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ABSTRACT OF THE DISSERTATION

Rapid Changes in Neuronal Excitability
During Osmotic Edema in Juvenile and Adult Hippocampus
Through NMDA Receptor Activation

by
Kelli Amber Lauderdale
Doctor of Philosophy, Graduate Program in Neuroscience

University of California, Riverside, August 2015
Dr. Todd A. Fiacco, Chairperson

Cerebral edema affects millions of people worldwide and is associated
with a plethora of diseases, disorders, and conditions such as traumatic brain
injury, stroke, cardiac arrest, autism and epilepsy. Cellular edema has been
known to increase epileptiform activity and seizure susceptibility in vitro and in
vivo. However, the identity of the cell types undergoing volume increases and the
types of excitability changes that occur in neurons remain unclear.
Electrophysiological whole-cell patch clamp techniques were used to record
currents and potentials from CA1 pyramidal neurons during the application of
hypoosmolar ACSF (hACSF) in acutely isolated hippocampal slices from mice.
Hypoosmolar ACSF evoked slow inward currents (SICs) in neurons, which
initiated after ~1 minute of hACSF application. Neuronal excitability increased as
osmolarity decreased in a dose-dependent manner. Even 5% reductions in

osmolarity were sufficient to significantly increase neuronal excitability. In
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addition, hACSF induced neuronal firing of action potentials (APs), independent
of AMPA receptor activation. Neuronal excitability was also increased during
application of hACSF while blocking both APs and AMPA receptors. Increased
sub-threshold EPSPs, neuronal APs, and bursting activity were also evoked in
the presence of M92+, suggesting that hypoosmolar insults increase neuronal
excitability under more physiological conditions. Hypoosmolar insults increased
neuronal excitability in both juvenile (P15-P21) and adult 2- to 5-month-old) mice.
Bursting activity in adult mice during osmotic insult was elevated compared to
juvenile mice. During hypoosmolar insults the frequency of SICs recorded at
physiological temperature were significantly elevated from SICs recorded at room
temperature. SICs were potentiated by D-serine, and blocked by both DL-AP5
and the NR2B specific compound R025-6981. Together, these results indicate
that osmotic insults produce cellular edema in both neurons and astrocytes, and
increase neuronal excitability within minutes through a combination of synaptic

and non-synaptic activation of glutamate receptors.
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Chapter 1: Introduction

Cerebral edema: definition and types

Cerebral edema is characterized by swelling of the brain tissue paralleled
by an increase in brain water content (Fishman, 1975). It is a common life
threatening clinical complication within many pathologies such as hypoxia
(Hackett and Roach, 2001) ischemia (Badaut et al., 2002) traumatic brain injury
(Unterberg et al., 2004), water intoxication (Radojevic et al., 2012; Kozler and
Pokorny, 2014) and tumors (Papadopoulos and Verkman, 2007a). In clinical
situations, cerebral edema translates into disruption of brain homeostasis,
swelling of the brain tissue, increased intracranial pressure, reduced cerebral
blood flow, hyperexcitability, seizures and can even result in cerebral herniation
and death (Fishman, 1975; Tasleem and Chowdhary, 2003; Unterberg et al.,
2004; Ho et al., 2012). Two main categories of cerebral edema were categorized
by Klatzo as vasogenic and cytotoxic edema (Klatzo, 1967).

Vasogenic edema is characterized by leakage of the blood brain barrier,
entry of fluid and swelling within the interstitial space, often as a result of
adjacent traumatic injury (Unterberg et al., 2004). Cellular edema (previously
known as cytotoxic edema) is divided into two main categories, cytotoxic edema
and osmotic edema. Both swell cells in the CNS by entry of fluid into the

intracellular compartment, but by means of different mechanisms; either through



metabolic disturbance (cytotoxic edema) or osmotic swelling (osmotic edema),
resulting in a reduction of the extracellular space (ECS) (Kimelberg, 2004a).
Cellular edema is a major complication of various pathologies including diabetic
ketoacidosis, cardiac arrest, ischemic stroke, traumatic brain injury, and

hyponatremia (Thrane et al., 2014)

Osmotic edema

Osmotic edema, such as syndrome of inappropriate antidiuretic hormone
secretion and water intoxication, is another subset of cerebral edema which
results from the dilution of the ions within the body, and subsequently changes
the delicate homeostasis of the body and the brain. The term water intoxication
implies that water is the culprit in this type of edema. However, water intoxication
can occur from an excess of any fluid which dilutes the osmolarity within the body
and thus is sometimes referred to as fluid intoxication as well. Water intoxication
is also capable of inducing hyponatremia, another type of cerebral edema which
is due to low levels of sodium in the blood (Yamashiro et al., 2013). Thus any
insult to the ionic homeostasis of the body which results in low blood osmolarity
and subsequently drives net water influx into the brain could cause osmotic
edema. Interestingly, cerebral edema via osmotic edema possesses elements of

both vasogenic edema, via entry of water into the brain, and cytotoxic edema, via



intracellular swelling of cells (Risher et al., 2009a; Ho et al., 2012; Kozler et al.,

2013).

Mechanisms of brain swelling/cell swelling

Cerebral edema is an increase in brain water content and pathological
swelling of the brain. Mechanistically, cerebral edema occurs in one of three
ways: either by the excessive accumulation of fluid in the extracellular
compartment (vasogenic), or by the swelling of the CNS cells (Cellular edema),
or a combination of both (osmotic edema) (Klatzo, 1967). In all of these situations
the rigid skull restricts the expansion of the brain during cerebral edema and
increases intracranial pressure (Mortazavi et al., 2012). One major consequence
of elevated intracranial pressure is that it opposes cerebral perfusion pressure
thereby reducing cerebral blood flow and potentially compromising the metabolic
homeostasis (Bouzat et al., 2013). Another aspect of cerebral edema is the loss
of autoregulation within the vasculature of the brain (Hemphill et al., 2001) which
may lead to blood pressure fluctuations, increased brain blood volume and

swelling of the brain and spinal cord.

Mechanisms of astrocytic swelling
On the cellular level, the development of cellular edema is also associated
with astrocytic swelling (Andrew et al., 2007a; Risher et al., 2009b). Astrocytes

constitute a neuropil-spanning network, that maintain the homeostatic equilibrium



within the brain under normal physiological conditions by the uptake of
potassium, water, glutamate, and other ions (Anderson and Swanson, 2000;
Kofuji and Newman, 2004). During cerebral edema, these cells have the ability to
swell, which contributes to reduction of the ECS (Andrew and MacVicar, 1994;
Risher et al., 2009b; Thrane et al., 2014). Astrocytes have been found to swell
under a variety of different conditions, including: elevated KCI, in the presence of
metabolic inhibitors such as 6 aminonicotinamide, elevated extracellular
neurotransmitter  concentrations including glutamate and adenosine,
polyunsaturated fatty acids and oxygen-derive free radicals, changes in
osmolarity and oxygen glucose deprivation (Andrew et al., 2007b; Risher et al.,
2009b; Fedorff, 2012).

Astrocytes are involved in the clearance of glutamate and potassium from
the ECS, which is one of the reasons they are thought to be more prone to
swelling than neurons. In situations with elevated potassium and glutamate,
astrocytes become overloaded with osmolytes, which promotes the influx of
water in order to balance their osmolarity. Research has shown that elevated
levels of potassium and cell swelling up regulates NKCC in astrocytes but not in
neurons (Mongin et al., 1996; Su et al., 2002a, 2002b). The co-transporter
NKCC1 has been found in culture to swell cells during the coupling between
water and salt transport based on the osmotic gradient, and could be one

mechanism by which cells swell (MacAulay et al., 2004; Hamann et al., 2010).



Aquaporin-4 channels which, as their name suggests, primarily transport water
across cell membranes and are present in astrocytes. These channels are
discussed in further detail below and represent another mechanism by which
astrocytes can swell. Evidence for this comes from studies in AQP4-deficient
mice, which show reduced brain edema during osmotic edema, ischemic stroke,
and transient focal cerebral edema (Manley et al., 2000; Yao et al., 2015).

Other mechanisms that have been suggested for astrocytic swelling are
electrically neutral anion and cation co- and exchange transport in astrocytes. In
this mechanism, astrocytic swelling involves coupled Na*/H* and CI7 HCOs
exchange which is stimulated by increases in intracellular astrocytic hydration of
CO? to form HCO5 and H*, which are then exchanged for extracellular CI" and

Na" ions (Kimelberg et al., 1979a, 1979b; Kimelberg and Bourke, 1982).

Background on seizures, epilepsy and mechanisms of hyperexcitability
Approximately 2% of the world’s population has epilepsy, which is
characterized by unprovoked periodic and unpredictable seizures (Hesdorffer et
al. 2011). The main treatment method for seizures and epilepsy is administration
of antiepileptic drugs (AED). Two serious problems with AEDs prevail. First,
AEDs are nonspecific and primarily rely on chronic depression of excitatory
neuronal activity. Second, AEDs are incapable of treating one third of the
population with epilepsy. A major concern within the scientific and clinical

community is that the development of new AEDs over the past several decades



has failed to substantially improve the treatment of epilepsy (Loscher and
Schmidt, 2011). The lack of improved AEDs could stem from the fact that the
mechanisms underlying the generation and initiation of epileptic activity are not
clearly understood.

The majority of the research on epilepsy is based on neuronal
mechanisms for seizure induction. Recently, the role of astrocytic Ca®" has
begun to be explored. Several neuronal mechanisms have been proposed,
including global decrease in inhibitory input via defective GABAergic inhibition
(Lloyd et al., 1986) or global increases in excitatory inputs such as increased
synchrony and/or activation due to recurrent excitatory collaterals (Wong et al.,
1986). High extracellular levels of excitatory neurotransmitters and ions such as
glutamate and potassium, as well as low extracellular levels of magnesium and
calcium have also been implicated in increasing neuronal excitability (Traynelis
and Dingledine, 1988, 1989; Bikson et al., 2003; Angulo et al., 2004; Fellin et al.,
2004; Le Meur et al., 2007). The neuronal mechanisms of epilepsy may explain,
in part, why current antiepileptic drugs focus on global chronic depression of
excitatory networks.

Many of the studies conducted so far to examine astrocytic contributions
to seizures have focused on studying the role of astrocytic Ca®*, despite the fact
that swelling-evoked glutamate release by astrocytes can be a Ca®*-independent
process (Somjen et al., 1993; Kimelberg, 2004b, 2005; Liu et al., 2006; Haskew-

Layton et al., 2008; Hirrlinger et al., 2008). Presently, researchers have started to



examine the potential role of astrocytes as a primary source of non-synaptic
swelling-induced glutamate release contributing to seizures. However, progress
is limited and slow due to lack of astrocyte specific pharmacological reagents and
techniques. For instance, studies examining the role of VRACs in epilepsy have
used nonspecific VRAC antagonists such as flufenamic acid and NPPB, which
directly inhibit neuronal postsynaptic excitability and block neuronal VRACSs,
respectively (Fernandez et al., 2010; Zhang et al., 2011). Therefore, the effects
of blocking VRACs could not be conclusively attributed to blocking astrocytic
VRACs. While astrocytes appear to be playing a role in epileptiform activity, the

mechanisms and pathways require further elucidation and research.

Role of slow inward currents (SICs) in interictal and ictal activity

The relationship of SICs to epileptic activity and the generation of seizures
has been heavily debated and is not completely understood (Fellin et al., 2004;
Tian et al.,, 2005). Early research in this area suggested that SICs were
responsible for a current called the paroxysmal depolarizing shift (PDS), which
underlies epileptic discharges called interictal and ictal bursts (Kang et al.,
2005a; Tian et al., 2005). However, others consider SICs and PDSs to be entirely
separate events (Angulo et al., 2004; Fellin et al., 2004, 2006a; Wetherington et
al., 2008). A brief summary of the research examining and defining the events

behind this debate follows.



Some of the first research to suggest a connection between astrocytes in
the generation of epileptiform activity was conducted by Kang and others in
2005. They provided the first evidence that Ca*-dependent release of glutamate
from astrocytes may produce epileptiform-like activity (Kang et al., 2005b). It
should be noted that other researchers had previously observed this
phenomenon in astrocytes but not in the context of disease (Pasti et al., 1997;
Araque et al., 1998). They infused IP3 via patch pipette into astrocytes to
increase calcium, which was followed by a current that they called, slow decayed
transient inward currents (STCs) in CA1 hippocampal neurons. The STC's were
large enough to depolarize the pyramidal neurons and induce neuronal firing of
action potentials. The STC depolarization itself was similar to that of the PDS
thought to underlie epileptic discharges.

Further studies by the same group demonstrated that STCs/PDSs
remained even when interictal epileptiform activity was evoked in hippocampal
slices by applying 4-AP, along with Ca?* channel blockers to suppress
presynaptic release of neurotransmitters and TTX to block neuronal firing (Tian et
al., 2005). These results suggested that the PDSs were driven by a non-neuronal
source of glutamate. Next, they decided to examine the role of calcium signaling
in astrocytes and its role in evoking PDSs. They examined the role of calcium
signaling in astrocytes by photolysis of caged Ca?*, which still produced PDSs in
the presence of TTX, indicating that glutamate was released due to the calcium

elevations in astrocytes.



Other researchers at the time, Fellin and Haydon, conducting similar
experiments claimed that glutamate released from astrocytes was not necessary
for the generation of epileptiform activity (Fellin et al., 2004, 2006a). In their
experiments, they removed magnesium and added in picrotoxin, a
noncompetitive channel blocker of GABAA receptors, to induce ictal and interictal
epileptiform activity. During epileptiform activity, they recorded SICs from
neurons in hippocampal slices. SICs share similar characteristics to the PDSs.
However, when they applied D-AP5 to block NMDA receptors, they still observed
ictal and interictal activity, but AP5 did reversibly reduce the duration of both
interictal and ictal epileptiform events. Thus they suggested that glutamate
release from astrocytes may have a modulatory role in determining the strength
of the epileptic activity. However, these experiments failed to address activation
of AMPA receptors by glutamate released from astrocytes, claiming
gliotransmission is exclusively mediated by NMDA receptors.

Years later, another researcher examining astrocytic release of glutamate
in the generation of in focal ictal discharges found that calcium elevations were
only associated with the ictal discharges (Gémez-Gonzalo et al., 2010). In
addition, they observed that the duration of ictal discharges, frequency, and
astrocytic calcium elevations were reduced by antagonists of mGIuR5 and P2Y
receptors. Furthermore, they concluded that in the presence of 0 Mg?* and
picrotoxin, stimulating astrocytes to release glutamate through activation of the

PAR-1 thrombin receptor with the peptide TFLLR-NH2 induced SICs which were



sufficient to generate ictal discharges. These findings are difficult to reconcile
given that PDSs are often larger than SICs and recur very regularly without

directly producing ictal discharges.

In-between the early research examining STCs, PDSs, and SICs and
Gomez-Gonzalo's later experiments, the characteristics of PDSs and SICs were
further debated and finally concluded that they were two distinct current types.
While they both have a similar time course, there are a couple of criteria that
distinguish each current: 1) PDSs are sensitive to tetrodotoxin, (TTX) a voltage-
gated Na® channel blocker, while SICs are not; and 2) PDSs are synchronized
over larger areas of the brain (several millimeters) whereas SICs are considered
to be locally synchronized among neurons (< 100 um). (Korn et al., 1987,
Wetherington et al., 2008). Furthermore, SICs are irregular in terms of inter-event
interval and amplitude, whereas PDSs recur with very evenly spaced intervals
and very similar large amplitudes. Even when examining one type of epileptiform-
type current, there is discrepancy as to the components contributing to the
activity between varying conditions. For example, when PDSs are evoked in low
Ca?*, they are insensitive to the NMDAR antagonist D-APV (Heinemann et al.,
1985). However, when PDSs are evoked following GABAA receptor inhibition, D-
APV truncates the PDS activity but does not fully suppress it (Dingledine et al.,
1986). Of the two main types of epileptiform activity in vitro, the ictal state is

defined as the fully generalized seizure discharge, while the interictal state is a
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form of synchronized epileptiform activity that gradually builds up to the full
seizure state (Traynelis and Dingledine, 1988). The interictal state, now thought
to be mediated by PDSs, is further characterized as being shorter than the ictal
discharge, approximately 50-200 ms consisting of a brief burst of neuronal
discharges synchronous over several millimeters of the tissue (Wetherington et
al., 2008). SICs, on the other hand, have been shown to synchronize local
networks of neurons and may contribute to ictal discharges under certain
situations (Angulo et al., 2004; Fellin et al., 2004, 2006a; Gémez-Gonzalo et al.,
2010).

Still much is uncertain regarding SICs. They appear to be induced by
different types of stimuli while retaining the hallmarks and characteristics of SICs,
unlike PDSs. The maijority of the research published thus far regarding SICs
reports them to be due to Ca®'-dependent glutamate release by astrocytes,
through astrocytic vesicular exocytosis. However, other researchers have found
that SICs can be induced in conditions completely independent of calcium
elevations (Fiacco et al., 2007a). In fact, there is some evidence to support at
least six different mechanisms by which astrocytes could release glutamate
(discussed later). Whether any or all of these mechanisms are capable of
producing SICs and ictal discharges is unclear. The experiments outlined in this
dissertation will further define the contribution of SICs during osmotic edema and

possible implications to neuronal excitability and seizures.
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Pathological changes during cerebral edema and seizures/epilepsy

Epilepsy is characterized by an over-excitation of neurons. One of the
main functions of astrocytes is to prevent excitotoxicity by the uptake of
glutamate and potassium along with water (Anderson and Swanson, 2000; Kofu;i
and Newman, 2004). However, several studies indicate that the ability of
astrocytes to maintain the osmotic balance may be impaired in epilepsy due to
loss and redistribution of different channels and receptors including the water
channel Aquaporin-4 and the Kir4.1 inwardly rectifying K* channel (Binder and
Steinhuaser, 2006). Potassium and water uptake can lead to astrocyte swelling
(Andrew et al., 2007). Astrocytic swelling may be of particular importance to
epilepsy because several studies have demonstrated that tissue swells prior to
the initiation of a seizure (Hsu et al., 2007; Traynelis and Dingledine, 1988). In
fact there are many changes that occur during the pathogenesis of epilepsy
which vary depending on the type of epilepsy and/or the model of epilepsy.
Briefly, | will describe a few of the changes observed during the pathogenesis of
epilepsy.
During epilepsy there is significant neuronal cell loss, reactive gliosis, synaptic
reorganization, and microvascular proliferation (Hinterkeuser et al., 2000; Jabs et
al., 2008; Kahle et al., 2010; Volman et al., 2013). Glutamine synthetase (GS),
the astrocytic enzyme that breaks down glutamate into glutamine, may change
during the pathogenesis of epilepsy. Research conducted by Eid and coworkers

(2004) indicates loss of GS in sclerotic vs. non-sclerotic tissue from patients with
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temporal lobe epilepsy (Lee et al., 2004). In addition, several experimental and
clinical studies have shown that glutamate clearance from the extracellular space
may be delayed (During and D, 1993; Petroff et al., 2002; Campbell and Hablitz,
2004). An increase in AMPA receptor density, and change in expression of
AMPA receptor subunits has been observed in patients with medial temporal
lobe epilepsy (Lanerolle et al., 1998; Eid et al., 2002). NMDA receptors are also
affected. Initially there is significant loss of NMDARSs, probably due to neuronal
loss, and then similar to AMPA receptors, there is a change in subunit

composition with an increase in the NR2B subunit subtype (Frasca et al., 2011).

Heterogeneity of Astrocytes in the CNS

It is generally acknowledged that within the brain, the non-neuronal cell
types - glia - are classified into three major groups: microglia, oligodendrocytes,
and astrocytes. Michael Von Lenhossek first coined the name 'astrocyte' in 1893.
Later, astrocytes were divided into fibrous and protoplasmic subtypes by Kolliker
(1893) and Andriezen (1896) (Fedoroff and Vernadakis, 1986). Protoplasmic
astrocytes are located in the gray matter and have short yet highly ramified
processes, while fibrous astrocytes have rather long processes running between
myelinated fibers and are generally located in the white matter (Miller and Raff,
1984; Boulton et al., 1992; Oberheim et al., 2006). While there are many other
types of specialized glia including Tanycytes, Bergmann glia, Pituicytes, Muller

Cells, Radial glia, and Ependymal cells, of particular interest is the identification
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of subtypes within the protoplasmic astrocytes. Found mainly in the juvenile
animals, NG2 cells are similar to astrocytes in morphology. However, they have
higher input resistances (~200 mQ), as well as voltage-gated inward and outward
potassium currents (Lin and Bergles, 2002). In younger mice we come across
these cells in hippocampal slices, but exclude them based on their
electrophysiological properties (Lin and Bergles, 2002; Trotter et al., 2010). This
study focuses on the hippocampus and specifically protoplasmic astrocytes
within the stratum radiatum in the CA1 region. We chose to use slightly older
juvenile mice (P15 to P 21) to avoid the younger age group (P7 to P13) where
NG2 cells are encountered quite often, and also only included astrocytes with a
passive electrophysiological profile. However, it should be noted that while our
interests compelled us to examine the role of passive astrocytes in cellular
edema more closely, NG2 glia could potentially be swelling during osmotic

edema as well.

Physiological roles of astrocytes

In the late 1800s and early 1900s, Ramon Y Cajal and his colleagues
were quite insightful when they hypothesized that glia not only insulate neurons,
but could secrete trophic factors supporting neuronal growth (Kimelberg, 2004c).
Nearly a century later, these concepts have been convincingly demonstrated.
The long-standing notion that glia are simply glue or space fillers is long gone

due to the dedication and contributions of glial scientists and novel techniques
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specifically examining astrocytes. Researchers have discovered numerous other
functions for glia, and astrocytes in particular. Astrocytes have been shown to
play a role in recycling neurotransmitters, synapse formation, maintenance of the
blood brain barrier, nutrient provision for neurons, and ion buffering (Sofroniew
and Vinters, 2010). As this study is mainly concerned with the relationship
between neurons and astrocytes during osmotic edema, | will briefly review some
of the physiological roles of astrocytes followed by neuronal excitatory receptors

in the CA1 region of hippocampus.

Potassium buffering

Early experiments measuring extracellular potassium levels with K-
selective microelectrodes revealed spontaneous as well as stimulated elevations
of potassium (Kriz et al., 1974; Sykova et al., 1974; Svoboda and Sykova, 1991).
However, studies found that in the adult spinal cord and mammalian cortex,
potassium concentration does not exceed a certain steady state of ~ 8 to 10 mM,
even during intense stimulation (Kriz et al., 1974; Heinemann and Lux, 1977;
Czeh et al., 1981; Svoboda and Sykova, 1991). Extracellular potassium is quickly
redistributed back to normal levels by several localized mechanisms including
astrocytic spatial potassium buffering. Astrocytes clear potassium ions from the
ECS through: 1) opening of Ca?* activated K* channels (MacVicar, 1984) 2)
Na*/K*-ATPase transport; 3) K* spatial buffering through uptake by astrocytic

Kird.1 and redistribution through the glial syncytium into the vasculature at
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astrocytic endfeet (Orkand et al., 1966) and 4) KCI uptake through CI" channels
activated through depolarization of the membrane (Walz and Hertz, 1983; Walz
and Hinks, 1986). The idea of potassium buffering comes from the glial cell
membrane's high permeability for K*, as well as astrocytic coupling by gap
junctions which allows movement of ions such as K, Ca®*, and others into the

astrocytic syncytium (Coles and Orkand, 1983; Kettenmann et al., 1983).

Astrocytic regulation and homeostasis of the ECS

Hydrated ions cross the cell membrane and this transmembrane
movement of ions and water can lead to cellular swelling, especially astrocytic
swelling. Swelling activates transport mechanisms in an effort to reduce the
concentration of osmolytes in the cell, resulting in a decrease in cell volume. The
reduction in cell volume is thought to occur in a couple of different ways. Studies
have suggested that cells might undergo a process called a regulatory volume
decrease (RVD), which is thought to occur when cells swell and thereby open
stretch-activated channels (Pasantes-Morales et al., 2000; Mongin and Orlov,
2001; Abdullaev et al., 2006). Intracellular pH and intracellular concentrations of
Ca?* might modulate these mechanisms regulating cell volume (Kempski et al.,
1990; Mccarty and O’Neil, 1992). Several studies have also shown the
importance of aquaporins in volume regulation (Solenov et al., 2004; Eid et al.,

2005).
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Aquaporins

Aquaporins (AQP) are a family of transmembrane proteins identified by six
membrane-spanning domains containing intracellular amino (N) and carboxyl (C)
termini. The aquaporin channels are commonly called "water channels", and can
be classified into three subgroups: 1) Aquaglyceroporins, which are involved in
water diffusion, as well as urea, glycerol, and some monocarboxylate transport
(Gonen and Walz, 2006); 2) Super-aquaporins localized to the cytoplasm, which
possibly contribute to intra-vesicular homeostasis, organelle volume, and
regulation of intracellular water transport (Gonen and Walz, 2006); and, 3)
Aquaporins, which are primarily only permeable to water (Badaut et al., 2002;
Yang et al., 2009).

