter to mediate ECS volume changes, but
it remains unclear whether it itself allows for some water
transport through the channel itself. If not, then what is the
main path for water to get into the astrocyte following an
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osmotic shift, and can this path also be targetable mecha-
nism to inhibit seizure activity? Continuing to trace this
mechanism can lead to the elucidation of a complete path-
way, and therefore provide many avenues to explore for
treatment, especially if blockade of one of the steps turns
out to be unviable or ineffective. Furthermore, while it has
been shown that the ECS shrinks during seizures, the tempo-
ral and spatial resolution of the techniques used to show this
so far have been somewhat limited. Are there more transient
volume changes that occur during a seizure that correspond
closely to the oscillation of neuronal firing, or is there sim-
ply a baseline swelling that occurs throughout the tissue? A
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cellular view of the process would also be important, as it
would be important to definitively elucidate what cell types
are swelling. Is this purely an astrocytic problem, or do the
neurons themselves contribute to the cellular swelling? If
these issues can be addressed in future experiments, then it
can help guide any future therapeutic developments that are
designed to treat current cases of drug-resistant epilepsies.
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