There are many different subtypes of the aquaporin channels, of which
AQP1, AQP4 and AQP9 have been found to be expressed in the brain. Of these
three, AQP4 has been studied extensively in the context of injury, edema,
epilepsy and disease (Lee et al., 2004; Binder et al., 2006b; Hsu et al., 2007;
Fukuda et al., 2012; Hubbard et al., 2013). Expression of AQP4 is predominantly
found in Muller cells and astrocytes, where it is mainly localized to the pial
surface, the vitreous body, and in the endfeet near the blood vessels under
normal physiological conditions (Nagelhus et al., 2002; Oshio et al., 2004).
Aquaporin-4 has been shown to colocalize with the potassium channel Kir4.1 and
TRPV4 (Benfenati et al., 2011). During activity-dependent K* redistribution, water

flux through these channels follows the osmotic gradient. These channels are
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involved in maintaining homeostasis within the brain through regulation of the
extracellular ionic gradients as well as intracellular and extracellular volume. In
fact, knock-out of AQP4 reduces water permeability in astrocytes (Solenov et al.,

2002; Nicchia et al., 2003).

Astrocytic mechanisms of glutamate release

One hallmark of many different types of cerebral edema, including osmotic
edema, is an increase in brain activity following the initial swelling of the brain
tissue (Traynelis and Dingledine, 1989; Binder et al., 2004). This increase in
neuronal excitability can then lead to synchronization of neuronal networks and
seizures (Saly and Andrew, 1993; Mccormick and Contreras, 2001; Fellin et al.,
2004). Neurons within a local network have been shown to be synchronized by
slow inward currents (SICs) (also sometimes referred to as slow transient inward
currents, or STCs (Kang et al., 2005b)) within the hippocampus, and are
produced by glutamate binding to NMDA receptors (Angulo et al., 2004; Fellin et
al., 2004) . At least part of this glutamate is considered to be non-synaptic in
origin, implicating either ambient glutamate and/or astrocytic-dependent release
of glutamate. Astrocyte-dependent glutamate release could occur through six
different mechanisms: 1) glutamate exchange via the cystine-glutamate
antiporter; 2) Ca?*-dependent vesicular exocytosis; 3) connexin or pannexin
hemichannels; 4) volume regulated anion channels (VRACs); 5) reversal of

glutamate transport; and, 6) ionotropic purinergic receptors such as P2X7
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(Szatkowski et al., 1990; Parpura and Haydon, 2000; Rossi et al., 2000; Mongin
and Orlov, 2001; Baker et al., 2002; Duan et al., 2003; Ye et al., 2003; Fellin et
al., 2006b; Liu et al., 2006; Pedersen et al., 2015). The VRAC and hemichannel-
mediated release pathways will be discussed further as they may play an

especially prominent role during cell volume changes.

VRACs

When cells are exposed to hypotonic solutions, outwardly rectifying CI
currents are activated due to opening of volume-regulated anion channels
(VRACs). These channels are known by several different names: volume
sensitive outwardly rectifying (VSOR) anion channels, volume-sensitive organic
osmolyte and anion channels (VSOAC), volume sensitive anion channels
(VSACs), and stretch activated anion channels. These channels are expressed
by nearly all cells and are permeable to organic osmolytes and anions such as
aspartate and glutamate. For a long time, the identity of these channels remained
elusive. However, recently two groups independently identified one of the family
members from the (LRRCB8A-E), which are distantly related to pannexins, as a
possible candidate for VRACs. The protein leucine-rich repeat containing 8A
(LRRCB8A) was identified as the likely pore-forming subunit of VRAC (Qiu et al.,
2014; Voss et al., 2014).

The VRACs have traditionally been thought to be activated by cell

swelling. However, VRACs can be activated in a number of different ways,
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thereby releasing a variety of different organic osmolytes, including glutamate
(Pedersen et al., 2015). Research by Nilius and colleagues determined the full
permeability sequence as follows: SCN™ > | > NO3" > Br > HCOj3 > glycine > F
> taurine > lactate > gluconate > glutamate > aspartate (Nilius et al., 1994, 1997;
Nilius and Droogmans, 2001, 2003). The ways in which VRACs may be activated
are as follows: 1) when intracellular ionic strength is reduced; 2) during astrocytic
swelling; 3) apoptotic stimuli; 4) purinergic signaling; and 5) bradykinin receptor
signaling (Wang et al., 1996; Nilius et al., 1998; Voets et al., 1999; Maeno et al.,
2000; Sabirov et al., 2000; Akita et al., 2011). Neuronal SICs are thought to be
induced by astrocytic release of glutamate potentially through VRACs, but the
significance of this observation in regard to seizure induction and the ictal

discharge is not fully understood (Zhang et al., 2011).

Gap junctions/Hemichannels

Gap junctions form pores between cells to mediate cytoplasm-to-
cytoplasm communication. A family of proteins called connexins (Cxs) form gap
junctions channels in vertebrates. Astrocytes express Cx30, Cx43, and possibly
Cx26, with Cx43 being the most prevalent (Lynn et al., 2011; Wasseff and
Scherer, 2011). Evidence indicates that the unpaired connexons may act as
functional hemichannels that can open into the extracellular space (Stout et al.,
2002). In this respect, they are considered to be a potential mechanism by which

glutamate might be released from astrocytes. Ye and colleagues reported that
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hippocampal astrocytes release glutamate in response to conditions with low
extracellular divalent cations (Ye et al., 2003). Hemichannels are a potential

mechanism by which astrocytes release glutamate to generate neuronal SICs.

Excitatory receptors in the CA1 region of the hippocampus

Glutamate is the main excitatory neurotransmitter in the central nervous
system (Fonnum, 1984; Meldrum, 2000). Release of glutamate from presynaptic
terminals acts on both metabotropic and ionotropic glutamate receptors
(Nakanishi, 1994; Gao et al., 2000). N-methyl-D-aspartate (NMDA) and a-amino-
3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors are both
ionotropic glutamate receptors located throughout the brain and within the
hippocampus (Dingledine et al., 1999; Gao et al., 2000).
Briefly, AMPA receptors are generally considered to mediate fast synaptic
transmission within the central nervous system. Each AMPA receptor has four
binding sites for glutamate, and when activated is permeable to sodium and
potassium ions. Some receptor channels also exhibit high calcium permeability
depending on the subunit composition (Mahanty and Sah, 1998; Liu and Cull-
candy, 2000). Influx of sodium through AMPA receptors depolarizes the cell
membrane producing EPSPs and possibly action potentials depending on the
amount and duration of the depolarization.

The NMDA receptors are important for synaptic transmission and

plasticity, and have been extensively studied in the context of long-term
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potentiation and learning and memory (Shen and Linden, 2005). NMDA
receptors are both ligand- and voltage-gated channels. The voltage dependency
of NMDA receptors is due to blockade of the receptor channel by magnesium
ions at negative membrane potentials (Flatman et al., 1983; Mayer et al., 1984).
After the neuron depolarizes sufficiently to remove magnesium block, then the
receptor can be activated when glutamate binds along with its co-agonist, glycine
or d-serine. Unlike AMPA receptors, the NMDA receptor ion channels are highly
permeable to calcium, in addition to sodium and potassium. NMDA receptors can
be located extrasynaptically and within the synapse, forming a heterotetramer
composed of multiple subunits. Glutamate release from astrocytes during
swelling, ambient glutamate concentration increasing during reduction of the
ECS, or a combination of both may activate the NMDA receptors to produce

SICs.

Purpose of this research/dissertation

Among local networks of neurons, SICs have been found to synchronize
and depolarize neurons above firing threshold, which has brought about the idea
that they may have a role in epilepsy (Kang et al., 2005b; Tian et al., 2005; Fellin
et al.,, 2006a; Wetherington et al., 2008). Furthermore, SICs might play an
important role in the ictal part of a seizure (Angulo et al., 2004; Fellin et al., 2004;
Gomez-Gonzalo et al., 2010). However, the specific cellular contributions to the

neuronal excitability, and the identity of the cells involved in swelling are
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minimally understood due to the lack of tools and techniques to isolate astrocytic
contributions from neuronal ones. The purpose of the experiments in this
dissertation was to further investigate and understand the cellular mechanisms of
neuronal excitability during osmotic edema.

All of the experiments done in these chapters were originally completed
with the idea in mind that hypoosmolar solutions were only capable of swelling
astrocytes but not neurons. Volume imaging experiments of neurons and
astrocytes during elevated potassium, oxygen glucose deprivation, and
hypoosmolar insults by other researchers noted neuronal and astrocytic swelling
during elevated potassium and oxygen glucose deprivation. However, during
hypoosmolar insults only astrocytes were reported to swell (Andrew et al., 2007b;
Risher et al., 2009a).Thus, the central hypothesis of this research was that
astrocytic swelling contributes to the generation of epileptiform activity by
releasing glutamate through volume regulated anion channels (VRAC). We
further proposed that astrocytic glutamate contributes to seizures by activating
neuronal extrasynaptic NMDA receptors, producing slow inward currents (SICs).
In order to test our central hypothesis, we used a hypoosmolar solution to swell
astrocytes and measure neuronal activity under varying conditions. However, our
laboratory discovered within the first couple of months of this year (2015) that the
hypoosmolar solution also swelled neurons, confounding interpretation of the

effects of our model of osmotic edema. Despite this caveat, the experiments still
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reveal important insights into the effects of osmotic edema on neuronal

excitability while challenging the prevailing dogma in the field.
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Chapter 2

Measuring Neuronal Activity in a Mouse Hippocampal Slice Preparation

and General Methods

2.1 Preparation Of Acute Hippocampal Slices.

All animals and protocols used in these experiments were approved by the
Institutional Animal Care and Use Committee (IACUC) of the University of
California, Riverside and followed the approved protocols established by the
American Veterinary Medical Association. Hippocampal slices were prepared
from juvenile 15-to 18-day-old, or adult 2-to-5-month-old wild-type C57BL/6J
mice (Jackson Laboratory, Bay Harbor, ME). Mice were deeply anesthetized
under isoflurane and decapitated. Brains were removed and placed in an ice cold
slicing buffer containing (in mM): 125 NaCl, 2.5 KCI, 3.8 MgCl,, 1.25 NaH;POy,
26 NaHCO3 25 glucose, 1.3 ascorbic acid, and 3.5 MOPS, bubbled with 5% CO,
+ 95% O, (Suter et al., 1999). Parasagittal hippocampal slices (350 pm) were
prepared using a Leica VT 1200S Vibratome (Bannockburn, IL) and
subsequently incubated for 45 minutes at 35°C in standard ACSF, which
contained the following; (in mM): 125 NaCl, 2.5 KClI, 2.5 CaCl,, 1.3 MgCl,, 1.25
NaH;PO,, 26.0 NaHCOg3, and 15 glucose, oxygenated with 5% CO, + 95% O,

(~300 - 303 mOsm). After recovery, slices were allowed to cool to room
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temperature for a minimum of 15 minutes prior to transfer to a recoding chamber
that was continuously perfused with oxygenated ACSF (1 mL/min) for
electrophysiological recording. (in mM): 125 NaCl, 2.5 KCI, 3.8 MgCl,, 1.25
NaH,PO,4, 26 NaHCO3; 25 glucose, 1.3 ascorbic acid, and 3.5 MOPS, bubbled

with 5% CO, + 95% O,

For adult experiments, slices were prepared as described above, but in a
modified slicing buffer containing the following (in mM): 87 NaCl, 75 sucrose 2.5
KCI, 0.5 CaCl,, 7 MgCl,, 1.25 NaH;PO4, 25 NaHCO3;, 10 glucose, 1.3 ascorbic,
acid, 0.1 kynurenic acid, 2.0 pyruvate, and 3.5 MOPS, bubbled with 5% CO, +
95% O,. The adult slicing buffer was partially frozen to form a "slushy" solution
for slice preparation. Drastically improved slice health was observed in adults via
this method (Stockand and Shapiro, 2006). Slices were then incubated in an
adult slicing buffer at 35°C for 45 minutes. Following recovery, slices were
allowed to cool to room temperature for 15 minutes, before being transferred to
room temperature standard ACSF and allowed to recover for an additional 20 to
30 minutes prior to electrophysiological recordings. To study the effect of swelling
on neuronal excitability, acute hippocampal slices were chosen because they
maintain neuronal and astrocytic communication in the majority of the neuronal
networks. In addition, the hippocampus is one the main areas within the brain

associated with seizures and epilepsy (Henshall and Meldrum, 2012)
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2.2 Electrophysiology Instrumentation

For patch clamp experiments, a Multiclamp 700 B Microelectrode Amplifier
was used with either an Axon Digidata 1550 or an Axon Digidata 1440A Digitizer
and PClamp 10.4 Software (Molecular Devices, Sunnyvale, CA). Neurons in the
CA1 region of hippocampus were identified by region, morphological
characteristics, resting membrane potential and characteristic voltage-dependent
currents using a voltage step protocol, then patch clamped using a borosilicate
patch pipette. Patch pipettes were pulled from borosilicate glass capillaries and
were 3.8-5.9 MQ when filled with neuronal internal solution containing the
following (in mM): 140 K-gluconate, 4 MgCI2, 0.4 EGTA, 4 Mg-ATP, 0.2 Na-GTP,
10 HEPES, and 10 phosphocreatine, pH 7.3 with KOH (Fiacco and McCarthy,
2004). Astrocytes in the CA1 stratum radiatum (s.r) were identified first by
morphology and location, and second by their characteristic electrophysiological
properties. Astrocytes exhibited a low input resistance, low resting potential (-
78.0 £ 1.2 mV), and lack of voltage-gated conductances during a voltage step
protocol. Astrocyte patch pipettes were pulled to a resistance of 5.5-8.9 MQ
when filled with astrocyte internal solution containing the following (in mM): 130
K-gluconate, 4 MgCIl2, 10 HEPES, 10 glucose, 1.185 Mg-ATP, 10.55
phosphocreatine, and 0.1315 mg/ml creatine phosphokinase, pH 7.3 by KOH.
Continuous recordings for both voltage and current clamp experiments were low-
pass filtered at 2 kHz and digitized at 5 kHz. All experiments were conducted at

room temperature (23-26 °C) unless otherwise stated. An electronic valve
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controller (Warner instrument, Hampden CT) was used to bath-apply drugs

during recordings.

2.3 General Methods

Neurons in the CA1 region of the hippocampus were identified and
visualized using Differential Interference Contrast (DIC) optics based on their
location and characteristic morphology. We chose to study neurons within the
CA1 area of the hippocampus because this area is severely affected by epilepsy
resulting in neuronal cell loss and astrocytic gliosis (Alarcon and Valentin, 2010).
After neurons were visually located ~ 40 to 170 yM depth for patch clamp a
pressure pipette filled with neuronal internal was then lowered into the slice and
used to patch onto a cell. After patching onto a cell the current profile was
obtained using voltage steps protocols for astrocytes and neurons. Cells that
displayed both sodium and potassium currents were considered neurons, while
only cells with a passive electrophysiological phenotype were considered to be
astrocytes. Figure 2.1 is a schematic diagram illustrating a hippocampal slice
with the patch pipette in place along with a patched neuron and representative
voltage steps of an astrocyte and a neuron. In general, CA1 hippocampal
neurons were patch clamped first in standard ACSF. For experimental
conditions, ‘normosmolar’ ACSF (nACSF) was prepared in the same way as

standard ACSF, but made Mg**-free by omission of MgCl,. Normosmolar ACSF
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also contained the same drugs as the hypoosmolar solutions, unless indicated
otherwise. ‘Hypoosmolar ACSF (hACSF) was prepared by dilution of
normosmolar ACSF with deionized water (%v/v) to 5, 10, 17, or 40% (285, 270,
249, and 180 mOsm) hypoosmolar to baseline. Upon attaining the whole-cell
configuration, the normosmolar ACSF was perfused for 10 minutes to remove
Mg2+ block from NMDA receptors and obtain a baseline recording of excitatory
neuronal activity. This was followed by the application of hACSF up to three
times for 5, 6, and 7 minutes, with equal wash periods in normosmolar ACSF in-
between hACSF applications. In voltage-clamp experiments, neurons were held
at -70 mV. For the K-gluconate-based internal solution, this holding potential is
equal to the reversal potential for CI', effectively eliminating contribution of IPSPs
to the recorded currents. The process of repeatedly applying hACSF and
recording neuronal currents and potentials was valuable both for discerning
pharmacological effects, as well as, deciphering the integral and dynamic
changes in neuronal excitability during cell swelling, water intoxication and
cerebral edema. In the experimental conditions, a variety of electrophysiology
techniques and antagonists were used to either block or enhance neuronal

activity.
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2.4 Application of hypoosmolar ACSF and swelling evokes a complex array
of currents and potentials in CA1 pyramidal neurons within the
hippocampus.

Water intoxication and cerebral edema can be fatal and occur quite rapidly
within the brain, not only disrupting the water and ionic homeostasis, but also
neuronal excitability and synchronization leading to seizures (Traynelis and
Dingledine, 1989; Binder et al., 2004). Application of hypoosmolar ACSF in situ
onto brain slices of the hippocampus, in turn, not only induces cell swelling, but
also increases neuronal excitability through a number of potential mechanisms.
Whole cell patch clamp electrophysiology provides us with the flexibility to record
from neurons in either current clamp or voltage clamp. This technique allows for
the recording of action potentials and EPSPs to a number of different types of
currents, thereby elucidating the potential mechanisms of neuronal excitability.

While recording from CA1 neurons in voltage clamp mode, not only were
EPSPs recorded, but also action potentials, both single action potentials and
bursts of action potentials. EPSP's were defined as upper deflections greater
than two times the average standard deviation above the mean baseline(Ellender
et al.,, 2013). Complex spike bursts in pyramidal cells are considered to be
discrete events from single action potentials often associated with synaptic
plasticity within the hippocampus and synchronization of local neuronal networks,
thus these events were examined separately (Harris et al., 2001). Detection of

and defining bursts of action potential has been a long-standing challenge due to
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their complexity and a variety of different methods have been proposed. Action
potentials were defined as a burst by two of the most common parameters: 1) a
large prolonged upward deflection (depolarization) from baseline (Kim and
Connors, 1993; Helmchen et al., 1999; Larkum and Zhu, 2002); 2) falling within
two standard error of the inter-spike interval distribution for all cells (Cocatre-
Zilgien and Delcomyn, 1992; Shu et al., 2007). Figure 2.2 displays an interspike
interval histogram with the action potentials involved in bursts shown in gray. The
single action potentials are shown in black, along with representative traces of a
single action potential and a burst of action potentials.

While a number of different currents were recorded under current clamp
conditions, the main focus of our research, examined slow inward currents and
their role in neuronal excitability during osmotic edema and swelling. Slow inward
currents (SICs) have been observed spontaneously during normal physiological
conditions, but are somewhat rare (Fellin et al., 2004). However, SICs are more
often studied under the context of disease, such as cerebral edema, seizures
and epilepsy and may play an important role in the generation of epileptiform
activity (Noebels et al., 2012). SICs were identified and distinguished from AMPA
currents and mEPSCs based on their slow kinetics. The hallmarks of SICs
include; 1) resistance to TTX, 2) synchrony over short distances, at least 100 um
and 3) sensitive to blockade of NMDARs (Wetherington et al., 2008). | used

criteria reported by (Angulo et al., 2004; Fellin et al., 2004, 2006a) to identify
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currents as SICs. Specifically, these events had to have rise times slower than

10 ms and amplitudes = 20 pA.

2.4 Analysis and Statistics

The analysis and basic protocol for all experiments was as follows: 1)
Recordings were alternated between control and experimental conditions; 2)
Each slice was only used once, and no more than 3 cells or 3 mice from the
same litter were used per n for each experiment in order to avoid potential
confounds of initial precipitating swelling effects on neurons and astrocytes, or
litter specific abnormalities; 3) any recording in which access resistance changed
by more than 20% was discarded.

The data analysis software Clampfit 10.4 (Molecular Devices, Sunnyvale,
CA) was used to analyze the amplitude, frequency, and kinetics of the neuronal
potentials and currents. Statistical analysis of the events was performed using
the statistical program IBM SPSS Statistics 22. Unless otherwise stated,
experiments involving one experimental group were analyzed using a repeated
measures ANOVA to determine significance, followed by planned post hoc tests
using the Student’s t-test p-values and the Holm-Bonferroni correction or Tukey's
HSD for multiple comparisons. For cross-comparisons between two experimental
conditions, a split plot repeated measures ANOVA was used along with planned
post hoc analysis tests using the Student's t-test. In instances where the

assumptions of sphericity were violated during the repeated measures ANOVA
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(via Mauchly's test) analysis was completed using the Greenhouse Geyser
correction. Occasionally Friedman's test was used when the assumption of
normality was violated, but only in the instance where one group was being
tested. Statistical significance for the p-values is as follows (* = p <.05), (**=p <
.01), and (*** = p < .001) with n = 8 to 11 cells in all experiments, always with

equal number of cells per group, unless specified otherwise.
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Figure 2.1
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Figure 2.1: Diagram of hippocampus with patched neuron along with
representative recordings of current profiles from an astrocyte and a
neuron. Schematic of a parasagittal hippocampal slice showing the location of
the neurons in the CA1 area being patch and the nearby s.r. area where
astrocytes were recorded (A). Patch pipette attached to a pyramidal neuron in
the CA1 area of the hippocampus from a brain slice (B). Representative
recording from a passive astrocyte in the s.r. showing its current profile (C).
Recording displaying the current profile from a CA1 pyramidal neuron (D).
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Figure 2.2
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Figure 2.2: Single and bursts of action potentials classification. Interspike
interval histogram of all the cells for an experimental group. ISls for both single
action potentials (black) and bursts of action potentials (gray) are shown. Insert:
ISIs up to 300 ms (A). Representative burst of action potentials and single action
potential from a CA1 pyramidal neuron in the hippocampus showing the
characteristic prolonged depolarization of the burst (B).
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Chapter 3

Osmotic edema rapidly evokes excitatory slow inward currents in neurons.

Abstract

Cerebral edema affects millions of people worldwide and is associated
with a plethora of diseases, disorders, and conditions such as traumatic brain
injury, stroke, cardiac arrest, autism and epilepsy. Edema is characterized by
swelling of the brain tissue, increased intracranial pressure, reduced cerebral
blood flow and can result in seizures, cerebral herniation and death. Treatments
for these conditions are often limited or ineffective, substantiating the need to
further understand the cellular contributions and mechanisms involved during
different types of edema (Zador et al., 2009; Stokum et al., 2014; Murtha et al.,
2015; Yao et al., 2015). It has been known for some time that cell swelling and
reduction of the extracellular space can lead to increases in neuronal excitability
and even to seizures in vitro and in vivo (Traynelis and Dingledine, 1989; Binder
et al., 2004). However, the identity of the cell types undergoing volume increases
and the mechanisms leading to increased neuronal excitability remain unclear.
Using electrophysiological whole-cell patch clamp techniques, neuronal currents
were recorded in CA1 pyramidal neurons during application of hypoosmolar
ACSF (hACSF) in acutely isolated hippocampal slices from mice. Hypoosmolar

ACSF evoked NMDA receptor-driven slow inward currents (SICs) in neurons,

78



which initiated after about 1 minute of hACSF application. Neuronal excitability
increased as osmolarity decreased in a dose-dependent manner. Even 5%
reductions in osmolarity were sufficient to significantly increase neuronal
excitability. SICs were re-evokable with successive hACSF applications.
Excitability in CA1 neurons remained elevated during hypoosmolar insult even
when AMAP receptors were blocked by NBQX, an AMPAR antagonist. Neuronal
excitability was also increased during application of hACSF while blocking both
APs and AMPA receptors. Blocking neuronal receptors with the AP5, and NMDA
receptor antagonist significantly reduced neuronal excitability during hACSF
application. Taken together, these results indicate that both mild and moderate
osmotic insults are capable of increasing neuronal excitability, within minutes,
through a combination of synaptic and non-synaptic activation of glutamate

receptors.

Introduction

Osmotic edema, is a type of cellular edema which results from the dilution
of the ions within the body, and subsequently changes the delicate homeostasis
of the body and the brain. In addition, osmotic edema possesses elements of
both vasogenic edema, via entry of water into the brain, and cytotoxic edema, via
intracellular swelling of cells (Risher et al., 2009; Ho et al., 2012; Kozler et al.,
2013) making it an ideal model to examine cerebral edema. Depending on the

type and severity, edemas are capable of disrupting the homeostatic levels within
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the brain, swelling brain tissue, increasing intracranial pressure, reducing
cerebral blood flow, inducing hyperexcitability, seizures and can even result in
cerebral herniation and death (Fishman, 1975; Tasleem and Chowdhary, 2003;
Unterberg et al., 2004; Ho et al., 2012). However, the molecular mechanisms by
which the brain swells and neuronal excitability increases may be different
depending on the specific type of edema and are not fully understood (Manley et
al., 2000; Stokum et al., 2014; Han et al., 2015; Rungta et al., 2015; Yao et al.,

2015) substantiating the necessity for further research in this area.

One hallmark of many different types of cerebral edema including water
intoxication is an increase in brain activity following the initial swelling of the brain
tissue (Traynelis and Dingledine, 1989; Binder et al., 2004). This increase in
neuronal excitability can then lead to synchronization of neuronal networks and
seizures within the brain (Saly and Andrew, 1993; Mccormick and Contreras,
2001). Neurons within a local network have been shown to be synchronized by
slow inward currents (SICs), also sometimes referred to as slowly decaying
transient inward currents, or STCs (Kang et al., 2005) within the hippocampus,
and are thought to be produced by astrocytic glutamate binding to neuronal
NMDA receptors (Angulo et al., 2004; Fellin et al., 2004; Kang et al., 2005). SICs
have been implicated in the hypersynchronous discharge characterizing the ictal
portion of an epileptic seizure and are seen across several seizure and epilepsy

models (Fellin et al., 2004, 2006; Kang et al., 2005; Tian et al., 2005; Gémez-
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Gonzalo et al., 2010). However the mechanisms by which SICs are produced,
modulated, and synchronize neuronal activity during cellular edema leading to
hyperexcitability and seizures is limited. In this chapter we examine the changes
in SICs contributing to neuronal excitability during the beginning stages of cellular
swelling produced by osmotic insult in the CA1 area of acute hippocampal slices

from mice.

Results

AMPA receptors contribute to neuronal excitability during hypoosmolar
stress.

Since a reduction in the extracellular space has been shown to precede
epileptic activity, it was first decided to measure neuronal activity under basal
hypoosmolar conditions in order to get an idea of overall neuronal excitability
during hypoosmolar stress. Experiments were performed as outlined in chapter
2. After establishing a 10-minute baseline in normosmolar ACSF, a mild 17%
hACSF was applied three times, in succession, alternating with equal-length
wash periods in nACSF (Figure 3.1 A, 17% hACSF, top recording). To determine
the relative contribution of AMPA receptors to neuronal activity during a mild
osmotic stress, the 17% hACSF experiment was repeated with the inclusion of
10 uM NBQX, an AMPA receptor antagonist, in both the hACSF and nACSF

(Figure 3.1 A, 17% +NBQX, middle recoding), and then compared to the 17%
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hACSF experiment. Additionally, we wanted to examine the relative contribution
of neuronal firing of action potentials to neuronal activity during osmotic stress.
To this end, the 17% hACSF experiment was repeated a third time with the
inclusion of 1 uyM tetrodotoxin, (TTX) a voltage-gated sodium channel blocker
along with NBQX in the nACSF and hACSF (Figure 3.1 A, 17% +TTX, bottom
recording) then compared to the 17% hACSF plus NBQX experiment. Slow
inward currents (SICs) were measured and analyzed for all of the experiments.
The frequency of SICs significantly decreased due to blockade of AMPA
receptors in the baseline and all three hypoosmolar applications (Table 3.1 and
Figure 3.1 B). However, blockade of action potentials by TTX did not affect the
frequency of SICs, suggesting that the majority of the activity was due to action
potential independent sources. Kinetics of SICs are typically analyzed by
researchers, and are useful for classifying these currents as SICs (Angulo et al.,
2004; Fellin et al., 2004).The absolute amplitude of the SICs was also similar for
all three groups, indicating a similar degree of activation (Table 3.1 and Figure
3.1 C). The time to evoke SICs, occurred within approximately 1 to 2 minutes
after application of hACSF in all of the conditions (Figure 3.1 D). Surprisingly,
SIC rise time was similar across all experimental groups even though AMPA
currents, which are faster than NMDA currents, are contributing to the SICs in the
17% hACSF experiment (Table 3.1 and Figure 3.1 E). Decay Tau of SICs was
significantly longer while blocking AMPA receptors during the 2nd and 3rd

application possibly indicating some sort of modulation of AMPA or NMDA
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receptors during osmotic stress or NMDARSs playing a larger role during the 1st
17% hACSF condition (Table 3.1 and Figure 3.1 F).

After analyzing SICs between experimental groups, they were also
compared within each experiment, comparing baseline activity to the three
repeated hACSF applications. The frequency of SICs in the 17% hACSF
experiment significantly increased during the 1st, 2nd, and 3rd mild osmotic insult
compared to the baseline activity (Table 3.1 and Figure 3.1 B). Furthermore,
frequency increased in the 2nd and 3rd hACSF applications compared to the 1st
application, and increased in the 3rd application compared to the 2nd application
(Figure 3.1 B). This data indicates that mild osmotic insult is capable of
increasing neuronal excitability whenever it is applied. In addition, neuronal
excitability is actually increasing over time with each consecutive hACSF
application, implying an inherent increase in tissue excitability. Mild osmotic insult
in the presence of NBQX increased the SIC frequency independent of AMPA
receptor activation during all three hACSF applications, although the level of
significance in the 2nd application period was slightly lower than the other two
(Figure 3.1 B). Additionally, SIC frequency in the 3rd application increased
compared to the 1st application, possibly indicating an overall increase in tissue
excitability over time due to mild osmotic insult (Figure 3.1 B). SICs frequency
remained elevated while blocking AMPA receptors, and inhibiting action
potentials during all three hACSF applications. The 3rd application was

significantly larger than the 2nd application, similar to the other experiments
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(Figure 3.1 B). The data suggests that glutamate released during neuronal firing
of action potentials, has little to no effect on the overall frequency of SICs during
mild osmotic stress. A general trend was observed for SIC amplitude, repeated
applications of mild osmotic stress decreased amplitude for all three
experimental groups (Table 3.1). For the 17% hACSF group, SIC amplitude
decreased in both the 2nd and 3rd hACSF application compared to the 1st; the
3rd application was also significantly smaller compared to the 2nd application
(Figure 3.1 C). While blocking of AMPA receptors, amplitude in the 3rd
application decreased compared to the 1st and 2nd hACSF applications,
indicating an AMPA-independent decrease in amplitude during mild osmotic
stress (Figure 3.1 C). Amplitude also significantly decreased in the 3rd
application compared to the 1st application when blocking AMPARs and
neuronal action potentials, lending support to the idea that glutamate released
during neuronal firing of action potentials, under mild osmotic stress may have a
limited role in SICs (Figure 3.1 C). Within the 17% hACSF experiment rise time
became significantly faster for SICs in the 2nd and 3rd hACSF application
compared to the 1st application (Table 3.1 and Figure 3.1 E). However, while
blocking AMPARSs only the 3rd osmotic stress was significantly faster than the 1st
osmotic stress (Figure 3.1 E) . This data suggests that the observable decrease
in rise time could potentially be due to some sort modulation of both AMPARs
and NMDARs during osmotic stress. Rise time followed a similar trend as the

other experiments while blocking neuronal firing SIC rise time was significantly
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faster in the 2nd and 3rd applications from the 1st application (Figure 3.1 E).
Decay tau decreased from the 1st application to the 2nd and 3rd in the 17%
hACSF experiment (Figure 3.1 F). While blocking neuronal firing of action
potentials decay tau also significantly decreased in the 2nd and 3rd hACSF
applications compared to the 1st application. Overall this data suggests that
tissue excitability is changing over time during mild osmotic stress. Both AMPA
receptors and NMDA receptors appear to be playing a role in neuronal
excitability during mild osmotic stress and potentially may be modulated in some

way during this time.

Mild and moderate osmotic stress increases neuronal slow inward currents
in neurons above normosmolar controls.

Magnesium was omitted from both normosmolar and hACSF solutions, in
the majority of our experiments, in order to remove the magnesium block from
NMDA receptors and record SICs. However, in some preparations, low-Mg** or
Mg**-free solutions alone increase neuronal excitability to the point of seizure
activity, and have been frequently used to record excitotoxicity, seizures, and
epilepsy (Walther et al., 1986; Jones and Heinemann, 1988). Since our
normosmolar ACSF (nACSF) is Mg*-free, some of the short-term, and
potentially long-term changes in neuronal excitability during repeated
applications of hACSF could be related to the lack of Mg?* alone. To ensure that

the changes in neuronal excitability were due to osmotic stress and not simply an
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effect of long-term exposure to the Mg?*-free ACSF was an important
consideration. In a control experiment, SICs were recorded from CA1 neurons
during long-term continuous application of NACSF (Figure 3.2 A, top trace) then
compared to mild, (17% hACSF, Figure 3.2 A, middle trace) and moderate, (40%
hACSF, Figure 3.2 A, bottom trace) osmotic stress. Both the normosmolar and
hypoosmolar ACSFs contained 1 uM TTX to block neuronal action potentials and
10 yM NBQX to block AMPA receptors in order to match conditions used
previously in recordings of SICs in neurons (Fellin et al.,, 2006; Fiacco et al.,
2007). SICs evoked during each period of hACSF were compared to those at
equal time points in our control experiment. The nACSF condition alone exhibited
the same general trend described by previous researchers of a gradual increase
in synaptic noise, baseline current and frequency of NMDA mEPSCs (Tian et al.,
2005; Fiacco et al., 2007; Le Meur et al., 2007; Jensen et al., 2015). At nACSF
time points 2 and 3 (corresponding to the 2nd and 3rd hACSF applications in
experimental conditions), SIC frequency significantly increased compared to the
baseline (2nd: p < 0.01 and 3rd: p < 0.01) as well as the 1st time point (2nd: p <
0.05 and 3rd: p < 0.01, data not shown) (Table 3.2). SIC frequency was
significantly increased during both mild and moderate osmotic insults at all
hACSF application time points as compared to the equivalent time points in
nACSF controls, with the exception of the 2nd application of 17% hACSF (Table
3.2 and Figure 3.2 B). Thus, the overall increase in SICs during hACSF

application is not accounted for by the removal of Mg®" alone. Rather, osmotic
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stress significantly increases excitability in CA1 pyramidal neurons through the

generation of SICs.

Absolute amplitudes of the SICs evoked in 17% and 40% hACSF ranged
from 20.06 to 609.74 pA and 20.03 to 901.79 pA, respectively. On average,
these amplitudes were larger than those occurring spontaneously in the nACSF
control during the 1st and 2nd application time periods (Table 3.2 and Figure 3.2
C). Amplitudes of SICs evoked in hACSF were not significantly different from
control amplitudes by the 3rd application (Figure 3.2 C). The large amplitudes of
many SICs, in some cases several hundred pA, are likely sufficient to drive
neurons above threshold for firing action potentials, a hypothesis tested in
subsequent experiments (chapter 4). Analysis of rise times indicated that SICs
occurring in either the 17% or 40% hACSF were significantly slower than SICs
observed in the nACSF controls (Figure 3.2 D). The decay taus of SICs were
significantly longer on average compared to control for both hACSF doses at all
application time points, with the exception of the 2nd application time point for
17% hACSF (Figure 3.2 E). Interestingly, the 2nd application time point for 17%
hACSF was also the only time point in which we observed no increase in SIC
frequency over baseline (Figure 3.2 B). Analysis of the kinetics over time
suggests that the SICs evoked in mild and moderate hypoosmolar conditions are
a heterogeneous population, with different types becoming more prominent over

the repeated applications of hACSF.
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It should be noted that in addition to the above between-group
comparisons of hACSF with control, SICs were also analyzed within-group for
each of the three individual conditions to examine if there were any changes
across the repeated application periods compared to the baseline period in
normosmolar ACSF. For both 17% and 40% hACSF, frequency of SICs
increased significantly in all application periods, although the level of significance
in the 2nd application period was slightly lower than the significance level for the
1st and 3rd application periods compared to baseline. Frequency for the
normosmolar ACSF condition was significantly increased in the 2nd and 3rd
application time point compared to the baseline and 1st time point, as previously
stated. Thus the Mg®*-Free solution alone is increasing neuronal excitability over
time and by ~ 20 minutes neuronal excitability has significantly increased over
the normal neuronal excitability, which is consistent with what other researcher
have found in magnesium-free solutions (Walther et al., 1986; Jones and
Heinemann, 1988; Tian et al., 2005). However, the removal of Mg2+ alone does
not account for the overall increase in SICs during hACSF application. Amplitude
decreased from the 1st application to the 3rd application for both the 17% and
40% hACSF groups. For the 40% hACSF only, amplitude also decreased from
the 2nd to the 3rd period. Rise time and decay tau also decreased significantly
from the 1st application to the 2nd and 3rd application but only the 17% hACSF
experiment. No other changes were observed in the SIC kinetics for the 17% or

40% hACSF experiments.
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Hypoosmolar ACSF increases neuronal SICs in a dose-dependent manner

Next, we wanted to determine if there is a threshold of hACSF to evoke
SICs (i.e. if they are “all-or-none”), and to see if there is a dose-response
relationship between reductions in solution osmolarity and SICs. To this end, we
recorded whole-cell neuronal currents in normosmolar ACSF for a 10-minute
baseline, followed by a 5-minute application of 5%, 10%, 17% or 40% hACSF,
before returning again to normosmolar ACSF. SICs were analyzed over the 5-
minute evoke period (Figure 3.3 A, grey box) and compared to baseline and
across osmolarity conditions. We observed SICs in all the conditions, including
(rarely) during the normosmolar ACSF baseline condition (Figure 3.3 B). SIC
frequency significantly increased in all the hACSF concentrations even in 5%
hACSF compared to baseline (Figure 3.3 C). SIC frequency increased
significantly as osmolarity decreased, indicating a clear dose effect of hACSF on
neuronal excitability (Figure 3.3 C, D). The resulting linear regression had an R®
= 0.6136 and can be described as follows y = 0.0948x + 0.4472, where, y is the
frequency of SICs per minute and x is the percent decrease in osmolarity. These
data suggest that even the smallest reductions in osmolarity are sufficient to
increase neuronal excitatory currents independently of neuronal firing, and that
this activity increase is strongly dose-dependent. Although rare, the presence of
SICs during the baseline period prior to application of hAACSF suggests that SICs

are a graded phenomenon with no threshold for their initiation.
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Neuronal SICs increase in frequency at physiological temperature during
osmotic stress.

Temperature plays an important role in cell excitability and metabolism.
The extracellular ionic environment has been shown to be modulated by changes
in temperature, thus affecting synaptic transmission (Igelmund and Heinemann,
1995). As temperature decreases, cellular metabolism slows down, and neurons
become less excitable and completely inhibited at very low temperatures
(Heldmaier and Ruf, 1992; Igelmund, 1995; Igelmund and Heinemann, 1995;
Carey et al., 2003). In addition, cellular swelling may be effected by temperature
as previous studies have determined that as brain temperature increases,
intracranial pressure increases and vise versa (Rossi et al., 2001). The previous
experiments it this chapter were all conducted at room temperature and although
SICs frequency increased during osmotic stress it could potentially be an
underestimation of actual neuronal excitability under physiological conditions.
To investigate the temperature sensitivity of neuronal excitability under mild
hypoosmolar stress SICs from CA1 pyramidal neurons were recorded during a
17% hACSF plus TTX and NBQX osmotic stress at room temperature (22.74 +
0.23 °C) and physiological temperature ~ 37 °C for C57BL/6J mice (36.95 + 0.07
°C) (Talan, 1984). Frequency of SICs/minute was significantly increased at
physiological temperature compared to room temperature during all three hACSF
applications (Table 3.3 and Figure 3.4 A). SIC frequency within each experiment

also significantly increased from baseline conditions to the three hACSF
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applications for neurons at room temperature and physiological. Absolute
amplitude was similar for both room temperature and physiological temperature.
However, within group analysis revealed that amplitude decreased in the 3rd
hACSF application compared to the 1st application for the cells at room
temperature while amplitude for both the 2nd and 3rd hACSF applications were
reduced compared to the 1st application under physiological temperatures (Table
3.3 and Figure 3.4 B). The reduction in amplitude during the repeated osmotic
insults could indicate some temperature dependent modulatory mechanism to
reduce overall neuronal excitability during osmotic insult. Rise time of SICs was
significantly faster at physiological temperature than room temperature during all
three hACSF applications (Table 3.3 and Figure 3.4 C). Furthermore for room
temperature rise time became faster in the 2nd and 3rd hACSF applications
compared to the 1st application. Interestingly, rise time for SICs at physiological
temperature was slightly different, while still becoming faster in the 2nd and 3rd
hACSF applications compared to the 1st application, it appears to have
rebounded in the 3rd application unlike SIC rise time in 3rd application from the
room temperature neurons which became faster (Figure 3.4 C). Decay tau of
neuronal SICs was significantly longer in the room temperature neurons
compared to the neurons at physiological temperature but only for the 1st hACSF
application (Table 3.3 and Figure 3.4 D). For SICs recorded from neurons at
physiological temperature, no significant change was observed in the decay tau

over the three hACSF applications however, decay tau of SICs within the room
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temperature cells were faster in the 2nd and 3rd application compared to the 1st
application of hACSF (Figure 3.4 D). The results from these experiments suggest
that SIC activity at room temperature is an underestimation of the actual SIC

activity that would be observed in more physiological conditions.

Neuronal slow inward currents in hACSF are NMDA receptor-dependent
and partially non-synaptic

Swelling of brain tissue and subsequent reduction of the extracellular
space can increase the ambient glutamate concentration, increasing the
likelihood that this non-synaptic glutamate would bind to extrasynaptic receptors.
Previous work has shown that SICs evoked by various stimuli may be driven by
non-synaptic sources of glutamate (Angulo et al., 2004; Fellin et al., 2004; Kozlov
et al., 2006; Fiacco et al., 2007). Along these lines we chose to examine how
non-synaptic sources of glutamate influenced excitability in hACSF conditions.
Synaptic transmission in the slices was abolished by first incubating slices for 2
hours in bafilomycin A1 (4 uM), an inhibitor of the vacuolar H*-ATPase
responsible for loading synaptic vesicles, prior to recording activity in hACSF; 1
MM bafilomycin A1 (baf) was included in the ACSF during neuronal recordings.
Despite the lack of vesicular neurotransmitter release, excitability was still
elevated by 17% hACSF +TTX +NBQX +baf (Figure 3.5 A, top trace).
Recordings in voltage clamp revealed that the most potent effect of bafilomycin

was on SIC frequency in hACSF which was reduced by 40% in the 1st
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application, 73% in the 2nd, and 67% in the 3rd hACSF application (Table 3.4
and Figure 3.5 B). In all cases, addition of the NMDA antagonist AP5 (50 uM)
virtually eliminated the activity still present in bafilomycin during all hACSF
applications, providing further evidence that NMDA receptor activation is
necessary for the observed hACSF-induced changes in excitability (Figure 3.5
B). The effect of bafilomycin on SIC frequency suggests that vesicular glutamate

release may increase SIC frequency and/or severity.

Hypoosmolar challenge evokes large excitatory slow inward currents in
neurons that correlate with real-time volume changes in astrocytes

In a subset of experiments, we examined the immediate timecourse of
effects before, during, and after osmotic edema on spontaneous neuronal
excitability and real-time astrocyte volume changes in the hippocampus. We
hypothesized that during osmotic edema SICs would increase in frequency as
astrocyte volume expanded. After osmotic edema, during the "wash," astrocyte
volume would decrease and neuronal SICs would be reduced or inhibited. SICs
were recorded during mild or moderate stress. Following the hACSF application,
the solution was switched back to nACSF for a 5-minute “wash” period. All
solutions also contained 1 uM TTX and 10 uM NBQX. Application of 17% or 40%
hACSF produced a positive shift in holding current (27.92 + 3.92 pA in 17%;
42.17 £ 2.34 pA in 40%) and evoked large excitatory SICs within one minute of

hACSF application (Figure 3.6 A). Occurrence of SICs over the baseline period
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was either nonexistent or extremely infrequent (5/10 cells in 17% hACSF, 7/10
cells in 40% hACSF) (Figure 3.6 B). Frequency of SICs peaked approximately 2
minutes into hACSF treatment regardless of dose, and correspondingly
diminished to baseline approximately 2-3 minutes into the wash period (Figure
3.6 B & C). Frequency of SICs evoked in 40% hACSF remained marginally but
significantly elevated during the wash period. On average, SICs evoked in
hACSF had large amplitudes, which declined significantly over the wash period
(Table 3.5 and Figure 3.6 D & E). Kinetics of SICs evoked in hACSF were
significantly slower than SICs occurring over the wash periods (Table 3.3 and
Figure 3.6 F & G). Rise times of SICs in the moderate osmotic insult were
significantly faster compared to mild osmotic stress, but were slower during the
wash period. These findings suggest that slow inward currents are one of the first
events occurring during acute osmotic edema to increase neuronal excitability.
The slow kinetics of SICs observed in hACSF support the notion that
hACSF slowed glutamate diffusion through a compressed extracellular space. If
this is the case, we would expect to observe significant cellular edema within 2
minutes of hACSF application (when SIC frequency peaks). Astrocytes in
particular are capable of swelling during long periods of reduced osmolarity and
have been reported to swell selectively in such conditions (Andrew et al., 2007;
Risher et al., 2009). Examination of astrocyte volume in our conditions (by
another graduate student in the lab, Tom Murphy) revealed that hAACSF induced

rapid swelling of astrocytes within the first minute of hACSF application (Figure
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3.6 H & I). Astrocyte volume increased most rapidly over the first 1-2 minutes
after exposure to hACSF. This time course closely mirrored the frequency and
amplitude distributions of SICs (Figure 3.6 C & E), suggesting that astrocyte
swelling may be important for reduction of the ECS and generation of SICs in the

early stages of osmotic edema.

Discussion

Cellular swelling underlies one of two forms of cerebral edema, which is
defined by excess accumulation of fluid in brain tissue. Common to virtually all
neurological disorders and disease is toxicity and cell death brought on by
increased and unchecked neuronal excitability. Studies suggest that osmotic
edema contributes significantly to excitability of neurons in pathological
conditions; so much so that cell swelling precedes the onset of seizures
(Traynelis and Dingledine, 1988; Andrew et al., 1989; Rosen and Andrew, 1990;
Binder et al., 2004). Despite the importance of cellular edema to brain pathology,
the specific effects of acute cell swelling on neuronal excitability have not been
clearly delineated. Here we demonstrate that one of the first effects of acute
osmotic stress in hippocampal CA1 neurons are NMDA receptor dependent slow
inward currents. Even small changes in osmolarity are sufficient to significantly
elevate excitability of CA1 pyramidal neurons. Osmotic insult and is slow inward
currents within approximately one minute in hACSF solution. Furthermore, SICs

are elicited by both mild and moderate osmotic stress along the same timescale
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as astrocytic swelling. SICs are NMDA-dependent, however, mild osmotic stress
and action potentials evoked in neurons do not require activation of AMPA
receptors, and may be largely nonsynaptic in origin. However, the frequency of
SICs significantly decreased due to blockade of AMPA receptors in the baseline
and all three repeated hypoosmolar applications. This indicates that AMPA
receptors were also activate during mild osmotic stress, as other researchers
have observed in different models of edema (Traynelis and Dingledine, 1988;
Tian et al., 2005; Risher et al., 2009; Zhou et al., 2010), Physiological
temperature, not surprisingly, increased SIC frequency compared to room
temperature during all three hACSF applications. All studies of SICs, regardless
of proposed mechanism, have found that they are mediated by NMDA receptors.
In the present study, we also observed that NMDA receptors are responsible for
SICs as they are, blocked by both DL-AP5.

Neuronal slow inward currents are a particularly interesting case of
excitability to study in osmotic challenge because they are NMDA-dependent,
TTX-independent, and have been suggested to originate from astrocytic
glutamate release (Angulo et al., 2004; Fellin et al., 2004; Kozlov et al., 2006). It
has been debated whether such currents represent normal or pathological
activity (Angulo et al., 2004; Tian et al., 2005; Wetherington et al., 2008). In
support of the latter interpretation, we found an approximately linear relationship
between reductions in osmolarity and SIC frequency; even 5% hypoosmotic

stress was sufficient to generate a significant increase in SICs. Rise time and

96



decay tau of SICs were both significantly longer during application of 17% or
40% hACSF compared to baseline. Interestingly, the kinetics of SICs evoked by
repeated hACSF applications were not static. Rather, they tended to become
shorter in subsequent hACSF applications. Amplitude of SICs also increased
substantially in the 1st evoke with hACSF, but declined to baseline levels by the

3" application; however, SIC frequency remained elevated.

Overall, the changes in SICs during cell swelling demonstrate that osmotic
edema is a dynamic process, with several possible avenues to explore in regard
to underlying mechanisms. Our findings suggest that increases in neuronal
excitability may have two distinct components: an "acute" phase, and a "chronic"
phase. The "acute" phase occurs during the first application of hACSF and is
dominated by large, frequent currents with slow rise times and decay taus. These
events may be induced by GIuN2D subunit-containing NMDA receptors in
juvenile mice. The "chronic" phase, occurring during 2nd and 3rd period of cell
swelling, is characterized by a more moderate increase in SIC frequency and
slightly faster rise times which may represent activity through GIuN2A subunit
NMDA receptors. Such changes could occur through changes in NMDA receptor
channel opening probability, receptor subunit composition or internalization of
receptors (Meldrum et al., 1999; Pawlak et al., 2005; Auzmendi et al., 2008).
These phases could also reflect changes in extracellular glutamate

concentration. Neuronal and astrocytic glutamate sources may become depleted
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during the acute phase with insufficient time between subsequent hACSF

applications for these stores to replenish.

As observed in other studies, hACSF induced a rapid and significant
increase in astrocyte volume. However, the degree of swelling we observed was
smaller compared to earlier studies. Risher et al (2009) observed an astrocyte
volume increase of approximately 12.8% after 5 minutes of -40 mOsm ACSF
(approximately 14% hypoosmolar from baseline). In contrast, we observed a
similar degree of astrocyte swelling only in 40% hypoosmolar ACSF. Seventeen
percent hAACSF produced only a 5% increase in astrocyte volume in the present
study, less than half what was reported by Risher et al, despite being a more mild
osmotic stress. Minor differences in methodology could partially account for
these discrepancies. For example, Risher and colleagues worked at
physiological temperature and used a more rapid solution exchange rate, which
would likely speed up the volume response of astrocytes. By contrast, Hirrlinger
et al ( 2008), who used an exchange rate and temperature similar to ours,
observed little or no volume increase within the first 5-7 minutes of a 35%
hypoosmotic challenge. Differences in analytical methods also cannot be ruled
out. We have observed that the measurements of cell soma size are extremely
sensitive to the type of automated thresholding method applied. We chose the
method used in the current study because it provided the most accurate and

consistent representation of volume changes in the cell soma. Certain other
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thresholding methods (for example, "default") often produce measurements more
in line with Risher and colleagues. Finally, inclusion of TTX in our conditions may
have inhibited astrocyte swelling. By blocking neuronal firing we also inhibited the
majority of neurotransmitter release, to which astrocytes are normally responsive
owing to their complement of metabotropic receptor types (Porter and McCarthy,
1996; Shelton and McCarthy, 1999). The Gq family of metabotropic receptors is
reported to target a phosphorylation site on AQP4 and increase astrocyte water

permeability accordingly (Gunnarson et al., 2008, 2009).

Overall, these findings carry important implications for understanding the
early events triggering excitotoxicity in the diseased or damage brain. Future
studies will focus on understanding the specific contributions of astrocytes vs.

neurons to acute excitability increases triggered by cellular edema.
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Figure 3.1
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Figure 3.1 AMPA receptors contribute to neuronal excitability during
hypoosmolar stress. Asterisks directly above columns indicate significance to
the baseline (BL) while the triangles indicate significance to the 1st application,
the theta symbol represents significance to the 2nd application, and asterisks
above the bars comparing groups indicate a difference between groups.
Recordings from CA1 pyramidal neurons in the hippocampus during repeated
hypoosmolar application; 17% hACSF (top), 17% hACSF with NBQX (10 pM)
(middle), and 17% hACSF with TTX (1 uM) and NBQX (bottom) (A). Application
of hACSF increased the frequency of SICs in all of the conditions compared to
baseline. In addition, blockade of AMPA receptors with NBQX significantly
decreased neuronal excitability due to hypoosmolar stress in the baseline, 1st,
2nd, and 3rd 17% hACSF application compared to 17% hACSF alone (B).
Amplitude of SIC like currents decreased from the 1st application of 17% hACSF
to the 3rd application in all conditions, while the 2nd application in the 17%
hACSF condition alone was reduced compared to the 1st application.
Furthermore, amplitude decreased in the 3rd application of both the 17% hACSF,
and 17% hACSF plus NBQX compared to the 2nd application of hACSF (C). The
time to evoke SIC like currents was similar in all of the hACSF conditions (D).
Rise time of SIC like currents was faster in the 2nd application compared to the
1st application for both the 17% hACSF and 17% hACSF with TTX and NBQX
condition compared to the 1st application. However rise time was significantly
faster for all the hACSF conditions in the 3rd application of hACSF compared to
the 1st application (E). Decay Tau was significantly faster in the 2nd application
and 3rd application of hACSF compared to the 1st application for both the 17%
hACSF, and 17% hACSF with TTX and NBQX condition. In addition, decay tau of
SICs was significantly slower in the 17% hACSF plus NBQX condition compared
to the 17% hACSF condition in both the 2nd and 3rd application of hACSF (F).
Statistical significance for all figures (*p < 0.05), and (**p < 0.01), and (***p <
.001) same for triangles and theta; n = 9 to 10 cells per group.
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Table 3.1

Frequency (SICs/min)
Group Baseline 1st App 2nd App 3rd App
17% hACSF 1.75 + 0.53 448 +0.74 7.20+1.08 11.06 + 1.88
17% +NBQX 0.15+0.07 2.32+0.38 2.30+0.85 3.47 £ 0.54
17% +NBQX +TTX 0.29+0.14 225+0.26 1.55+0.36 2.52 +0.53
Amplitude (pA)
Group Baseline 1st App 2nd App 3rd App
17% hACSF 35.84 +7.02 39.49 +2.47 324+1.2 28.63+0.96
17% +NBQX 29.01+6.99 63.42 + 13.89 45.24 + 5.93 27.77+0.43
17% +NBQX +TTX 36.16 + 12.1 62.86 + 7.37 45.51 +7.82 32.49 + 2.59
Time to Evoke (sec)
Group Baseline 1stApp 2nd App 3rd App
17% hACSF 55.04 + 6.68 42.95 + 3.85 38.13+2.45
17% +NBQX 721+8.8 75.86 + 16.94 45.76 + 6.09
17% +NBQX +TTX 60.63 +5.74 104.52 + 19.29 70.58 + 14.87
Rise Time (ms)
Group Baseline 1stApp 2nd App 3rd App
17% hACSF 14.31 +3.12 46.35 + 6.65 23.65+1.36 21.83+0.66
17% +NBQX 4.46+2.4 4767 +5.72 37.37+8.39 27.48 +2.38
17% +NBQX +TTX 20.85 + 10.92 69.46 + 4.35 43.31+10.22 38.69 +6.10
Decay Tau (ms)
Group Baseline 1st App 2nd App 3rd App
17% hACSF 44.13 + 16.28 358.21 + 37.52 122.2 + 35.04 83.56 + 8.61
17% +NBQX 11.47 + 8.62 295.62 + 79.03 273.23 +64.76 150.81 + 23.34
17% +NBQX +TTX 242.77 £ 156.08 398.99 + 62.78 193.66 + 51.46 172.86 + 36.84

Table 3.1: Frequency and kinetics of SICs, contributions of mild osmotic
stress, AMPA receptors, and neuronal firing of action potentials. Numbers
indicate mean plus SE for SIC frequency, amplitude, time to evoke, rise time and
decay tau during baseline activity and three repeated applications of hACSF for
three experimental conditions including; 17% hACSF, 17% hACSF +NBQX, and
17% hACSF +NBQX +TTX.
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Figure 3.2
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Figure 3.2: Large neuronal SICs are evoked in hypoosmolar conditions.
Whole-cell voltage clamp recordings of neuronal excitatory currents in TTX (1
pM) and NBQX (10 pM) in normosmolar ACSF throughout (A, top); plus the
effect of 17% hACSF (A, middle) or 40% hACSF (A, bottom). Frequency of SICs
increased during the 1st and 3rd application of 17% hACSF compared to
normosmolar ACSF, while in 40% hACSF, SICs increased during the 1st, 2nd
and 3rd applications compared to the same time period in normosmolar ACSF
(B). Amplitude of SICs was significantly larger in the 1st and 2nd applications of
17% and 40% hACSF compared to normosmolar ACSF (C). Rise time of SICs
was slower in both hACSF conditions compared to normosmolar ACSF during all
three time periods (D). Decay tau of SICs evoked in 17% and 40% hACSF were
significantly slower across all application time points compared to normosmolar
ACSF, with the exception of the second application of 17% hACSF (E). Note,
only comparisons between groups are displayed. Statistical significance for all
figures (*p < 0.05), (**p < 0.01) (***p < 0.001); n = 4 to 10 cells per group.
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Table 3.2

Frequency (SICs/min)

Group Baseline 1st App 2nd App 3rd App
nACSF 0.11 £ 0.07 0.36 +0.16 1.37+£0.39 1.59+0.29
17% hACSF 0.27+0.16 2.33+0.28 1.66 + 0.38 2.75+053
40% hACSF 0.16 + 0.08 4.13+0.74 259+ 0.51 3.36 +0.89

Amplitude (pA)

Group Baseline 1st App 2nd App 3rd App
hACSF 30.18 £ 3.35 26.08+1.18 28.55+ 1.00
17% hACSF 62.86 + 7.37 4551 +7.82 28.88 £ 0.93
40% hACSF 54731525 40.90 £ 3.70 30.26 £ 1.95

Rise Time (ms)

Group Baseline 1st App 2nd App 3rd App
nACSF 319+ 11.99 21.32+2.05 195+ 1.98
17% hACSF 68.24 + 4.07 41.25+9.37 38.69 +£6.10
40% hACSF 56.94 + 6.48 58.37 £ 9.36 4227 +6.69

Decay Tau (ms)

Group Baseline 1st App 2nd App 3rd App
hACSF 189.18 £ 120.16 | 100.3+41.18 | 52.68 £ 10.55
17% hACSF 701.91 +138.32 | 151.31+52.10 | 128.8 + 30.67
40% hACSF 775.1+2248 | 326.23+£86.34 | 125.99 + 34.31

Table 3.2: Mean and SE for frequency, amplitude, rise time and decay tau of
SICs during a continuous application nACSF, mild, and moderate osmotic

stress.
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Figure 3.3:
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Figure 3.3: Hypoosmolar ACSF increases neuronal SICs in a dose-
dependent manner. Electrophysiological whole-cell recordings of SICs from
neurons over the same time course (10 minutes) in nACSF, as well as 5, 10, 17,
and 40% hACSF (gray box) (5 minutes) followed by the 5 minute wash period in
nACSF (A). Representative trace from the 40% hACSF, demonstrating the
characteristic size and timecourse of SICs evoked during hACSF application (B).
Frequency of SICs per minute was significantly elevated over baseline during a 5
minute application of 5, 10, 17, and 40% hACSF (C). Scatter plot of frequency of
SICs per minute for each cell as osmolarity decreased demonstrates a near
linear dose-response relationship (R2 = .6123) between hypoosmolarity and
neuronal excitability (D). (*p < 0.05; **p < 0.01; and ***p < 0.001); n = 10 cells per

group.
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Figure 3.4
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Figure 3.4: Neuronal excitability at physiological and room temperature
during osmotic stress. Frequency of SICs increases significantly for the 1st,
2nd, and 3rd hACSF applications under physiological condition compared to
room temperature (A). The absolute amplitude of SICs was similar under
physiological and room temperature, however amplitude decreased within both
room temperature and physiological temperature in the 3rd hACSF application
compared to the 1st. In addition, amplitude of SICs also decreased in the 2nd
hACSF application compared to the 1st, but only in the neurons at physiological
temperature (B). The rise time of neuronal SICs, at physiological temperature
was significantly faster than the rise time at room temperature during all three
hACSF applications. Rise time of SICs also became significantly faster in the 2nd
and 3rd hACSF applications compared to the 1st application for both the room
temperature and physiological temperature experiments (C). The neurons
exposed to osmotic stress at physiological temperature had a significantly faster
decay tau for SIC than the neurons at room temperature, but only during the 1st
application of hACSF. Interestingly, decay tau within the room temperature cells
decreased in the 2nd and 3rd application compared to the 1st application of
hACSF, however no significant change was observed in the decay tau for SICs
within the neurons recorded at physiological temperature (D). (*p < 0.05; **p <
0.01, and ***p < 0.001); n = 8-9 cells per group.
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Table 3.3

Frequency (SICs/min)
Group Baseline 1st App 2nd App 3rd App
17% hACSF 0.27 £0.16 2.33+0.28 1.66 +0.38 2.75+£0.53
17% At 37 °C 0.95 +0.42 5.26 £ 0.98 9.64 +2.89 10.99 + 2.31
Amplitude (pA)
Group Baseline 1st App 2nd App 3rd App
17% hACSF 5937+7.77 | 4530+9.02 | 28.88 +0.93
17% At 37 °C 4339+427 | 3551+296 | 31.25+1.61
Rise Time (ms)
Group Baseline 1st App 2nd App 3rd App
17% hACSF 69.46 +4.35 | 43.31+£10.22 | 38.69 +6.10
17% At 37 °C 2827 +357 | 18.69+0.85 | 21.93+1.59
Decay Tau (ms)
Group Baseline 1st App 2nd App 3rd App
17% hACSF 411.43 £ 69.78 | 211.62 + 54.68 | 185.27 + 39.33
17% At 37 °C 139.70 + 30.72|164.31 + 60.36 | 110.22 + 17.00

Table 3.3: Neuronal SICs during mild osmotic stress at room and
physiological temperature. Mean and SE for SIC frequency, amplitude, rise
time, and decay tau before and during 3 repeated applications of mild osmotic
stress at room and physiological temperature.
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Figure 3.5
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Figure 3.5 Synaptic and non-synaptic components of SICs during osmotic
edema. Voltage clamp recordings of neuronal membrane currents in bafilomycin
(A, upper trace) and bafilomycin (baf) + 50 yM AP5 (A, lower trace). The nACSF
always contained the same concentrations of NBQX (10 yM), TTX (1 pM), baf
and APS5 as the 17% hACSF condition. Frequency of SICs was also significantly
elevated non-synaptically in all three hACSF applications but not quite to the
extent observed with synaptic activity intact (B). SICs were nearly completely
blocked by AP5. The data suggest that some portion of SICs may be due to
activation of postsynaptic NMDARs. (*p < 0.05; **p < 0.01; and ***p < 0.001); n =
9 cells per group.
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Table 3.4

Frequency (SICs/min)
Group Baseline | 1stApp | 2ndApp | 3rdApp
17% +NBQX +TTX 0.27+0.16/2.33+0.28[1.66 + 0.38 [2.75 + 0.53
17% +NBQX +TTX +baf 0.05+£0.05/1.39+£0.28]0.44 £ 0.10/0.91 £ 0.31
17% +NBQX +TTX +baf +AP5 [0.11+0.11)0.11 + 0.07 0+0 0+0

Table 3.4: Mean and SE for frequency of SICs during mild osmotic stress

while blocking vesicular

receptors.

release of neurotransmitters,
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Figure 3.6
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Figure 3.6: Large neuronal SICs are evoked by hypoosmolar ACSF and
occur during astrocyte volume increases. (A) Whole-cell voltage clamp
recordings of neuronal excitatory currents in TTX (1 uM) and NBQX (10 pM) in
normosmolar ACSF (nACSF; baseline condition) and in 17% or 40%
hypoosmolar ACSF (hACSF). Switch from normosmolar to hACSF evoked SICs
in neurons within approximately 60 seconds on average. Note that most SICs
were evoked within the first few minutes of hACSF application. SICs evoked
during hACSF application are averaged and shown in the inset for each
condition. (B) Summary histogram of SIC frequency during hACSF application
compared to the baseline and wash period. SICs continued to occur during the
wash period but at a much lower rate. Frequency of SICs was greater in 40%
compared to 17% hACSF. (C) Frequency of SICs analyzed in 30s bins over the
hACSF and wash periods indicates that most SICs occur in the early part of the
hACSF application, peak at about 120s and gradually decline. SICs occurring
during the wash period were more variable. (D) There was no difference in the
amplitude of SICs on average between 17% and 40% hACSF. Amplitudes of
SICs in both conditions were significantly larger compared to SICs occurring over
the wash period. (E) Scatter plot of amplitudes of all SICs occurring during the
hACSF and wash periods reveals that most large amplitude SICs occurred
during osmotic challenge, although overall amplitudes were highly variable. (F,
G) SICs occurring during hACSF application had very slow kinetics, with rise
times of 50-60 ms and decay taus around 380 ms. These kinetics were
significantly slower compared to SICs occurring over the wash period. (H)
Baseline images of astrocytes loaded with fluorescent dextran, after 10-minutes
in normosmolar ACSF (upper left panel) and 5-minutes in 40% hACSF (lower left
panel). Right panel is overlay, with arrows indicating regions of the astrocyte
soma with expanded volume. Images are pseudo-colored to differentiate
between nACSF and hACSF conditions. (I) Volume changes in astrocytes
quantified as percent change from baseline in one minute intervals. Significant
increase in astrocyte volume occurred within one minute in both 17% and 40%
hACSF. Astrocyte volume continued to rise throughout the 5-minute application
of hACSF, and recovered to baseline after a 5-minute wash period in nACSF.
Note that astrocyte volume increases initiated prior to SICs evoked in adjacent
neurons, and that SICs occur while astrocyte volume is increasing. (*p < 0.05; **p
< 0.01, and ***p < 0.001); Neurons, n = 10 cells per group; Astrocytes, n = 7-8
cells per group. Scale bars, 5 pm.
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Table 3.5

Frequency (SICs/min)

Group Baseline hACSF Wash
17% hACSF 0.29+0.14 2.25+0.26 0.57+£0.17
40% hACSF 0.14 + 0.07 3.37 + 0.36 0.88 + 0.30

Amplitude (pA)

Group Baseline hACSF Wash
17% hACSF 66.15 + 10.49 25.53 £ 1.50
40% hACSF 59.19 + 6.09 29.82 £ 2.26

Rise Time (ms)

Group Baseline hACSF Wash
17% hACSF 67.01 +4.96 18.49 £ 2.16
40% hACSF 53.14 + 4.75 27.70 £ 3.25

Decay Tau (ms)

Group Baseline hACSF Wash
17% hACSF 389.47 + 49.02 106.92 + 18.73
40% hACSF 393.61+77.85 112.41 £ 42.99

Table 3.5: Neuronal excitability before, during, and after mild or moderate
osmotic stress. SIC frequency, amplitude, rise time, and decay tau before,
during a 17% or 40% hACSF application, and after hACSF applications, all
numbers are mean * SE.
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Chapter 4

Osmotic stress evokes action potentials and excitatory potentials in CA1

pyramidal neurons of the hippocampus

Abstract

In the previous chapter evidence was provided that osmotic insults are
capable of increasing neuronal excitability through activation of AMPARs and
NMDARSs. In this chapter | propose that this non-synaptic source of glutamate
activates neuronal receptors and produces enhanced neuronal excitability in the
form of increased EPSPs, APs, and burst firing. Action potentials and EPSPs
were measured in current clamp mode in CA1 pyramidal neurons using whole-
cell patch clamp electrophysiological techniques. Like SICs, EPSPs, APs and
bursting APs were re-evokable and also occurred within ~1 minute of hACSF
application. In current clamp recordings, both mild and moderate osmotic insult
evoked neuronal action potentials, burst firing, and EPSPs in the absence or
presence of the AMPA receptor antagonist NBQX. Furthermore, increased
subthreshold EPSPs and neuronal APs were observed in the presence of Mg®*,
suggesting that shifts in osmolarity induce increases in neuronal excitability
under more physiological conditions.

After abolishing all spontaneous vesicular transmitter release by

incubation of hippocampal slices in bafilomycin A1, mild osmotic insult
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significantly increased action potentials, burst firing, and EPSPs in CA1
pyramidal neurons. Furthermore, these potentials of non-synaptic origin were
due to activation of NMDA receptors, as they were significantly reduced in the
presence of AP5. According to our data, both moderate and severe osmotic
insults are capable of increasing neuronal firing of action potentials and burst
firing within minutes, which ultimately may lead to synchronization of local
neuronal networks, seizures and epilepsy. These findings may have important
implications for the treatment of numerous conditions associated with cellular
edema and excitotoxicity including stroke, ischemia, traumatic brain injury,

hyponatremia, Alzheimer’s disease, inflammatory diseases, and epilepsy.

Introduction

Osmotic edema is a condition characterized by the accumulation of an
excessive amount of fluid buildup within the brain resulting in swelling of the
tissue. Previous research has shown that before the initiation of a seizure there is
a reduction of the extracellular space (Traynelis and Dingledine, 1989; Binder et
al., 2004). In addition, changes in ionic homeostasis and osmolarity result in
alterations in neuronal excitability, which may in turn lead to local synchronization
of neuronal firing and seizure generation (Schwartzkroin et al., 1998). In chapter
3 | demonstrated that mild and moderate osmotic insult was capable of
increasing neuronal excitability by producing SICs through activation of NMDA

receptors. In our recordings of neuronal currents in the previous chapter, neurons
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were voltage clamped at a holding potential of -70 mV and synaptic transmission
in the slice was suppressed by TTX and AMPA receptor antagonists. While these
conditions are ideal to isolate neuronal SICs, they do not mimic very well the
physiological condition in which neuronal membrane potential can change and
AMPA receptors can influence neuronal excitability. Furthermore, while the
amplitudes of many SICs seem large enough to depolarize neurons above firing
threshold, it was important for us to test this possibility.

The hippocampus is particularly prone to epileptic activity, and has a low
seizure threshold (Green, 1969). Previous studies have found a contribution of
hypoosmolarity to the generation and strength of seizure-like activity in
hippocampal slices (Andrew et al., 1989; Ballyk et al., 1991; Saly and Andrew,
1993). However, these studies examined the effects of osmotic edema only on
evoked neuronal activity 10-20 minutes after osmotic challenge. To complement
this earlier work, the effects of acute osmotic edema on neuronal excitability in
CA1 pyramidal neurons in the hippocampus were examined. Postsynaptic
potentials (PSPs), EPSPs and APs were recorded as measure of neuronal
excitability during acute osmotic stress, and classified action potentials as single
action potentials or bursts of action potentials, which are indicative of neuronal

synchronization.
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Results

Mild osmotic stress evokes action potentials and excitatory potentials in
CA1 pyramidal neurons that persist when AMPA receptors are blocked

To examine the effects of acute osmotic edema on neuronal excitability in
CA1 pyramidal neurons in the hippocampus, | measured PSPs during osmotic
stress. The effects of a 17% hACSF on APs and EPSPs were examined during
repeated hACSF applications (Figure 4.1 A). First, | found that the frequency of
APs, bursts of APs, and EPSPs increased significantly in response to the
osmotic stress. The frequency of APs significantly increased in the 1st hACSF
application compared to the baseline (Figure 4.1 D and Table 4.1). Interestingly,
osmotic insult increased bursting during all three hACSF applications (Figure 4.1
E and Table 4.1). The frequency of EPSPs followed a similar trend as bursting
activity, and was significantly elevated during all three hACSF applications
compared to baseline (Figure 4.1 G and Table 4.1). These results indicate that
acute mild osmotic insult is capable of increasing action potentials, burst firing,
and EPSPs. To examine the contribution of AMPA receptors specifically to the
observed increase in neuronal excitability during osmotic stress, | replicated
these experiments in the presence of 10 uM NBQX (Figure 4.1 B). Neuronal
excitability was still significantly elevated in the presence of NBQX during
osmotic insult. During the blockade of AMPA receptors, action potential

frequency increased during the 1st application of hAACSF + NBQX (Figure 4.1D
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and Table 4.1). Furthermore, bursting activity was elevated independent of
AMPA receptor activation during the 1st osmotic insult (Figure 4.1 E and Table
4.1). Frequency of EPSPs also increased independent of AMPA receptor
activation during all three hACSF applications (Figure 4.1 G and Table 4.1).
During osmotic insult the percentage of neurons firing single action potentials
and bursts of APs increased the most during the first hACSF application, with
around 90% of the neurons exhibiting bursting activity (Figure 4.1 C). The
number of action potentials per burst was similar during both the 17% hACSF
and 17% hACSF +NBQX, averaging ~ 4 APs/burst (Figure 4.1 F). Similar to the
number of action potentials per burst, no significant difference was found in the
frequency of APs, bursts, or EPSPs between 17% hACSF and 17% hACSF +
NBQX. These data suggest that AMPA receptor activation is not required for the
majority of the APs and EPSPs evoked by mild osmotic insult. This result was
somewhat surprising given the known role of AMPA receptors in neuronal

depolarization and excitability.

Moderate osmotic stress evokes APs, busting activity and EPSPs in CA1
pyramidal neurons that persist when AMPA receptors are blocked

Next, the effects of moderate osmotic stress and AMPA receptor
activation on neuronal excitability (Figure 4.2 A & B) were examined. All neurons
exhibited bursting activity during the 40% hACSF application with or without

NBQX (Figure 4.2 C). The frequency of APs significantly increased during 1st
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and 2nd hACSF applications for both groups compared to the baseline activity
(Figure 4.2 D and Table 4.2). Bursting activity followed a similar trend of
increasing in both the 1st and 2nd hACSF applications, regardless of whether
AMPA receptors were blocked or not (Figure 4.2 E and Table 4.2). Similar to the
mild osmotic insult, the average number of APs/burst was ~ 4 during moderate
osmotic stress (Figure 4.2 F and Table 4.2). Frequency of EPSPs also increased
in 40% hACSF £ NBQX during the 1st and 2nd hACSF applications. However,
like mild osmaotic insult, the increase in neuronal activity during moderate osmotic

insult appears to be mainly independent of AMPA receptor activation.

Effects of mild osmotic edema on neuronal excitability before, during and
after insult

Similar to experiments in Chapter 3 measuring slow inward currents, in a
subset of experiments neuronal excitability before, during, and after a single
application of 17% hACSF was examined. This confirmed the positive shift in
holding current observed in voltage-clamp recordings, application of 17% hACSF
rapidly hyperpolarized the membrane potential of CA1 pyramidal neurons by
3.69 + 0.51 mV. Despite hyperpolarizing neuronal resting Vn,, action potentials
and EPSPs were evoked by 17% hACSF (Figure 4.3 A, upper traces), as well as
in 17% hACSF + NBQX (10 uM; lower traces). | analyzed APs and bursts based
on criterion outline in Chapter 2. Similar to our observations of SICs, few neurons

generated either sAPs or bAPs in normosmolar ACSF, but exhibited a dramatic
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increase in both types of APs during hACSF application (Figure 4.3 C). Total AP
frequency was elevated significantly above baseline during the hACSF
application for both the 17% hACSF and 17% hACSF + NBQX groups, then
declined significantly after return to nACSF (Figure 4.3 D and Table 4.3). In
addition, bAPs were also enhanced in both groups by mild osmotic stress (Figure
4.3 E). Bursts of APs dropped back down during the wash period to near
baseline levels. Reduced frequency of bursts during the wash period was
accompanied by a significant decrease in the number of APs within each burst
(Figure 4.3 F and Table 4.3). Addition of NBQX did not affect bAP frequency or
properties, and was only effective in reducing EPSP frequency (Figure 4.3 G and
Table 4.3). Reduction of EPSPs by NBQX is not surprising given the large
increase in network activity and incoming APs into the recorded cell. These
findings suggest that the generation of APs themselves is largely independent of
AMPA receptor activation, while synaptic AMPAR activity increases as a result of
the elevated APs evoked by osmotic edema.

Based upon observations that 40% hACSF evoked a significantly greater
frequency of SICs compared to 17% hACSF (Chapter 3), it was reasoned that
APs and EPSPs would also increase in a similar manner and with similar
dependence (or lack thereof) on AMPA receptors. This was tested by replicating
the above experiments using 40% hACSF, once again, in both the presence and
absence of NBQX (Figure 4.4 A). Switching to 40% hACSF caused neurons to

hyperpolarize nearly twice as much as 17% hACSF (-7.35 + 0.91 mV vs. -3.69
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mV for 17%). As before, the number of neurons displaying bAPs jumped from
less than half at baseline, up to 100% during application of 40% hACSF (Figure
4.4 B and Table 4.4). This dose of hACSF also increased the number of cells
displaying sAPs, reaching 100% participation in the absence of NBQX. The
percentage of neurons in which APs were evoked diminished over the wash
period. Total AP frequency in 40% hACSF £ NBQX was 3-4 times higher than in
17% hACSF £ NBQX, and once again significantly decreased during the wash
period (Figure 4.4 C). Much more pronounced was the effect of NBQX on bAP
activity in the 40% vs. the 17% hACSF (Figure 4.4 D and Table 4.4). Although
burst frequency was significantly higher in 40% hACSF + NBQX and remained
elevated over the wash period, NBQX inhibited the hACSF-induced increase by
more than 50% and also reduced burst frequency to baseline levels after hACSF
washout. Interestingly, despite the significant effect of NBQX on bAP frequency
in 40% hACSF, NBQX did not alter the number of spikes per burst (Figure 4.4 E).
EPSP activity in 40% hACSF + NBQX closely followed the pattern established in
17% hACSF (Figure 4.4 F). Blocking AMPA receptors reduced EPSPs by about
50% in all conditions. In sum, the observed excitability changes in 17% and 40%
hACSF suggest that AMPA receptor activation is not required for the increase in
APs evoked by hACSF, but AMPA receptors may play a larger role in
contributing to the frequency of bursting activity as hypoosmolar conditions

become more extreme.
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Differential effects of NBQX on bursts of action potentials between 17%
and 40% hACSF suggested that AMPA receptors influence neuronal excitability
only at moderate reductions in osmolarity. However, AMPA receptors also
normally play an important role in NMDA receptor activation, as they are the
physiological means by which the synaptic membrane depolarizes sufficiently to
remove magnesium block. Since our normosmolar ACSF and hACSFs contain 0
mM Mg?®*, it could be argued that AMPA receptors play a more important role
when Mg®* is closer to physiological levels. To address this, | repeated the
previous 40% hACSF experiments using normosmolar ACSF containing
physiological Mg®* (1.3 mM), and hACSF made by dilution of the same. Inclusion
of Mg®" suppressed overall activity considerably (Figure 4.5 A). However,
application of hACSF + NBQX still evoked sAPs, bAPs, and EPSPs in the
presence of Mg?* that were significantly elevated over baseline and wash periods
(Figure 4.5 A and Table 4.5). Compared to recordings in Mg?*-free hACSF (with
or without NBQX), neurons in hACSF containing Mg?* exhibited significantly
fewer APs (Figure 4.5 B) and bursts (Figure 4.5 C and Table 4.5). Baseline and
wash APs were completely abolished by the addition of Mg®*. As would be
expected, Mg®" reduced baseline EPSP activity by more than half of that
observed in Mg®*-free hACSF or Mg*-free hACSF + NBQX (Figure 4.5 D).
Inclusion of Mg?* inhibited the increased EPSP frequency observed during the
wash period. Frequency of EPSPs in Mg?* was also suppressed by NBQX at all

time points. Taken together, these data suggest that the relative contribution of
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AMPA receptors to hACSF-induced excitability is similar in the presence or
absence of Mg®*, and that Mg®" has a much more significant effect overall in
reducing APs and bAPs than did NBQX. These findings point to a significant role
for NMDA receptors in the generation of APs by osmotic edema, which were

tested more specifically in the following experiments.

Neuronal excitability increases in hACSF are NMDA receptor-dependent
and predominantly nonsynaptic

Swelling of brain tissue and subsequent reduction of the extracellular
space can increase the ambient glutamate concentration, increasing the
likelihood that non-synaptic glutamate binds extrasynaptic receptors. Previous
work has shown that SICs evoked by various stimuli may be driven by non-
synaptic sources of glutamate (Angulo et al., 2004; Fellin et al., 2004; Kozlov et
al., 2006; Fiacco et al., 2007). It was decided to more closely examine how non-
synaptic sources of glutamate influence excitability of neurons by osmotic edema
in this model. Synaptic transmission in slices was abolished by incubating slices
in Bafilomycin A1 (4 uM), an inhibitor of the vacuolar H*-ATPase responsible for
loading synaptic vesicles, prior to recording activity in hACSF. Despite abolishing
vesicular neurotransmitter release, excitability was still elevated by 17% hACSF
+ NBQX (Figure 4.6 A). In fact, blocking synaptic transmission had no effect on
the total frequency of APs (Figure 4.6 B and Table 4.6) or on the frequency of

bursts evoked by 17% hACSF (Figure 4.6 C and Table 4.6). Frequency of
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EPSPs was mildly but noticeably reduced by bafilomycin, and was not
significantly different from either 17% hACSF without bafilomycin, or its own
baseline (Figure 4.6 D). In all cases, addition of the NMDA receptor antagonist
DL-APS (50 uM) virtually eliminated the activity present in bafilomycin, providing
further evidence that NMDA receptor activation (but not vesicular glutamate
release) is necessary for the observed hACSF-induced changes in neuronal
excitability. However, the effect of bafilomycin on the frequency of SICs suggests
that vesicular glutamate release may modulate frequency and/or severity of

SICs.

Discussion

Osmotic edema is a condition characterized by cell swelling (Andrew et
al., 2007; Risher et al., 2009). In addition, changes in ionic homeostasis and
osmolarity result in alterations in neuronal excitability, which may in turn lead to
local synchronization of neuronal firing and seizure generation Previous research
has shown that during osmotic edema there is an increase in neuronal excitability
(Rosen and Andrew, 1990; Huang et al., 1997). The mechanisms underlying
swelling and seizure generation are poorly understood, but the role of astrocytes
has recently come to the forefront. Astrocytes have an integral role in maintaining
the ionic homeostasis in the extracellular space through the uptake of potassium

(K", glutamate, and water thereby regulating neuronal excitability.
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In pioneering work, it was found that evoked population spikes, field
potentials, and whole-cell evoked EPSCs were enhanced in hypoosmolar
artificial cerebrospinal fluid (hACSF) (Andrew et al., 1989; Chebabo et al., 1995;
Huang et al., 1997). Excitability of individual CA1 pyramidal neurons remained
stable, as gauged by resting membrane potential, cell input resistance and action
potential (AP) threshold (Andrew et al., 1989; Ballyk et al., 1991). It was
concluded that a combination of non-synaptic, electrical field effects and
enhanced chemical synaptic transmission increased the excitability of the
population of CA1 pyramidal neurons (Ballyk et al., 1991; Huang et al., 1997).
Both effects can be explained by a concomitant reduction of the extracellular
space (ECS): During cell swelling, increased tissue resistance enhances the
voltage across neuronal membranes (Andrew et al., 1989), while also elevating
the concentration of ambient neurotransmitter molecules in the vicinity of ligand-
gated ion channels (Huang et al., 1997). A limitation of these studies was that
effects on spontaneous neuronal activity were not measured, and evoked
recordings were performed only after several minutes in reduced osmolarity
conditions.

Here evidence is provided that acute mild and moderate osmotic insult
increased action potentials, bursts activity, and subthreshold synaptic potentials.
In agreement with literature on cerebral edema (Rosen and Andrew, 1990;
Andrew and MacVicar, 1994; Azouz et al., 1997; Schwartzkroin et al., 1998b), |

observed significant increases in neuronal excitability upon acute application of
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mild (17%) or moderate (40%) hypoosmolar ACSF. Within minutes, both doses
caused spontaneous EPSP frequency, AP and bAP frequency recorded in CA1
pyramidal neurons to increase significantly over baseline, in most cases recurring
upon successive hACSF applications. Surprisingly, action potential frequency
tended to decrease during the 2nd and 3rd applications, an inverse relationship
to EPSP frequency. AMPA receptor activation was not required for APs, bAPs, or
EPSPs induced by mild osmotic stress in acute hippocampal slices. In the
present study, | also observed that NMDA receptors are responsible for APs,
bAPs and EPSPs, as they are blocked by both DL.

| found little evidence for the involvement of AMPA receptors (AMPARS) in
frequency of EPSPs, APs or bursting activity during osmotic edema. Action
potentials, bursts and EPSPs appeared to be sensitive almost exclusively to
concentrations of Mg?* in the bath. Blocking AMPA receptors with NBQX did not
result in a significant reduction in APs, bursts, or EPSP, suggesting they mainly
NMDA receptor-dependent. The lack of AMPAR involvement is suggestive of a
non-synaptic phenomenon, as AMPARs do not form functional extrasynaptic
pools. This is in agreement with previous studies suggesting that osmotic
excitability changes are a non-synaptic phenomenon (Traynelis & Dingledine
1989; Fiacco et al. 2007). It should be noted however that | have observed,
(Chapter 3) that there does appear to be some activation of fast 'AMPA like

currents' during osmotic stress.
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The shift in excitatory potential distributions during successive applications
of hACSF could be due to a number of possibilities. The hyperpolarization during
hACSF application or the rate at which the neurons hyperpolarize could also
account for a portion of the decreased excitability during repeated hACSF
treatments. Another possibility for the decreased excitability in subsequent
exposures to hACSF could be a result of less glutamate available for neurons to
release during firing, and/or diminished intracellular glutamate stores in
astrocytes that have insufficient time to recover to baseline levels between
applications of hACSF. Along these lines there is some evidence to suggest that
hypoosmolar cell swelling and excitability may modulate the glutamate-glutamine
cycle, resulting in decreased glutamate levels (Hyzinski-Garcia et al., 2011).
Therefore, there may be a compensatory or modulatory response occurring
within neurons and/or astrocytes after the initial bout of osmotic stress in order to
reduce the excitatory effect of further osmotic reduction on neurons and help

prevent runaway excitation and damage to neurons or astrocytes.

132



Figure 4.1
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Figure 4.1: AMPA receptor activation is not required for APs or EPSPs
induced by mild osmotic stress in acute hippocampal slices. Representative
whole-cell neuronal recordings during 17% hACSF (A) and 17% +NBQX (B). (C)
The percentage of cells exhibiting single and bursting APs was greater in both
hACSF groups compared to baseline. Bursting occurred in 90% of CA1

pyramidal neurons in the 1st hACSF application then decreased in both groups in
the 2nd and 3rd applications. (D) The frequency of APs significantly increased
during the 1st hACSF application in both groups compared to baseline. (E) The
frequency of bAPs significantly increased during the 1st hACSF application in
both groups compared to baseline, but remained significantly elevated in the17%
hACSF group only in the 2nd and 3rd hACSF applications compared to baseline.
(F) The number of AP/burst was similar for both groups. (G) EPSP frequency
increased in all three hACSF applications over baseline activity in both of the
groups. The presence of NBQX did not significantly change neuronal excitability
during the application of the 17% hACSF compared to the 17% +NBQX for any of
the measures. Statistical significance for all figures (* = p <.05), and (**=p <
.01). n =9 cells for all groups with the exception of APs/burst, n = 5.
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Table 4.1

Frequency (APs/min)

Group Baseline 1st App 2nd App 3rd App
17% hACSF 0.95+0.71 6.49 +1.75 3.38 £ 1.58 244 +£1.78
17% +NBQX 0.70 £ 0.49 5.62 + 1.64 3.76 + 1.63 2.49 +1.23

% of Cells in Which Osmolarity Induced sAPs

Group Baseline 1st App 2nd App 3rd App
17% hACSF 20 70 60 50
17% +NBQX 30 60 40 70

% of Cells in Which Osmolarity Induced bAPs

Group Baseline 1st App 2nd App 3rd App
17% hACSF 10 90 50 50
17% +NBQX 30 90 80 50

Frequency (bAPs/min)

Group Baseline 1st App 2nd App 3rd App
17% hACSF 0+0 0.85+0.23 0.38 + 0.18 0.08 + 0.03
17% +NBQX 0.22+0.16 1.10 £ 0.40 0.70£0.39 0.20 £ 0.10

# of APs/burst

Group Baseline 1st App 2nd App 3rd App
17% hACSF 4.89 £ 0.49 4.31+£0.85 4.27 £ 0.66
17% +NBQX 4.34 +0.77 4.40 +0.76 5.59 + 1.87

Frequency (EPSPs/min)

Group Baseline 1st App 2nd App 3rd App
17% hACSF 4.59 +1.22 11.11+£1.99 | 13.31+2.73 | 11.99 + 2.00
17% +NBQX 1.73 £ 0.66 6.06 +1.57 | 8.86+2.71 13.93 £ 3.63

Table 4.1: Contributions of AMPA receptors to neuronal excitability during
mild osmotic stress. Mean and SE for the frequency of APs/min, frequency of
bAPs/min, number of APs/burst, and frequency of EPSPs/min. Percentage of
cells that responded to the 17% hACSF and 17% +NBQX during repeated
applications with either sAPs or bAPs.
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Figure 4.2
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Figure 4.2: AMPA receptor activation is not required for APs, bAPs, or
EPSPs induced by moderate osmotic stress. \Whole-cell patch-clamp
recording from neurons in the CA1 area of the hippocampus during 40% hACSF
(A) and 40% +NBQX (B). (C) The percentage of cells exhibiting single and
bursting APs was greater in both groups compared to baseline. Bursting
occurred in 100% of CA1 pyramidal neurons in the 1st hACSF application then
decreased in the 2nd application. (D) AP frequency increased during the 1st and
2nd hACSF applications for both groups compared to baseline. (E) The
frequency of bAPs significantly increased during the 1st and 2nd moderate
osmotic insult in both groups compared to baseline (F) APs/burst was similar for
both groups. (G) EPSP frequency increased in both of the hACSF applications
compared to baseline activity in the 40% hACSF and 40% +NBQX groups. The
presence of NBQX did not significantly change neuronal excitability during the
application of the 40% hACSF compared to the 40% +NBQX for any of the
measures. Statistical significance for all figures (* = p <.05), (** = p <.01) (
<.001). n = 8-10 cells for all groups, with the exception of APs/burst, n = 5.

*k%k
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Table 4.2

Frequency (APs/min)

Group Baseline 1st App 2nd App
40% hACSF 1.74 + 0.99 23.85 + 9.1 12.34 + 4.84
40% +NBQX 0.54 + 0.32 14.52 + 5.30 8.40 + 3.57

% of Cells in Which Osmolarity Induced sAPs

Group Baseline 1st App 2nd App
40% hACSF 40 100 100
40% +NBQX 40 70 80

% of Cells in Which Osmolarity Induced bAPs

Group Baseline 1st App 2nd App
40% hACSF 20 100 70
40% +NBQX 0 100 60
Frequency (bAPs/min)
Group Baseline 1st App 2nd App
40% hACSF 0.12 + 0.08 2.49 + 0.32 0.62 +0.24
40% +NBQX 0+0 1.59 + 0.38 0.25+0.10
# of APs/burst
Group Baseline 1st App 2nd App
40% hACSF 4.51 +0.39 3.3+0.32
40% +NBQX 452 +0.78 3.69 + 0.57
Frequency (EPSPs/min)
Group Baseline 1st App 2nd App
40% hACSF 7.56 + 1.58 17.27 £ 2.66 19.91 £ 3.43
40% +NBQX 1.94 + 0.68 9.53 £1.98 15.14 £ 6.05
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Table 4.2: Contributions of AMPA receptors to neuronal excitability during
moderate osmotic stress. Mean and SE for the frequency of APs/min,
frequency of bAPs/min, number of APs/burst, and frequency of EPSPs/min.
Percentage of cells that responded to the 17% hACSF and 17% +NBQX during
repeated applications with either sAPs or bAPs.
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Figure 4.3
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Figure 4.3: 17% hACSF evokes neuronal action potentials and increased
bursting activity that is independent of AMPA receptor activation (A)
Current clamp recording of neuronal membrane potential in nACSF (baseline
period) followed by 17% hACSF without NBQX (upper traces) and in 10 yM
NBQX (lower traces). Asterisks mark expanded traces of EPSPs (middle panels),
while shaded boxes indicate expanded traces of single APs and bursting activity
(right panels). 17% hACSF evoked APs independent of AMPA receptors. (B)
Plotting interspike interval into 10 ms bins revealed that most bursting activity
correlated with the highest frequency of APs, but that single APs could also occur
at high frequency and were more uniform in their distribution. (C) The percentage
of cells exhibiting single and bursting APs was much greater in the hACSF
condition compared to baseline. Bursting occurred in100% of CA1 pyramidal
neurons in hACSF compared to only 10-20% in nACSF. The percentage of cells
in which reduced osmolarity induced bursting and single APs was almost the
same in 10 yM NBQX, indicating that AMPA receptors did not participate in the
effect. (D and E) While spontaneous APs and bursting activity were infrequent in
control conditions, 17% hACSF and 17% hACSF + NBQX evoked frequent APs
and bursts. Frequency of APs and bursts declined significantly during the wash
period but were still significantly elevated compared to baseline. (F) The number
of action potentials within a burst was higher on average in 17% hACSF
compared to baseline and wash periods. (G) NBQX reduced by approximately
half the frequency of subthreshold EPSPs. Although EPSPs were partially
blocked by NBQX, this did not affect the ability of 17% hACSF to evoke single
and bursting APs in CA1 pyramidal cells. (*p < 0.05; **p < 0.01; and ***p <
0.001); n = 8 to 10 cells per group.
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Table 4.3

Frequency (APs/min)
Group Baseline hACSF Wash
17% hACSF 0.78 £0.78 5.33+£1.49 1.62 £ 1.05
17% +NBQX 0.73+0.55 4.53 + 1.40 1.31 + 0.62

% of Cells in Which Osmolarity Induced sAPs

Group Baseline hACSF Wash
17% hACSF 20 70 60
17% +NBQX 30 60 60

% of Cells in Which Osmolarity Induced bAPs

Group Baseline hACSF Wash
17% hACSF 10 100 60
17% +NBQX 20 100 70

Frequency (bAPs/min)

Group Baseline hACSF Wash
17% hACSF 0+0 1.14 £ 0.28 0.30 +0.16
17% +NBQX 0.05 + 0.05 1.16 £ 0.37 0.29 +0.15

# of APs/burst

Group Baseline hACSF Wash
17% hACSF 254+ -.- 494 + 0.44 3.16 + 0.33
17% +NBQX 25+£05 4.43 + 0.68 2.32 +0.24

Frequency (EPSPs/min)

Group Baseline hACSF Wash
17% hACSF 5.84 +1.27 12.84 +1.78 14.94 + 1.65
17% +NBQX 1.73 £ 0.66 6.06 + 1.57 6.22 + 1.62

Table 4.3: AMPA receptor contributions to neuronal excitability before,
during and after mild osmotic insult. Mean and SE for frequency of APs,
bAPs, and EPSPs along with the average number of APs/burst, and the
percentage of cells in which osmolarity induced sAPs or bAPs before, during,
and after mild osmotic stress.
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Figure 4.4
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Figure 4.4: 40% hACSF evokes neuronal action potentials and increased
bursting activity that is partly dependent on AMPA receptor activation (A)
Whole cell current-clamp recordings of neuronal action potentials and EPSPs in
normosmolar ACSF (baseline) followed by 40% hACSF (upper traces) or 40%
hACSF + 10 uM NBQX (lower traces). Asterisks mark location of expanded
traces of EPSPs (middle panels), while shaded boxes mark expanded traces of
APs (right panels). Note the combination of single APs and bursting activity
evoked by hACSF + NBQX. (B) Nearly all CA1 pyramidal cells fired APs and
displayed bursting activity in hACSF, while less than half the cells fired APs over
the baseline period where bursting was rare. The percentage of cells with APs
and bursts declined during the wash period. (C & D) Frequency of APs and
bursting activity significantly increased during application of 40% hACSF
compared to baseline and wash periods. NBQX did not affect the frequency of
single APs evoked by hACSF (C) but it did significantly reduce bursting activity
(D). (E) The number of APs per burst was higher during hACSF application
compared to baseline and wash periods, although the number of cells exhibiting
bursts over the baseline and wash periods was too low to run statistics. (F)
Frequency of EPSPs was significantly elevated in 40% hACSF and wash periods
over baseline, and reduced significantly in all conditions by NBQX. The AMPA
receptor dependent synaptic activity is not surprising given the frequency of APs
occurring in the network onto the recorded cell. (*p < 0.05; **p < 0.01; and ***p <
0.001); n =9 to 10 cells per group.
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Table 4.4

Frequency (APs/min)
Group Baseline hACSF Wash
40% hACSF 0.75+0.44 21.81+7.13 5.61 +2.00
40% +NBQX 0.54 £ 0.32 17.09 + 4.86 3.13+1.75

% of Cells in Which Osmolarity Induced sAPs

Group Baseline hACSF Wash
40% hACSF 40 100 90
40% +NBQX 40 70 50

% of Cells in Which Osmolarity Induced bAPs

Group Baseline hACSF Wash
40% hACSF 20 100 70
40% +NBQX 0 100 30

Frequency (bAPs/min)

Group Baseline hACSF Wash
40% hACSF 0.05 + 0.05 3.47 £ 0.80 0.78 £ 0.24
40% +NBQX 0+0 1.55 + 0.34 0.24 £ 0.20

# of APs/burst

Group Baseline hACSF Wash
40% hACSF 25405 4.26 £ 0.33 2.62 £0.25
40% +NBQX 4.41+£0.70 2.07 £ 0.07

Frequency (EPSPs/min)

Group Baseline hACSF Wash
40% hACSF 7.56 + 1.58 17.27+266 | 19.81+3.14
40% +NBQX 1.94 + 0.68 953+1.98 | 10.21+2.78
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Table 4.4: AMPA receptor contributions to neuronal excitability before,
during and after moderate osmotic insult. Mean and SE for frequency of APs,
bAPs, and EPSPs along with the average number of APs/burst, and the

percentage of cells in which osmolarity induced sAPs or bAPs before, during,
and after moderate osmotic stress.
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Figure 4.5
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Figure 4.5: Neuronal action potentials and EPSPs evoked by hACSF in
increasingly physiological conditions (A) Representative current clamp
recordings of neuronal membrane potential in 40% hACSF with Mg®* (diluted to
approx. 0.7 mM; upper traces) and 40% hACSF plus 10 yM NBQX (lower
traces). Asterisks below each trace mark location of expanded EPSPs (middle
panels), while shaded boxes mark location of expanded APs (right panels). (B)
Frequency of total action potentials (single plus bursts) was significantly elevated
over baseline (black asterisks) and wash periods (grey asterisks) in all
conditions. Addition of Mg?* reduced the frequency of APs overall, indicating the
role for NMDARs. Note, however, that NMDARs were still activated significantly
by hACSF with Mg** present. (C) Examination of bursts alone revealed very
similar results as total APs. Bursting activity was significantly elevated over
baseline in all conditions (black asterisks) and remained elevated compared to
the wash period (grey asterisks). (D) Frequency of EPSPs was reduced in a
stepwise fashion with addition of NBQX, Mg?*, and NBQX + Mg?*. Presence of
Mg®* alone had a greater effect on reducing EPSP frequency compared to
addition of NBQX alone, indicated a greater role for NMDARs over AMPARSs. (*p
< 0.05; **p < 0.01; and ***p < 0.001); n = 8 to 10 cells per group.
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Table 4.5

Frequency (APs/min)

Group Baseline hACSF Wash
40% hACSF 0.75 + 0.44 21.81+7.13 5.61 + 2.00
40% +NBQX 0.54 + 0.32 17.09 + 4.86 3.13+1.75
40% +Mg 0+0 3.53 £ 1.01 0+0
40% +Mg + NBQX 0+0 0.79 £ 0.42 0+0
Frequency (bAPs/min)
Group Baseline hACSF Wash
40% hACSF 0.05 + 0.05 3.47 £ 0.80 0.78 + 0.24
40% +NBQX 0+0 1.55 + 0.34 0.24 + 0.20
40% +Mg 0+0 0.74 + 0.25 0+0
40% +Mg + NBQX 0+0 0.19 + 0.07 0+0
Frequency (EPSPs/min)
Group Baseline hACSF Wash
40% hACSF 7.56 £ 1.58 17.27 + 2.66 19.81 + 3.14
40% +NBQX 1.94 + 0.68 9.53 £ 1.98 10.21 £ 2.78
40% +Mg 1.09 + 0.23 4.10 + 0.55 1.86 + 0.63
40% +Mg + NBQX 0+0 2.47 £ 0.34 0.32 £ 0.08

Table 4.5: APs, bAPs, and EPSPs before, during, and after moderate
osmotic stress, contributions of Mg?* and NBQX. Frequency of APs, bAPs,
and EPSPs before, during a 40% hACSF application, and after hACSF
applications, with or without Mg and NBQX, all numbers are mean + SE.
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Figure 4.6
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Figure 4.6: Action potentials evoked by osmotic edema are non-synaptic
and NMDA receptor-dependent (A) Current-clamp (left traces) recordings of
neuronal membrane potentials in bafilomycin (upper panels) and bafilomycin
(baf) + 50 yM AP5 (lower panels). NBQX and baf were present throughout.
Application of 17% hACSF evoked APs independent of synaptic activity and were
blocked by the NMDA receptor antagonist. (B) Summary histogram indicating
that APs remained significantly elevated on average in baf compared to baseline,
and equal to the frequency of APs in hACSF without baf. AP5 nearly completely
abolished APs. (C) Blockade of quantal vesicular release did not reduce bursting
activity compared to bursts evoked with spontaneous vesicular release intact.
Bursting activity was also completely blocked by AP5. (D) Not surprisingly, baf
reduced the occurrence of EPSPs, which were no longer significantly elevated
over baseline compared to the recordings performed without baf. AP5
significantly reduced the frequency of EPSPs, indicating that many of them are
NMDA receptor-dependent. (*p < 0.05; and **p < 0.01); n = 8 to 10 cells per

group.
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Table 4.6

Frequency (APs/min)
Group Baseline hACSF
17% +NBQX 0.73 + 0.55 453+14
17% +Baf 1.13 + 0.59 5.34+2.11
17% +Baf +AP5 0.63 + 0.63 0.25+0.13
Frequency (bAPs/min)
Group Baseline hACSF
17% +NBQX 0.05 + 0.05 1.16 £ 0.37
17% +Baf 0+0 0.81 + 0.21
17% +Baf +AP5 0.05+0.05 0.04 + 0.03
Frequency (EPSPs/min)
Group Baseline hACSF
17% +NBQX 1.83 +0.74 6.64 + 1.65
17% +Baf 278 +1.7 3.3+1.29
17% +Baf +AP5 0.75+0.4 0.55 + 0.21

Table 4.6: Frequency of APs, bAPs, and EPSPs, contributions of vesicular
release, and NMDA receptors during mild osmotic stress. Numbers indicate
mean plus SE for frequency of APs, bAPs, and EPSPs, during baseline activity
and a 17% hACSF application for three experimental conditions including; 17%
hACSF +NBQX, 17% hACSF +NBQX +baf, and 17% hACSF +NBQX +baf +APS5.
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Chapter 5

Osmotic insults in adult mice compared to juveniles and during the

development of epilepsy

Abstract

Epilepsy is one of the major public health concerns throughout the world
today. It is the 4th most common neurological problem, behind migraine, stroke,
and Alzheimer's disease (Hirtz et al., 2007), all of which are associated with
cerebral edema. The mechanisms underlying seizure generation are poorly
understood and these mechanisms may vary depending on differences in age
and on the type of epilepsy. The goal of the research in this chapter was twofold:
1) determine if there were changes in neuronal excitability between juvenile
(P15- to P21-day-old) and adult (2- to 5-month-old) mice due to osmotic insult; 2)
examine the degree of neuronal excitability in adults due to osmotic stress in a
model of epilepsy.

Application of hAACSF was capable of increasing SICs in both juvenile and
adult mice. Both mild and moderate hypoosmolar insults evoked NMDA receptor-
driven slow inward currents (SICs) in neurons from adults, which, like juveniles,
initiated within ~1 minute of hACSF application. Adult SICs during the mild 17%
hACSF osmotic stress showed a 2-fold increase in frequency of SICs/minute

compared to juveniles. The moderate 40% hACSF osmotic stress in adults had a
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3-fold increase in SICs/minute compared to juveniles. In addition, hypoosmolar
insults induced neuronal firing of action potentials (APs), burst firing, and EPSPs
independent of AMPA receptor activation in adults similar to juveniles. The
frequency of bursts/minute was significantly increased in adult slices compared
to juveniles during the 1st application of a moderate osmotic insult. In addition,
the number of APs/burst in the 2nd application of the moderate osmotic stress
decreased in adults compared to the 1st application, and it was significantly
lower than juveniles in the 2nd application. Overall the results from these
experiments indicate that there are differences in neuronal excitability in adult
animals compared to juveniles during osmotic insult.

To examine the degree of neuronal excitability during osmotic stress in a
model of epilepsy intrahippocampal (IH) kainic acid (KA) injected mice were
compared to normal (saline injected control) adult mice during the pathogenesis
of the disease. SICs from IH KA mice had significantly slower rise times than the
saline injected controls during a mild osmotic stress at 7-days post-injection,
possibly indicating a change in NMDA subunit composition during the early
development of epilepsy. The findings in these experiments may contribute to a
better understanding of cerebral edema and seizures in juvenile and adult mice
as well as during development and the pathogenesis of epilepsy.

Introduction
Swelling of brain cells (cellular edema) is a principal component of

numerous brain disorders including ischemia, cortical spreading depression,
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hyponatremia, and epilepsy. Cellular edema is strongly linked to brain excitability,
which has historically been studied in the context of seizure (Schwartzkroin et al.,
1998). In epilepsy, cell swelling precedes the initiation of seizure-like discharges
in vitro and in vivo (Traynelis and Dingledine, 1989; Binder et al., 2004). Cellular
edema induced by reduction of solution osmolarity can itself trigger seizure-like
activity, while at lower doses it increases the amplitude and frequency of
synchronous field potential bursting (Andrew et al., 1989; Dudek et al., 1990;
Ballyk et al., 1991; Saly and Andrew, 1993; Kilb et al., 2006). Inhibition of cell
swelling by increasing solution osmolarity prevents initiation of ictal discharges
and stops spontaneously recurring seizures in progress (Andrew et al., 1989;
Traynelis and Dingledine, 1989; Haglund and Hochman, 2005).

The relationship between hypoosmolarity and seizures prompted studies
to understand the mechanisms underlying the effects of lowered osmolarity on
neuronal excitability in brain slices. A more recently described form of excitability
observed in pyramidal neurons in several brain areas are slow inward currents,
or SICs (Fellin et al., 2004; Kozlov et al., 2006; Fiacco et al., 2007). SICs fit well
with both non-synaptic and neurochemical properties of seizure-like discharges.
SICs have been reported to be synchronized among small groups of pyramidal
neurons (Angulo et al., 2004), suggesting that they may be a type of local
epileptiform activity (Wetherington et al., 2008). Although SICs were first reported

to be driven by Ca*-dependent glutamate release from astrocytes, subsequent
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studies have pointed to a crucial role of solution osmolarity and cellular swelling
to the generation of SICs (Kozlov et al., 2006; Fiacco et al., 2007).

Overall the study of SICs has been very limited. Experiments in
hippocampal slices from mouse pups may provide useful information about
cerebral edema and epilepsies in juveniles, but the results may not be applicable
to adults. Numerous differences exist between adult (AD) and juvenile (JV) brain
tissue, including degree of synaptic development, function of receptors, and
regulation of neurotransmitter concentrations and reuptake (Diamond, 2005).
Furthermore, interstitial space is smaller in adult tissue compared to juvenile
tissue (Lehmenkulhler et al., 1993; Kilb et al., 2006), suggesting that effects of
cell swelling may be quite different between different age groups. To test this
possibility, | conducted experiments using hippocampal slices obtained from 2- to
5-month-old adult mice. It is important to understand the relationship between
hypoosmolarity, SICs, and changes in neuronal excitability in juvenile and adult

mice as well as in the development of epilepsy.

Results

Obtaining healthy adult slices.
The preparation of acute brain slices allows for electrophysiological and
imaging techniques to be used in situ in tissue that has developed normally in

vivo. While this technique has been used since the 1950s and is ideal for
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studying synaptic plasticity, whole cell function, and neuronal ion channels, it is
not without complications (Collingridge, 1995). In terms of overall slice health,
these earlier slices were of questionable quality compared to today's standards.
Over the years, slices have improved drastically for electrophysiological and
visualization techniques. However, while our laboratory had a protocol in place to
obtain healthy juvenile slices, when this protocol was applied to adult slices it
was found that the resulting slice health was less than optimal. Thus began the
following series of experiments to construct a suitable adult slicing buffer and
protocol for obtaining healthy adult slices.

The initial protocol for obtaining acutely isolated adult brain slices from
mice was identical to that of juvenile slices (chapter 2). However the adult slicing
buffer had been modified drastically over 4 to 6 months of experimentation by
another graduate student in the lab attempting to obtain healthy adult slices to
contain the following (in mM): 87 NaCl, 75 sucrose 2.5 KCI, 0.5 CaCl,, 7 MgCl,,
1.25 NaH,PO,4, 25 NaHCO3, 10 glucose, 1.3 ascorbic, acid, bubbled with 5% CO-
+ 95% O,. Unfortunately, this protocol and adult slicing buffer were yielding poor
and rather inconsistent results. After a literature search, the adult slicing protocol
was modified to the use of a buffer that was partially frozen to produce a slushy
like solution (Stockand and Shapiro, 2006). This is referred to as “adult slicing
buffer”. First, the adult slicing buffer was oxygenated for 30 minutes. Next the
slicing buffer was placed in the -80 °C for 20 to 30 minutes until partially frozen.

The partially frozen adult slicing buffer was then removed, the ice broken apart
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and blended so that it had a slush like consistency. Drastically improved slice
health was observed in adults via this method. However, adult slice health was
still not optimal. Due to the wider range of temperature deviations in the adult
slicing protocol, 3.5 mM MOPS, a pH buffering compound was added in an effort
to avert drastic changes in pH, and resulted in an improvement in slice health.
Although the changes to the protocol and the adult slicing buffer had
improved adult slice health, it was still not on par with juvenile slices. After
reviewing the literature a second time and consulting with Dr. Peter Hickmott an
expert in electrophysiology, a small set of adult slicing health experiments was
executed. The first small set of adult experiments evaluated two different adult
slicing buffers: Our latest version of the adult slicing buffer( slicing buffer A) and a
slicing buffer by Dr. Hickmott, which called for a complete NaCl replacement with
sucrose, along with 100 uM DL-AP5 to block NMDA receptor activation (slicing
buffer B). In addition to testing the two different adult slicing buffers | also
examined the effects of pyruvate, which supplies energy to the living cells
through the citric acid cycle (Krebs cycle), and has been demonstrated to help
protect neurons from oxidation due to hydrogen peroxide generation (Desagher
et al., 1997). One additional alteration to the protocol was also tested as outlined
in Dr. Hickmott’s protocol. Adult brain slices were not only sliced in adult slicing
buffer, but also incubated in it as well during the recovery period after slicing for
45 minutes before being transferred to normal ACSF. In all, six separate

experimental conditions were tested: 1) Slicing in slicing buffer A plus 2 mM
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pyruvate; incubation in slicing buffer A plus 2 mM pyruvate; 2) Slicing in slicing
buffer A plus 2 mM pyruvate; incubation in normal ACSF plus 2 mM pyruvate 3)
Slicing in slicing buffer B; incubation in slicing buffer B; 4) Slicing in slicing buffer
B; incubation in normal ACSF; 5) Slicing in slicing buffer B plus 5 mM pyruvate;
incubation in slicing buffer B plus 5 mM pyruvate; 6) Slicing in slicing buffer B
plus 5 mM pyruvate; incubation in normal ACSF plus 5 mM pyruvate. Three male
adult C57BL/6J mice, all 68-days-old, were used to make a total of 33 slices split
between 6 experiments. Adult brain slices were then visualized using Differential
Interference Contrast (DIC) optics to determine the degree of slice health based
on the number of cells that appeared alive and healthy: 1) great > 90%, 2) 90% >
good > 75%, 3) 75% > fair > 50%, 4) 50% > poor > 25% 5) 25% > dead (Figure
5.1A-C). Table 5.1 summarizes the results from the small set of adult slice health
experiments.

Comparison of the six experimental groups revealed that the healthiest
adult slices came from experimental group 1 in which brain slices were sliced
and incubated in our adult slicing buffer plus 2 mM Pyruvate. While Dr.
Hickmott's slicing buffer, which did a full replacement of NaCl with sucrose, did
not appear to enhance slice health above our adult slicing buffer (experimental
group 1) it did yield the second best set of healthy adult slices (experiment or
group 3). The inclusion of pyruvate, at least the 2 mM concentration, appeared to
improve adult slice health compared to previous adult slice preparations. Addition

of AP5 to the slicing buffer also appeared to increase slice health. However,
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additional experiments would be needed to further examine the effects of AP5
and pyruvate on adult slice health. The most valuable discovery uncovered
during this set of experiments was the vast improvement in adult brain slice
health due to alteration to the protocol, as described in Dr. Peter Hickmott's
slicing protocol, to slice and incubate for 45 minutes in the adult slicing buffer
itself, instead of slicing in the adult slicing buffer and incubating in normal ACSF
for 45 minutes.

Although immense progress was made to the adult slicing buffer and
protocol, there were still a few parameters left to test in order to increase adult
brain slice health which led to our second small set of experiments optimizing
adult brain slices. In the second round of adult slice health experiments, the
contributions of three parameters were examined: AP5 (100 uM), pyruvate (2 mM
or 5 mM), and kynurenic acid (100 uM) for their effect on the health of adult brain
slices (Djukic et al., 2007; Walz, 2007; Gill et al., 2010). Kynurenic acid acts as
an anticonvulsant and antiexcitotoxic most likely through its antagonism of
ionotropic receptors such as AMPA/kainate and NMDA receptors (Elmslie and
Yoshikami, 1985). Eight experimental conditions were tested (A through H), in
which adult slices were dissected in adult slicing buffer (ASB) with: A) 2 mM
pyruvate, with incubation in ASB plus 2 mM pyruvate; (B) 5 mM pyruvate; C)
sliced in 2 mM pyruvate and 100 yM AP5, and incubated in ASB plus 2 mM
pyruvate and 100 uM AP5; (D) 5 mM pyruvate and 100 uM AP5; E) 2 mM

pyruvate and 100 uM kynurenic acid, and incubated in ASB plus 2 mM pyruvate

161



and 100 pM kynurenic acid; (F) 5 mM pyruvate and 100 uM kynurenic acid; G)
sliced in 2 mM pyruvate, 100 uM AP5, and 100 uM kynurenic acid, and incubated
in ASB plus 2 mM pyruvate, 100 yM AP5, and 100 uM kynurenic acid; or H) 5
mM pyruvate, 100 uM AP5, and 100 pM kynurenic acid. After incubation at 35 °C
for 45 minutes, the slices recovered at room temperature for 15 minutes and
were then transferred to normal ACSF and allowed to recover for 30 to 45
minutes before imaging the slices to assess slice health (Figure 5.2A-C). Four
adult male mice 97-days-old were used for this set of experiments, yielding 42
brain slices. The same criteria were used to assess the degree of slice health for
this set of experiments as in the last set of experiments. Table 5.2 summarizes
the results from these experiments.

Briefly, the healthiest adult slices were obtained from the experimental
group E, when the adult slicing buffer with 2 mM pyruvate and 100 uM kynurenic
acid was utilized for both the dissection and incubation of adult brain slices.
Inclusion of AP5 did appear to improve slice health, but not to the same degree
as kynurenic acid, while the combination of the two yielded similar results;
observationally it is estimated that the inclusion of either one or even both would
be a welcomed addition to any adult slicing buffer. In addition to experimental
group E, experimental groups A, C, and G also yielded fairly healthy adult slices.
All of these solutions contained 2 mM pyruvate while experimental groups B, D,
F, and H, which contained 5 mM pyruvate, ended up with poorer slice health

quality.
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Overall experimentation into obtaining healthy adult slices drastically
improved adult slice health and viability to the point of often being healthier than
juvenile slices (P15-P21) . These truly striking and magnificent adult slices were
produced as a result of several changes to the protocol, as well as, modifications
to the adult slicing buffer. The first change in the protocol was a modification
changing the ice cold slicing buffer into which the brain was initially placed after
removal from the mouse into a colder adult slushy slicing buffer solution. In
addition, typically after the removal of juvenile brains they are placed in an ice
cold slicing buffer and immediately bisected. However, the adult brains were
allowed to sit in the oxygenated adult slushy slicing buffer for at least four
minutes before being bisected. Another major change to the protocol in obtaining
these sublime slices, thanks to Dr. Peter Hickmott, was the technique of not only
slicing the brains in the adult slicing buffer, but incubating slices in the same
solution for 45 minutes after dissection, before transfer to normal ACSF. Finally,
several modifications were made to the adult slicing buffer itself, including the
inclusion of 3.5 mM MOPS to balance the pH, 2 mM pyruvate to protect neurons
against oxidation from hydrogen peroxide generation, and 100 uM kynurenic acid
to reduce overall excitation of excitatory amino acid receptors during dissection

and isolation.
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Slow inward currents evoked by hACSF are more pronounced in adults
than juvenile mice.

To examine age related differences in neuronal excitability during osmotic
stress, | conducted experiments using hippocampal slices obtained from 2- to 5-
month-old adult mice and P15 to P21 juvenile mice. SICs were recorded in CA1
pyramidal neurons in adult hippocampal slices under the same conditions as
those previously described in recordings from juvenile tissue (Chapter 3). SICs
were readily evoked in both 17% and 40% hACSF in adult hippocampal slices
(Figure 5.3 A & B). During the first application of 17% hACSF, there was a
significant 2 fold increase in the frequency of SICs/min in adult animals
compared to juveniles, and a 3 fold increase in the 40% hACSF (Figure 5.3 C &
D and Table 5.3). For the 2" and 3™ applications of hACSF, SICs were evoked
at the same frequency as observed in juveniles (Figure 5.3 C & D). Amplitudes of
SICs recorded in adults were also similar to those in juveniles, except during the
3rd application where amplitudes were larger in adults (Figure 5.3 E & F). These
results suggest that on the whole, adult tissue is more susceptible to increased
neuronal excitability in conditions of cellular edema compared to juvenile tissue.

Neuronal excitability following osmotic edema was also analyzed and
compared between juveniles and adults to baseline activity, as well as, mild and
moderate hypoosmolar insults. Adult neurons exhibited a marked increase in SIC
frequency of at both the 17% (Figure 5.4 A, top) and 40% (bottom) hACSF over

the baseline period prior to hACSF application, similar to juveniles (Table 5.4 and
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Figure 5.4 B & C). Baseline SICs were rare or nonexistent in most cells; baseline
participation: 17% AD n = 3/8 cells, 40% AD n = 0/9 cells, 17% JV n = 4/8 cells,
40% JV n = 2/9 cells). As previously stated, during the repeated applications of
hACSF (above) SIC activity in both the mild and moderate osmotic insults
significantly increased in adults compared to juveniles. During the mild osmotic
insult adults had more than double the number of SICs/min, while in the
moderate osmotic insult they had more than three times that of juveniles (Figure
5.4B &C and Table 5.4). Surprisingly, SIC activity in the wash period was
increased in adults compared to juveniles for the 17% hACSF application.
Curiously, the frequency of SICs in adults in the wash period after 40% hACSF
was not significantly different from juveniles, despite the pronounced elevation in
the wash period following 17% hACSF. Yet, SIC activity in the wash period was
elevated in juveniles, and adults following the moderate osmotic insult compared
to the baseline, while only the adult wash period was elevated in the mild osmotic
insult compared to the baseline condition. Rise time significantly increased during
the wash period compared to both the mild and moderate osmotic insults for both
the juvenile and adult SICs (Table 5.4 and Figure 5.4 D &E). However, rise time
also differed between juveniles and adults only during of the wash period
following the 17% hACSF application (Figure 5.4 D). Interestingly, adult SICs
also decayed significantly faster than juveniles during 17% hACSF application
(Figure 5.4 D and Table 5.4). Neither rise time nor decay tau differed between

juveniles and adults in 40% hACSF (Figure 5.4 E & G and Table 5.4), suggesting
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that intrinsic properties of SICs do not change between the age groups. Rather,
the kinetic differences in 17% hACSF treatment groups are likely driven by age-
dependent differences in the extracellular space and tissue swelling

characteristics.

Changes in neuronal action potentials and synaptic potentials in adults and
juveniles during moderate osmotic stress.

In chapters 3 and 4 it was established that mild to moderate osmotic
stress was capable of producing SICs as well as action potentials and burst firing
in juvenile slices. Along those lines, the previous experiments in this chapter
established that slow inward currents can be induced in adults by osmotic stress
as well, but showed significant differences from juveniles. Next, it was decided to
examine APs and EPSPs in adult animals due to osmotic insult and compare
those to the juvenile animals, and some rather interesting results were observed.
(Figure 5.5 A). Baseline activity was fairly quiet in both the juveniles and adults,
showing no busting activity in either group and only a few single action potentials
in a few juvenile slices (Figure 5.5 B). The first application of 40% hACSF
produced bursting in 100% of the cells in the juveniles and adults, while single
APs were observed in 70% of the juvenile slices and 100% of the adult slices.
The number of cells firing single action potentials and bursting activity decreased
for both the juveniles and adults in the 2nd application of 40% hACSF +NBQX

(Table 5.5 and Figure 5.5 B). During osmotic stress, the frequency of APs/minute
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increased during the 1st and 2nd 40% hACSF applications in the juveniles and
adults compared to the baseline (Table 5.5). However, the total frequency of
APs/min in the adults decreased during the 2nd application compared to the 1st.
Furthermore, during the 2nd application of 40% hACSF, the adult neurons had
significantly fewer APs/minute than the juvenile animals (Figure 5.5 C). These
results seemed somewhat surprising at first, as | expected that the adults might
have a significantly higher frequency of APs/minute during the 1st application
because | observed significantly more SICs/minute in adults during the first
application compared to the juveniles in the previous experiments. However,
after analyzing the frequency of the bursts/minute | realized why this might be the
case. In the adult animals the frequency of bursts/minute was significantly higher
than the juvenile animals during the 1st 40% hACSF application (Figure 5.5 D
and Table 5.5). This result was particularly interesting because it suggests that
the SICs observed during osmotic insult are increasing bursting activity, and
potentially synchronization of neurons within focal areas, and that this activity is
more pronounced during the initial osmotic insult in adults compared to juveniles.
Bursting activity in juveniles and adults was significantly increased during both
osmotic insults compared to baseline, but bursting activity also decreased for
both juveniles and adults from the 1st 40% hACSF application to the 2nd
application (Table 5.5, and Figure 5.5 D). Another interesting result regarding
bursting activity was that the number of APs/burst decreased in the 2nd

application compared to the 1st but only for the adults (Table 5.5 and Figure 5.5
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E). In fact, during the second application, the adult neurons had significantly
fewer, APs/burst than the juveniles (Figure 5.5 E). The frequency of
EPSPs/minute showed a similar trend during the 2nd osmotic insult as well, the
adult animals had significantly fewer EPSPs/minute than the juveniles (Table
5.5). While the juvenile EPSPs/minute almost appear to be increasing during
repeated osmotic insult, and were significant from baseline in both the 1st and
2nd 40% hACSF applications the adult EPSPs/minute were only significantly
increased above baseline frequency in the 1st application (Figure 5.5 F). Overall,
these results suggest that initially adult tissue is more excitable than juvenile
tissue, and that neuronal action potentials for both juveniles and adults seems to
decrease or be modulated in some way during repeated osmotic stress. In
addition, these results along with the experiments measuring SICs, demonstrate
that there are clear differences in the way that juvenile tissue and adult tissue

respond to osmotic stress.

Epileptiform-like activity during mild osmotic stress in the CA1 region of
adult control and IH KA acute hippocampal slices.

SICs are characteristic of epileptiform activity in their ability to depolarize
the neuron above their firing threshold, and to be synchronized among small
groups of pyramidal neurons (Angulo et al., 2004; Fellin et al., 2004). In fact SICs
are thought to play a role in ictal discharges and possibly modulation of interictal

discharges (Angulo et al., 2004; Fellin et al., 2004, 2006; Tian et al., 2005;
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Gbémez-Gonzalo et al., 2010). In the following set of experiments, the degree of
neuronal excitability due to osmotic stress was examined in a model of epilepsy.
Neuronal SICs were recorded from adult mice obtained from our collaborators,
Dr. Devin Binder's laboratory at the University of California, Riverside, that had
experienced intrahippocampal kainic acid (IH KA) induced status epilepticus
(SE). The IH KA mouse model was chosen for these experiments because
temporal lobe epilepsy with hippocampal sclerosis (TLE-HS) exhibits “reactive
gliosis” in addition to axonal sprouting and a specific pattern of neuronal loss
(Tauck and Nadler, 1985; Gray and Sundstrom, 1998). The changes that occur in
the hypertrophic glial cells, from reactive gliosis, consist of changes in a number
of different channels, receptors and proteins as well as a pronounced
upregulation of glial fibrillary acidic protein (GFAP) (Aronica et al., 2000). Thus IH
KA is an established TLE animal model which closely mimics the pathogenesis
observed in humans with TLE (Arabadzisz et al., 2005). Control mice for these
experiments were intrahippocampal saline injected littermate control male mice
(Figure 5.6A, left traces) injected on the same day as IH KA mice (Figure 5.6A,
right traces) and recorded from 7-day post-injection on the same day as well.

The frequency of SICs/minute increased significantly in both the control
and IH KA mice during mild osmotic stress, and decreased for both groups
during the wash period (Table 5.6 and Figure 5.6 B). However, no significant
difference was found between the two groups. Amplitude of SICs decreased

during the wash period for both the control and IH KA neurons compared to the
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17% hACSF plus TTX and NBQX application (Figure 5.6 C). SIC Rise time for
the IH KA mice was significantly slower than the control mice during the mild
osmotic insult (Table 5.6 and Figure 5.6 D). In addition, during the wash condition
for the control mice, rise time of SICs was significantly faster than during the 17%
hACSF application. No significant difference was observed between IH KA mice
and control mice for the decay tau of SICs, but decay tau was significantly longer
during the mild osmotic insult compared to the wash period for the control and
the IHKA mice (Figure 5.6 E). These results suggest that the only significant
change 7-day post injection SE was an increase in rise time during the mild
osmotic insult, which could suggest a number of different neuronal and/or

astrocytic changes due to SE to account for the longer rise times.

Discussion

Slice preparations are well-suited for electrophysiological and imaging
techniques to study neuronal excitability, intracellular calcium elevations,
neuronal ion channels, and whole cell function, to name a few.
Electrophysiological whole-cell patch clamp experiments in acute hippocampal
slices requires that the cells be healthy, and the cell membranes directly
assessable. Obtaining healthy slices can be problematic for any scientist starting
out and especially when working with adult tissue even with the proper protocols
and solutions in place (Aghajanian and Rasmussen, 1989). Several parameters
were examined in order to improve adult slice health in this chapter. To begin
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with, two different slicing buffers were examined for slice viability, original adult
slicing buffer and the second one which called for a complete replacement of
NaCl with sucrose. The complete replacement of sodium by sucrose is a
common technique implemented in adult slicing protocol's called the 'protective
cutting' method (Ting et al., 2014). The premise of this method, coincidentally,
involves cell swelling by the influx of sodium and water, which constitutes the
major insult during the slicing step leading to cell death and poor slice health.
While | observed healthier slices using the adult slushy buffer than the adult
slicing solution with complete NaCl replacement with sucrose. It should be noted
that our adult slushy slicing buffer also takes advantage of this method by a
partial sucrose replacement of NaCl. Decrease in the temperature of the adult
slushy slicing buffer also improved adult slices, most likely by reducing cellular
metabolic demands (Ozturk and Hu, 2005). Temperature plays a large role in
neuronal excitability, Traynelis and Dingledine found that decreasing temperature
could even abolish potassium-induced electrographic seizures in rat hippocampal
slices (Traynelis and Dingledine, 1988). Finally, | found several other
modifications which optimized adult brain slice health, including incubating in
adult slicing buffer; inclusion of 3.5 mM MOPS to balance the pH; addition of 2
mM pyruvate to protect neurons against oxidation from hydrogen peroxide
generation; and 100 uM kynurenic acid to reduce overall excitation of excitatory
amino acid receptors during dissection and isolation. In healthy brain tissue

astrocytes are quite effective in maintaining homeostasis but in the
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pathophysiology of diseases such as epilepsy the ability of astrocytes to
adequately siphon water and other ions becomes progressively impaired.
Astrocytes swell as their ability to effectively maintain the extracellular
homeostasis diminishes and in an effort to balance their own volume and/or
osmolarity open VRACs through which water and anions such as glutamate are
released.

Osmotic insult increased, EPSPs, action potentials and bursting activity for
both juveniles and adults. Slow inward currents were elevated and more
pronounced during mild and moderate osmotic insult in hippocampal slices from
adult mice compared to juvenile mice. Lastly, | found that SICs and bursting
activity were more pronounced in adult vs. juvenile tissue which suggests that
activation of NMDA receptors during osmotic insult increases bursting activity,
and potentially synchronization of neurons. The only significant change in IH KA
mice was an increase in rise time during the mild osmotic insult, which may
suggest a number of different neuronal and/or astrocytic changes due to SE to
account for the longer rise times. However, seizures were not monitored over the
seven-day period, and thus could not be correlated with the degree of activity for
each mouse. It is possible that some mice could have had many more seizures
than others.

This work provides proof-of-principle that rapid cell swelling can increase
and synchronize neuronal excitability in juvenile and adult hippocampus through

the generation of SICs. The greater effect observed in adult hippocampal slices
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may be due to the smaller ECS in adults, which is estimated to be about half the

size of juveniles (Kilb et al., 2006).
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Figure 5.1

174



Figure 5.1: Adult slice health experiments comparing adult slicing buffer
solutions and protocols. (A) Image of an adult male C57BL/6J mouse brain
slice which was sliced in slicing buffer B, and incubated in normal ACSF. The
dashed line surrounds the outline of a dead swollen neuron while the arrow is
pointing to a shriveled dying neuron. This slice was classified as "Dead" based
off our degree of slice health criterion. (B) Brain slice image of the CA1 area of
the hippocampus from an adult brain slice dissected and incubated in slicing
buffer B, and in classified as "Fair". The arrow points to the swollen nucleolus of
a dead neuron, while the dashed line indicates the outline of a neuronal cell
membrane from a dead swollen cell, and the asterisks are placed over the cell
bodies of healthy CA1 neurons. (C) Image of an adult brain slice classified as
"Great" which was sliced and incubated in slicing buffer A; asterisks are placed
over the somas of some of the health CA1 pyramidal neurons.
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Table 5.1

Small set of adult slice health experiments
Degree of slice health
(Number of cells that appear alive and healthy)
90% > Good >| 75% > Fair > |50% > Poor >
Great > 90% 75% 50% 259, 25% > Dead
1 1 1 3 2
1 2 3 3 2
1 3 3 2
2 6 2
3 4
4
4
4
4
5
5
5
5
5
6
6
6
6
INumbers in the degree of slice health columns indicate slice health for 1 slice
from the six experimental conditions.

Table 5.1: Adult slice heath experiments evaluating the adult slicing buffers
and protocols. A total of 32 brain slices from three adult male mice under six
experimental conditions were evaluated for slice health based on the number of
cells alive.
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Figure 5.2
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Figure 5.2: Adult slice health experiments examining effects of APS5,
pyruvate and kynurenic acid. (A) Picture of the CA1 area of the hippocampus
(63x) in an acutely isolated adult brain slice from experimental group D, sliced in
adult slushy buffer plus 2 mM pyruvate and 100 yuM APS5, then incubated in ASB
plus 5 mM pyruvate and 100 uM APS5. This slice was classified as "Dead" due to
the numerous dead and dying neurons, note that the dashed line surrounds a
dead swollen neuron, while the arrows indicate wrinkled unhealthy neurons. (B)
Zoomed out image (20x) of the CA1 and stratum radiatum (s.r.) areas within the
hippocampus of a magnificent healthy adult slice, classified as "Great" from
experimental condition E in which slices were dissected and incubated in adult
slushy slicing buffer containing 2 mM pyruvate and 100 uM kynurenic acid. (C) .
Another slice from experimental condition E, zoomed into the (63x) objective for
a closer examination of adult slice condition. Notice the smooth, convex and
characteristic shape of the stunning CA1 pyramidal neurons.
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Table 5.2
Second small set of adult slice health experiments

Degree of slice health
(Number of cells that appear alive and healthy)
90% > Good >| 75% > Fair > |50% > Poor >

0, 0
Great > 90% 759, 50% 259% 25% > Dead
A

mmmo O
OOOOMmMmMmMoOO >
ITOOm>P
I TMMOUTNm

ITIITOMTMUOUUOUUOOUOO0O DWW wWX

Letters in the degree of slice health columns indicate slice health for 1 slice
from the eight experimental conditions.

Table 5.2: The effects of AP5, pyruvate, and kynurenic acid on adult slice
health. Adult slice health was evaluated based on the number of cells alive in
eight experimental conditions from four adult male mice in 42 slices.
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Figure 5.3
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Figure 5.3 Neuronal excitability is elevated to a greater extent in adults
compared to juvenile mice within the hippocampus. Representative
recordings of CA1 pyramidal neurons in hippocampal slices obtained from 2- to
5-month-old adult mice during repeated applications of 17% hACSF (A) or 40%
hACSF (B). Frequency of SICs in adult mice was significantly greater compared
to juvenile mice for the first application of both 17 % (p < .05) and 40% (p < .001)
hACSF (C and D). Amplitudes of SICs in adult tissue were larger compared to
juveniles during the 3rd application of hACSF for both 17% (p < .05) and 40% (p
<.05). n =8 for 17% hACSF n = 9 for 40% hACSF.
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Table 5.3

Frequency (SICs/min)

Group Baseline 1St . 2_nd . 3trd .
Application | Application | Application
JV 17% hACSF 031+0.18 | 2.07+0.26 | 112+ 0.15 | 2.04 +0.44
AD 17% hACSF 024+0.13 | 422+1.08 | 1.25+0.12 | 2.77 + 0.67
JV 40% hACSF 0.16 £0.08 | 3.55+0.35 | 2.27+0.48 | 2.81+0.89
AD 40% hACSF 0+0 10.85+1.16| 3.10+0.63 | 1.80+0.53

Amplitude (pA)

Group Baseline 1St - 2_nd - ?frd .
Application | Application | Application
JV 17% hACSF 59.37 +7.77[45.30 + 9.02 | 28.88 + 0.93
AD 17% hACSF 62.83 £8.00(51.52 + 8.05| 37.67 + 4.06
JV 40% hACSF 51.05+4.19/40.90 + 3.70| 30.26 + 1.95
AD 40% hACSF 61.54 + 5.56 | 51.35 + 5.56 | 42.86 + 4.31

Table 5.3: Frequency and amplitude of SICs in juvenile and adult mice
during mild and moderate osmotic insult. Mean and SE values for 17% and
40% hACSF juvenile (JV) and adult (AD) experiments plus TTX and NBQX, for
frequency of SICs/minute and amplitude of SICs.
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Figure5.4
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Figure 5.4: Changes in neuronal excitability following osmotic edema in the
adult and juvenile CA1 region of the hippocampus. (A) Representative
recordings of neuronal SICs in hippocampal slices from 2- to 5-month-old adult
mice before and during application of 17% hACSF (upper trace) or 40% hACSF
(lower trace). To the right of each recording, the averaged SIC is shown for the
hACSF period. (B, C) Frequency of SICs evoked by 17% and 40% hACSF was
significantly higher in adult mice compared to juveniles. SICs remained elevated
longer during the wash period in 17% hACSF in adults vs. juvenile mice (B). Rise
times of SICs occurring during osmotic challenge were significantly slower in
17% (D) and 40% hACSF (E) for both juvenile and adult mice compared to SICs
occurring after return to nACSF (‘wash’). Not enough SICs occurred during the
baseline period for comparison. (F) Decay taus of SICs evoked by 17% hACSF
were significantly shorter in adult tissue compared to juvenile, and not
significantly different compared to the wash period. (G) Decay taus of SICs
evoked by 40% hACSF were similar to those evoked in juvenile slices. (*p < 0.05;
**p <0.01; and ***p < 0.001); n = 8 for 17% hACSF; n = 9 for 40% hACSF.
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Table 5.4

Frequency (SICs/min)

Group Baseline hACSF Wash
JV 17% hACSF 0.31+0.18 2.07£0.26 | 0.47 +0.07
AD 17% hACSF 0.24 +0.13 422 +1.08 | 2.38 +0.95
JV 40% hACSF 0.10 + 0.07 344 +£0.39 | 0.93+0.33
AD 40% hACSF 0.00+0.00 | 10.85+1.16 | 0.65+0.26
Rise Time (ms)
Group Baseline hACSF Wash
JV 17% hACSF 69.31+4.84 | 21.18 + 2.37
AD 17% hACSF 57.87+7.12 | 38.03 +4.09
JV 40% hACSF 56.94 +6.48 | 18.47 +5.07
AD 40% hACSF 59.80 +4.73 | 12.60 +4.57
Decay Tau (ms)
Group Baseline hACSF Wash
JV 17% hACSF 402.75 + 78.26| 78.15 £ 8.19
AD 17% hACSF 177.82 £ 27.08/134.41 + 36.63
JV 40% hACSF 345.56 + 39.93| 74.51 + 24.01
AD 40% hACSF 385.33 + 35.66|139.15 + 90.51

Table 5.4: Frequency, rise time and decay tau of SICs in juvenile and adult
mice before, during and following mild and moderate osmotic insult. Mean
and SE values for 17% and 40% hACSF juvenile (JV) and adult (AD)
experiments plus TTX and NBQX, for frequency of SICs/minute, rise time, and

decay tau of SICs.
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Figure 5.5
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Figure 5.5: Neuronal excitability in adults and juveniles during moderate
osmotic stress. (A) Whole-cell patch-clamp recordings of action potentials and
EPSPs in neurons in the CA1 area of the hippocampus of juvenile (top trace) and
adult (bottom trace) mice. (B) percentage of cells urge osmolarity and is bursting
and single action potentials in juvenile and adult mice due to application of 40%
hACSF +NBQX. (C) The frequency of action potentials per minute increased in
both adults and juveniles during the 1st and 2nd application compared to the
baseline activity. In addition, there was a significant decrease the total frequency
of APs/minute in adult animals during the 2nd application compared to the 1st.
During the 2nd application of the 40% hACSF the frequency of APs/minute was
significantly higher in the juveniles compared to the adults. (D) Interestingly, the
frequency of bursts/minute was significantly higher in the 1st application of the
adults compared to the juvenile animals during the moderate osmotic stress.
Although the frequency of bursts/minute for both groups in the 1st and 2nd
application of 40% hACSF was significantly higher compared to the baseline
activity. They also followed a similar pattern over the two 40% hACSF
applications, with the second application, inducing significantly fewer
bursts/minute than the first application. (E) The number of action potentials per
burst decreased in adults during the 2nd application compared to the 1st
application. In addition, during the 2nd application of the moderate osmotic stress
the juveniles had significantly more APs/burst than the adults. (F) During the 2nd
application of the 40% hACSF the frequency of EPSPs per minute was
significantly lower in the adult neurons than in the juvenile neurons. Furthermore,
in the juvenile slices the frequency of EPSPs/ minute increased in both the 1st
and 2nd application of 40% hACSF compared to baseline activity, while in the
adults it was only significant increased above baseline in the 1st hACSF
application but not the 2nd application. (*p < 0.05; **p < 0.01; and ***p < 0.001); n
=4 to 8 cells.
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Table 5.5

Frequency (APs/min)

Group Baseline 1st App 2nd App
40% JV +NBQX 0.28+0.21 |17.84+5.45| 9.69 + 3.85
40% AD +NBQX 0+0 8.41+2.77 | 0.78 +0.22

% of Cells in Which Osmolarity Induced sAPs

Group Baseline 1st App 2nd App
40% JV +NBQX 40 70 80
40% AD +NBQX 0 100 75

% of Cells in Which Osmolarity Induced bAPs

Group Baseline 1st App 2nd App
40% JV +NBQX 0 100 60
40% AD +NBQX 0 100 75

Frequency (bAPs/min)

Group Baseline 1st App 2nd App
40% JV +NBQX 0+0 1.02+0.24 | 0.24+£0.12
40% AD +NBQX 0+0 2.07+049 | 0.34+0.16

# of APs/burst

Group Baseline 1st App 2nd App
40% JV +NBQX 3.75 £ 0.26 4 +0.61
40% AD +NBQX 3.59+048 | 2.37+0.19

Frequency (EPSPs/min)

Group Baseline 1st App 2nd App
40% JV +NBQX 202+08 |10.38+2.41|18.32+7.17
40% AD +NBQX 1.51+068| 793+1.29| 4.64+1.85
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Table 5.5: Action potentials and EPSPs for adult and juvenile mice during
moderate osmotic stress. Mean and SE for the frequency of APs/min,
frequency of bAPs/min, number of APs/burst, and frequency of EPSPs/min.
Percentage of cells that responded to the 40% hACSF before, during, and after
the moderate osmotic stress for adult and juvenile mice.
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Figure 5.6
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Figure 5.6: Epileptiform-like activity during mild osmotic stress in the CA1
region of adult control and IH KA acute hippocampal slices. (A) Whole cell
voltage clamp recordings during the baseline and application of a 17% hACSF
solution from adult male mice seven days after intrahippocampal injection of
saline "control" (left traces) , or kainic acid (right traces) into the dorsal
hippocampus. (B) The frequency of SICs increased significantly during mild
osmotic stress compared to basal conditions in both the control and IH KA brain
slices. Furthermore, SIC activity decreased significantly during the wash back to
normal conditions following the 17% hACSF application. (C) . Amplitude of SICs
was reduced in the wash condition following mild osmotic insult. (D) .
Interestingly, SIC rise time in brain slices from IH KA mice were significantly
longer than the saline injected controls during mild osmotic edema, but shortened
to juvenile levels in the wash. In addition, rise time became significantly faster
following the mild osmotic edema, but only for the saline injected controls. (D) .
The decay tau of SICs for both the control and IH KA mice shortened during the
wash only mild osmotic stress. (*p < 0.05; **p < 0.01; and ***p < 0.001); n = 5-10
cells per group.

191



Table 5.6

Frequency (SICs/min)
Group Baseline hACSF Wash
17% Control 0.38+0.17 | 2.80+0.54 0.37 £ 0.11
17% IH KA 0.47 + 0.11 3.99+0.75 | 0.86+0.46
Amplitude (pA)
Group Baseline hACSF Wash
17% Control 75.01 £9.90 | 28.73 £ 3.59
17% IH KA 64.18 £ 7.44 | 23.43 + 0.52
Rise Time (ms)
Group Baseline hACSF Wash
17% Control 55.71+4.30 | 41.54 + 8.53
17% IH KA 89.09 + 14.02| 44.43 + 14.21
Decay Tau (ms)
Group Baseline hACSF Wash
17% Control 387.12 £ 71.61/93.46 + 32.53
17% IH KA 363.21 + 64.86| 54.06 + 14.61

Table 5.6: SIC frequency and kinetics in 7-day post-injection saline control
and IH KA mouse contralateral hippocampal slices before, during and after
a 17% hACSF application. The table displays mean and SE values for SICs
before, during, and following a mild osmotic insult in adult male mice 7 days after
intrahippocampal injection of either saline (control) or kainic acid.
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Chapter 6

A closer examination of NMDAR activation and specificity during osmotic

stress and mechanisms of astrocytic glutamate release.

Abstract

Cerebral edema and seizures are associated with a plethora of diseases,
disorders, and conditions such as traumatic brain injury, stroke, cardiac arrest,
autism and epilepsy (Lassmann et al., 1984; Unterberg et al., 2004; Bardutzky
and Schwab, 2007; Siegel, 2015). Treatments for these conditions are often
limited or ineffective, substantiating the need to further understand the cell-
specific contributions and mechanisms involved. It has been known for some
time that cell swelling and reduction of the extracellular space can lead to
increases in neuronal excitability and even to seizures in vitro and in vivo
(Traynelis and Dingledine, 1988; Binder et al., 2004). The elevated neuronal
excitability in these conditions has been attributed to increased ephaptic
interactions between neurons. However, astrocytes may contribute actively to
this process due to their selective expression of the glial water channel aquaporin
4 (AQP4), together with evidence that astrocyte swelling in vitro leads to
significant amounts of glutamate release through astrocytic volume-regulated
anion channels (VRAC) (Fellin et al., 2004; Kimelberg, 2004; Papadopoulos and
Verkman, 2007). To examine the mechanisms and specificity of activation
leading to neuronal excitability a number of experiments were conducted in this
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chapter examining NMDARSs. Using whole-cell patch clamp electrophysiological
techniques, SICs were recorded in CA1 pyramidal neurons during osmotic insult
in acutely isolated slices from mice. Inclusion of D-serine, a required co-agonist
of NMDA receptors, significantly increased neuronal excitability during mild
osmotic stress. Blocking the NR2B subunit containing NMDA receptors with Ro
25-6981 decreased neuronal SICs during both the 17% and 40% hACSF
applications. Pilot experiments in which astrocytes were loaded with glutamate
via patch pipette increased the amplitude and number of SICs when hACSF was
applied. Future experiments will assay the effect of astrocytic AQP4 KO,
glutamate loading of astrocytes, and astrocytic VRACs and
pannexins/hemichannels, further defining the mechanisms underlying osmotic
edema-induced increases in neuronal excitability. These studies could uncover
several novel astrocytic targets and therapies to treat a vast range of CNS

syndromes, diseases and disorders.

Introduction

In recent years, several researchers have proposed that astrocytes are
involved in the pathophysiology of epilepsy, and that further research in
extrapolating astrocytic contributions to seizures is imperative (Binder et al.,
2006; Wetherington et al., 2008). Several studies indicate that ability of

astrocytes to maintain the osmotic balance may be impaired in epilepsy due to
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loss and redistribution of key channels and receptors like the water channel
Aquaporin-4 and the Kir4.1 inwardly rectifying K* channel (Binder et al., 2006).
Oxygen glucose deprivation, potassium and water uptake can all lead to
astrocytic swelling (Andrew et al., 2007; Risher et al., 2009). Astrocytic swelling
may be of particular importance to epilepsy because several studies have
demonstrated that tissue swells prior to the initiation of a seizure (Traynelis and
Dingledine, 1988; Binder et al., 2004). As astrocytes in vitro swell, they may
release glutamate to regulate their volume or osmolarity, potentially through
VRAC channels, which can be activated by several mechanisms, or
hemichannels and/or pannexons (Pasantes-Morales et al., 2000; Mongin and
Orlov, 2001; Abdullaev et al., 2006; Montero and Orellana, 2015). The glutamate
released during astrocytic swelling could affect neuronal excitability through the
activation of neuronal NMDA receptors, which include a population located
extrasynaptically near astrocytic membranes. Activation of NMDA receptors by
astrocytic glutamate is thought to produce SICs, which are NMDA dependent,
and synchronous among small groups neurons (Fellin et al., 2004). The near-
complete block of SICs by DL-AP5 (Chapter 3) indicated that they were NMDA
receptor-dependent. | decided to pursue the role of NMDA receptors further by
recording SICs during mild osmotic stress in the presence of 10 yM D-serine, a
required NMDA receptor co-agonist which binds to the glycine site on the NR1
subunit. D-serine concentrations are tightly regulated in vivo (Danysz and

Parsons, 1998), but may be partially depleted by slice preparation and the
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continuous perfusion of slices by ACSF. The depletion of D-serine in slice
experiments could mean that the activity | observe during osmotic stress is an
underrepresentation of the actual neuronal activity. Therefore, elevating
concentrations of D-serine to saturating levels in the slice is expected to
potentiate NMDAR-dependent activity.

Exogenous D-serine has been suggested to specifically enhance activity
of NR2B-containing NMDA receptors (Duffy et al., 2008). SICs are identified in
part by their slow rise and decay times, which may partially result from the
kinetics of the particular NMDA subtypes activated. Previous work has suggested
that SICs (resulting from different manipulations) are mediated by NMDA
receptors containing the NR2B subunit (Fellin et al., 2004). These studies
revealed possible anticonvulsant effects (Wang and Bausch, 2004; Mares and
Mikulecka, 2009), as well as neuroprotective effects following status epilepticus
in models of epilepsy due to the NR2B antagonist ifenprodil (Ding et al., 2007;
Frasca et al., 2011). Unfortunately, ifenprodil is not as selective for NMDA
receptors as it was once thought to be, it also binds to a1 adrenergic receptors
(Mosley et al., 2009), blocks presynaptic P/Q type calcium channels (Delaney et
al., 2012), and possibly modulates other receptors (McCool and Lovinger, 1995).
The highly selective NR2B antagonist Ro 25-6981 (1 uM), a derivative of
ifenprodil, was selected for the experiments in this chapter to investigate whether
SICs induced by osmotic stress were dependent on the NR2B subunit of the

NMDA receptor.
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Among local networks of neurons, SICs have been found to be
synchronous and depolarize neurons above firing threshold in hippocampal
pyramidal neurons, which has brought about the idea that they may have a role
in epilepsy (Wetherington et al., 2008). Before the initiation of a seizure there is a
decrease in the extracellular space (ECS) due to tissue swelling. Astrocytes swell
and may release glutamate through VRACs, or hemichannels in certain
conditions, but the significance of this observation in regard to seizure induction
is not known (Zhang et al., 2011). In an effort to understand this process and
determine if the SICs observed during osmotic stress are due to astrocytic
release of glutamate, a set of experiments was designed to load astrocytes with
glutamate and record slow inward currents. The overall purpose of the
experiments in this chapter was to further investigate and understand the cellular

mechanisms of neuronal excitability during cellular swelling.

Results

SICs induced by hACSF are enhanced by D-serine

Since neuronal activity may be reduced in slice preparations, due to
depletion of D-serine, 10 uM D-serine was added to all of the solutions. Neuronal
activity was then observed during hypoosmolar stress. Consistent with this, |
observed a substantial increase in SIC frequency in slices bathed in 17% hACSF
+ D-serine compared to controls without D-serine (Table 6.1 and Figure 6.1 A &
B). A second application of 17% hACSF without D-serine evoked SICs at a lower
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frequency than the first application, whereas SIC frequency remained potentiated
during the second application if D-serine was included and showed little or no
attenuation. Interestingly, while SICs occurred along a similar time course with
and without D-serine during the first hACSF application, D-serine appeared to
shift peak SIC production ~30-60 seconds later during the second hACSF

application (Figure 6.1 C).

SICs evoked by hACSF are blocked by antagonists of NR2B-containing
NMDA receptors.

Using the highly selective NR2B antagonist Ro 25-6981, | investigated the
role of NR2B subunit containing NMDA receptors on neuronal excitability during
osmotic stress. As in the previous experiment, SICs were evoked successively
using repeated applications of 17% (top traces) or 40% hACSF (bottom traces).
The NMDAR antagonist Ro 25-6981 was only included 5 minutes prior to, and
during the 2nd hACSF application. The SICs were almost completely abolished
by the addition of Ro 25-6981 in the 17% hACSF and 40% hACSF (Table 6.2
and Figure 6.2 B & C). These data indicate that NR2B subunit containing NMDA
receptors play a critical role in the increased neuronal excitability produced by

acute cellular edema.
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Pilot experiments suggest that neuronal SICs are enhanced during
moderate osmotic stress when astrocytes are loaded with glutamate.

To investigate the contribution of astrocytic swelling-evoked glutamate
release as a potential cellular mechanism in the initiation of SICs during osmotic
edema, neurons in the CA1 area of the hippocampus were patch clamped and a
baseline recording of NMDA receptor currents was obtained. An adjacent
astrocyte in the stratum radiatum (s.r.) region of the hippocampus was also patch
clamped with a pipette containing either 20 mM glutamate, or 20 mM sucrose
(Control) (Figure 6.3 C). The glutamate or sucrose was allowed to dialyze into
the astrocyte for 15 minutes to ensure enough time to diffuse into the smaller
astrocytic compartments. After the astrocyte was patch clamped for 5 minutes,
the nACSF + 1uM TTX and 10 uM NBQX was bath applied for 10 minutes to
remove the Mg®* block from the NMDA receptors. The patch pipette was then
carefully removed from the astrocyte in order to prevent the pipette from acting
as a source of intracellular ions for the astrocyte to draw from, which might
prevent astrocytic swelling during hACSF application. After a 5-minute baseline
recording from the neurons in nACSF, 17% hACSF + TTX and NBQX was
applied to induce cellular swelling while recording SICs from CA1 pyramidal
neurons (Figure 6.3 A & B). The loading of astrocytes with glutamate appeared to
enhance SIC amplitude during application of 17% hACSF (Figure 6.3 D). These
data provide an important insight into the role of astrocytic swelling-evoked

glutamate release. Because the manipulation is specific to astrocytes, it suggests
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that the astrocytes themselves are a source of glutamate triggering SICs rather

than the glutamate increase coming as a result of ECS constriction alone.

Discussion

Previous research has indicated that SICs, regardless of proposed
mechanism, are mediated by NMDA receptors. The main findings in this
research demonstrate the specificity of NMDA receptors. In the present study, it
was also observed that NMDA receptors are responsible for SICs. SICs were
potentiated by D-serine, and blocked by DL-AP5 and the NR2B specific
compound Ro025-6981. Previous work postulated that extrasynaptic NMDA
receptors generate SICs because of their slow kinetics and block by NR2B
subunit-specific antagonists such as ifenprodil (Fellin et al., 2004; Araque et al.,
2014). Evidence suggests that synaptic and extrasynaptic NMDA receptors are
trineteromeric, containing GIuN1, GIuN2A (NR2A) and GIuN2B (NR2B) subunits
(Harris and Pettit, 2007; Rauner and Koéhr, 2011; Tovar et al., 2013). Therefore,
subunit selective pharmacology cannot distinguish between synaptic vs.
extrasynaptic pools of NMDA receptors. Although pilot data, loading astrocytes
with glutamate, and inducing slow inward currents during osmotic stress appear
to enhance slow inward currents, which is suggestive that astrocytes are the cells

releasing glutamate during osmotic edema.
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Figure 6.1:
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Figure 6.1: SICs are enhanced by D-Serine, a coagonist of the NMDA
receptor. (A) Representative recordings of excitatory currents in CA1 pyramidal
neurons before, during and after 17% hACSF (upper trace) and 17% hACSF + D-
serine (lower trace). In order to isolate SICs, both of the experiments also
contained 1 yM TTX and 10 uM NBQX in order to block neuron firing of action
potentials and AMPA receptor activation. (B) On average, D-serine significantly
enhanced the frequency of SICs during both hACSF applications compared to
baseline and also compared to recordings in separate slices in which hACSF
was re-applied without D-serine. (C) Frequency histogram of the hACSF period
organized into 30 s bins revealed a right-ward shift in SIC frequency in the
presence of D-serine (see 150 and 180s bins). (D) Representative recordings of
successive hACSF applications with or without the addition of 1 yM Ro 25-6981
for 17% hACSF (upper panels) or 40% hACSF (lower panels). Antagonism of
NR2B subunit-containing NMDARs nearly completely blocked SICs evoked
during osmotic challenge, as summarized in (E) and (F). (*p < 0.05; and **p <
0.01); n = 8 cells per group.

204



Table 6.1

Frequency (SICs/min)

Group Baseline 1st App 2nd App
17% hACSF 0.31+0.18 2.07 £ 0.26 1.12 £ 0.15
17% D-Serine 0.24 +0.18 3.46 + 0.51 2.97 +0.80

Table 6.1: Frequency of SICs/minute increases during osmotic insult in the
presence of D-serine. Mean and SE values for the frequency of SICs/minute
before, and during repeated 17% hACSF plus TTX and NBQX (17% hACSF)
applications and in the presence of 10 yM d-serine (17% D-Serine).
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Figure 6.2
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Figure 6.2: SICs are blocked by the NR2B subunit NMDA receptor
antagonist Ro 25-6981. (A) Representative recordings of successive hACSF
applications with or without the addition of 1 yM Ro 25-6981 for 17% hACSF
(upper panels) or 40% hACSF (lower panels). To isolate SICs, all of the
recordings also contained 1 uM TTX and 10 uM NBQX in order to block neuron
firing of action potentials and AMPA receptor activation. Antagonism of NR2B
subunit-containing NMDARs nearly completely blocked SICs evoked during both
the moderate and severe osmotic challenge, as summarized in (B) and (C). (*p <
0.05; and **p < 0.01); n = 8 cells per group.
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Table 6.2

Frequency (SICs/min)

Group Baseline 1st App 2nd App
17% hACSF 0.12 £ 0.07 2.39 £ 0.31 1.73 £0.43
17% Ro 25-6981 0.47 £ 0.25 2.53£0.23 0.70 £ 0.08
40% hACSF 0.11 £ 0.08 3.37 £0.34 2.42 + 0.51
40% Ro 25-6981 0.24 +0.18 3.55 £ 0.82 0.58 +£0.16

Table 6.2: Frequency of SICs/minute during mild and moderate osmotic
insult in the presence of the NR2B subunit containing NMDA antagonist Ro
25-6981. Mean and SE values for the frequency of SICs/minute in the presence
or absence of 1 yM Ro 25-6981 (2nd App only) during mild and moderate

osmotic stress.
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Figure 6.3
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Figure 6.3: Neuronal SICs appear to be enhanced during moderate osmotic
stress when astrocytes are loaded with glutamate. Representative traces of
SICs during a 17% hACSF application, after a 15 min patch clamp of astrocytes
to load them with either + 20 mM sucrose, control condition (A), or + 20 mM
glutamate (B). Confocal image of the experimental arrangement for the patch
clamped, dye filled cells within the hippocampus showing the CA1 pyramidal
neuron (red) and nearby, striatum radiatum, astrocyte (green) (C). Preliminary
data suggests that SICs from neurons next to astrocytes loaded with sucrose
appear to have smaller absolute amplitudes (A) than neurons near astrocytes
loaded with glutamate (B & D). n =2
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Chapter 7

Conclusion and Perspective

It seems clear that non-synaptic sources of glutamate during osmotic
edema contribute to neuronal excitability, to synchronization of neuronal
networks, and potentially to seizure generation in some way. However, much
work needs to be done to understand this process at the physiological level as
well as the pathological. Unfortunately, research has been lacking to a great
extent in this area, focused on neuronal mechanisms including augmented
excitatory inputs through increased synchrony and/or activation due to recurrent
excitatory collaterals (Wong et al., 1986) or global decrease in inhibitory input via
defective GABAergic inhibition (Lloyd et al., 1986).

The results of this study demonstrate that one of the very first effects
produced in CA1 pyramidal neurons by osmotic edema are NMDA receptor-
dependent slow inward currents. SICs were generated within around 60 seconds
in hypoosmolar ACSF at all concentrations tested. Even a 5% reduction in
osmolarity evoked SICs in neurons, although SICs were larger and more
frequent as osmolarity decreased. SICs are typically evoked in Mg?*-free
conditions or depolarized holding potentials, during voltage-clamp of neurons,
and in the presence of the NMDA receptor co-agonist D-serine, the AMPA

receptor antagonist NBQX, and in TTX and/or bafilomycin to block action
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potentials and quantal vesicular release (Angulo et al., 2004; Fellin et al., 2004;
Fiacco et al., 2007; Shigetomi et al., 2008). These conditions make it difficult to
ascertain what effect SICs might have on neuronal excitability under more
physiological conditions. Therefore, the effect of hypoosmolarity was measured
while systematically removing pharmacological and electrophysiological
manipulations. In all cases tested, including in the absence of any added
reagents or voltage clamps reducing osmolarity of the ACSF significantly
increased neuronal excitability. Action potentials were evoked over the same
timecourse as SICs, and were also blocked by AP5, suggesting that activation of
NMDA receptors during cell swelling significantly depolarizes neurons above
action potential threshold. Action potentials also displayed more bursting
characteristics during osmotic challenge compared to the few APs occurring
spontaneously in the baseline period prior to hACSF application. Lastly, | found
that SICs and bursting activity were more pronounced in adult vs. juvenile tissue
which suggests that activation of NMDA receptors during osmotic insult are
increasing bursting activity, and potentially synchronization of neurons. Our
results suggest that significant increases in neuronal excitability are produced at
the very onset of cell swelling, likely before cellular volume increases have
stabilized.

Previous work has recorded the effects of reduced osmolarity on evoked
neuronal activity in the hippocampus. Andrew et al. (1989) and Ballyk et al.

(1991) observed effects of hypoosmolality on evoked CA1 pyramidal cell field
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potentials and on the population spike (PS) amplitude, with no evidence for
changes in chemical synaptic transmission. Because the increase in PS
amplitude was similar when antidromically stimulating CA1 axons or orthodromic
stimulation of Schaffer collaterals, the changes observed were entirely explained
by the increased extracellular resistance directing more voltage across the
neuronal membrane, as described by Ohm’s law (voltage = current * resistance)
(Andrew et al., 1989). These ephaptic, or field effects help to synchronize
neuronal excitability across the population of neurons and therefore contribute to
seizure-like discharges (Andrew et al., 1989; Ballyk et al., 1991). Similar results
were obtained from recordings in CA3 by the same group (Saly and Andrew,
1993). Later, Somjen and others challenged these findings by providing evidence
from recording evoked potentials and whole-cell synaptic currents that synaptic
transmission is also enhanced by lowered osmolarity ACSF (Chebabo et al.,
1995a; Huang et al.,, 1997). These authors hypothesized that buildup of
transmitter concentration in the reduced extracellular space at the receptive
surface may be the mechanism underlying the increased EPSCs. Together,
these seminal studies provided strong evidence that osmotically-induced edema
enhances evoked synaptic transmission, electrical field effects, and population
discharges. However, none of these earlier studies mentioned SICs, nor found
changes in electrophysiological properties of individual neurons. It now seems
likely that this activity was missed in the previous work due to the methods used

to record neuronal activity. Episodic rather than continuous recordings were
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performed, usually after several minutes (10 - 20 min) in hACSF when cell
swelling and reduction of the ECS had largely stabilized. In contrast, the
experiments in this body of work were continuous recordings of spontaneous
neuronal activity throughout the process of solution exchange from normosmolar
to hypoosmolar ACSF. These findings, therefore, add to and expand upon earlier
studies by identifying NMDA receptor activation and SICs as one of the first
events that significantly increase neuronal excitability at the onset of osmotic
edema.

Slow inward currents have been predominantly discussed in the context of
astrocytes. The first reports of SICs suggested that astrocyte Ca?*-dependent
glutamate release activated extrasynaptic NMDA receptors on adjacent neuronal
compartments to generate SICs (Angulo et al., 2004; Fellin et al., 2004).
However, these findings were later questioned by data suggesting that reduced
osmolarity and cellular swelling were important for SICs. First, Kozlov et al.
(2006) found that SICs in olfactory bulb granule cells were evoked by various
types of mechanical stimulation including cyclic stretch to blood vessels, and that
reducing extracellular osmolarity significantly increased SIC frequency. These
data suggested a role for volume-regulated anion channels (VRAC) in the
generation of SICs (Kozlov et al., 2006). Subsequently, Fiacco et al. (2007)
demonstrated that SICs could be evoked in CA1 pyramidal neurons by
application of -25 mM NaCl ACSF in slices from IPsR27 mice, in which Gq

GPCR-driven astrocyte Ca®" activity is significantly reduced (Petravicz et al.,
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2008; Srinivasan et al., 2015). These findings suggested that SICs are
predominantly driven by reduced osmolarity, although there is ample evidence to
suggest that astrocyte ca? activity amplifies or modulates volume-regulated
release pathways that may be involved in the generation of SICs (Mongin and
Kimelberg, 2005; Takano et al., 2005; Ramos-mandujano et al., 2007).

Are astrocytes responsible for SICs? This remains an open question that
requires further study. A hypothesis for how SICs are generated during the onset
of cellular edema can be made after taking into consideration the cells that swell,
the receptors involved, and where the glutamate is coming from (Figure 7.1).
Evidence to date suggests that neurons are very resistant to osmotic changes.
This has been demonstrated in acutely dissociated neurons (Somjen et al., 1993)
and in recordings of real-time volume responses during acute osmotic stress in
situ (Andrew et al., 2007) and in vivo (Risher et al., 2009). However, recently our
laboratory has obtained data using confocal imaging to visualize neurons during
mild and moderate osmotic stress which may refute their findings. Astrocytes
readily swell in osmotic stress, and has been attributed to their selective
expression of the functional water channel aquaporin 4 (Andrew et al., 2007;
Hirrlinger et al., 2008; Risher et al., 2009). Therefore, astrocytes appear to be
one of the cells in the brain that swell during cellular edema brought on by acute
reductions in extracellular osmolarity, and may therefore be a driving force

behind reduction of the ECS.
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All studies of SICs, regardless of proposed mechanism, have found that
SICs are mediated by NMDA receptors. In the present study, it is also observed
that NMDA receptors are responsible for SICs. SICs were potentiated by D-
serine, and blocked by both DL-AP5 and the NR2B specific compound Ro25-
6981. Previous work postulated that extrasynaptic NMDA receptors generate
SICs because of their slow kinetics and block by NR2B subunit-specific
antagonists such as ifenprodil (Fellin et al., 2004; Araque et al., 2014). However,
accumulating evidence suggests that synaptic and extrasynaptic NMDA
receptors are triheteromeric, containing GIuN1, GIuN2A (NR2A) and GIuN2B
(NR2B) subunits (Harris and Pettit, 2007; Rauner and Kéhr, 2011; Tovar et al.,
2013). Therefore, subunit selective pharmacology cannot be used to distinguish
between synaptic vs. extrasynaptic pools of NMDA receptors. If receptor
composition is similar within and outside the synapse, kinetic properties of the
channels themselves are not likely to play much of a role in the slow kinetics of
SICs. Whether synaptic or extrasynaptic, a more likely scenario for the slow rise
and decay times of SICs is the increased tortuosity of the ECS brought about by
cell swelling. The ECS is not simply a fluid-filled space, but rather contains a rich
meshwork of extracellular matrix molecules (Vargova and Sykova, 2014). The
ECS can be likened to a wet sponge, which gets compressed when cells swell.
Within this collapsed meshwork, diffusion of glutamate will be significantly
impeded, leading to currents with slow kinetics. While a role for extrasynaptic

NMDA receptors in the generation of SICs still seems likely based on their
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location and high binding affinity for glutamate, additional work is required to
substantiate this possibility. Incorporation of stimulation protocols with the use-
dependent channel blocker MK-801 seems like a logical approach to isolate the
extrasynaptic fraction of NMDA receptors (Harris and Pettit, 2007).

Because SICs can be evoked in the absence of neuronal action potentials
or miniature spontaneous vesicular release, the glutamate binding NMDA
receptors must be predominantly non-synaptic in origin. This leaves two possible
sources of glutamate leading to SICs: Release from non-neuronal cells, or
ambient glutamate already present in the ECS which increases in concentration
and proximity to receptors as the ECS shrinks. Astrocytes represent a potentially
significant source of glutamate when they swell. It is well-established that
astrocytes in vitro release large quantities of glutamate from VRAC in
hypoosmolar conditions (Abdullaev et al., 2006; Kimelberg et al., 2006; Liu et al.,
2006). However, there is some uncertainty in the literature with regard to when
and how VRAC open in the process of osmotic edema. Purified astrocytes in
culture initially swell in response to hypoosmolar treatment, and then undergo a
regulatory volume decrease (RVD) due to opening of VRAC (Kimelberg et al.,
2006; Andrew et al., 2007). VRAC opening causes compensatory loss of K*, CI',
and excitatory amino acids including glutamate, accompanied by water, leading
to recovery of cell volume. However, a number of studies have provided
evidence that RVD does not occur in intact tissue preparations, as demonstrated

by recording intrinsic optical signals (Andrew et al., 1997, 2007) and real-time
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volume measurements of fluorescently-labeled astrocytes in situ (Neusch et al.,
2006; Andrew et al., 2007) and in vivo (Risher et al., 2009). In few instances
when RVD has been observed, it occurs gradually, proceeding over tens of
minutes, and does not appear to initiate for ~10-20 min. in hypoosmolar solution
(Chebabo et al., 1995a, 1995b; Andrew et al., 1997). In the present study,
hACSF was only applied for 5 to 7 minutes at a time. Our real-time volume
measurements of astrocytes indicate that astrocyte volume increases are just
starting to peak after 5 minutes in hACSF. This means that SICs and APs
occurred over a period of time in which the ECS was still shrinking, and
normosmolar ACSF was re-applied before RVD had a chance to begin. Previous
studies that recorded changes in light transmittance and extracellular resistance
measurements also suggest that cell swelling and reduction of the ECS is still
occurring during this time (Andrew and MacVicar, 1994; Chebabo et al., 1995b;
Kilb et al., 2006; Andrew et al., 2007). Initiation of SICs within one minute
suggests - at least in the context of RVD measurements - that sufficient
glutamate is available to activate NMDARs before VRAC ever have a chance to
open. If, however, VRAC are triggered to open by the initial stretch of the
membrane as the cell volume is increasing, they may play a role. Based on
measurements of glutamate accumulation in the ECS by enzymatic assay and D-
[*H]aspartate release in vitro, and microdialysis measurements in vivo, significant
release of glutamate from VRAC takes place within 3-5 minutes, likely while cells

are still swelling (Abdullaev et al., 2006; Liu et al., 2006; Haskew-Layton et al.,
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2008). Alternatively, other mechanically-sensitive channels may be involved in
generation of SICs. The NMDA receptors themselves have been reported to be
osmosensitive  (Paoletti and Ascher, 1994), and connexin/pannexin
hemichannels are sensitive to both stretch and reduced divalent cation solution
(Ye et al., 2003; Montero and Orellana, 2015; Voigt et al., 2015) - precisely the
conditions presented by hypoosmolar challenge. Further complicating matters is
that the traditional pharmacological agents used to block VRAC are nonspecific,
including the most promising of those - DCPIB - which has been shown recently
to also block hemichannels (Bowens et al., 2013). At this time, it is not possible
to determine if SICs are generated by an active release mechanism or by
glutamate already present in the ECS. A careful series of experiments will need
to be performed to determine the role of VRAC or other channels in the
generation of SICs and increased neuronal excitability during acute osmotic
edema. An intriguing possibility is that hemichannels release glutamate in the
early phase while cell volume is increasing, while VRAC are involved in
sustained release of glutamate during prolonged RVD.

These findings have important implications for understanding the
underpinnings of epilepsy. Non-synaptic mechanisms are critical for the initiation
and maintenance of recurring seizure-like activity in the hippocampus. Ictal
discharges have actually been shown to occur in the complete absence of
chemical synaptic transmission (Jensen and Yaari, 1988; Dudek et al., 1990;

Roper et al.,, 1992). Undoubtedly, increased electrical field effects due to
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reduction of the ECS play a major role in synchronization of neuronal bursts
underlying seizure (Taylor and Dudek, 1984; Andrew et al., 1989; Jensen and
Yaari, 1997; Dudek et al., 1999). Chemical synaptic transmission has also been
shown to play a role (Huang et al., 1997), likely amplifying seizure activity
through activation of excitatory AMPA and NMDA receptors to increase neuronal
depolarization. While blocking AMPA receptors with NBQX | observed a
significant decrease in the frequency of currents, during a mild osmotic insult, in
the baseline and all three hypoosmolar applications. These findings suggest that
AMPA receptors are also activated during osmotic edema and increase neuronal
excitability. Dingledine et al. (1986) found that a significant component of the
slow depolarization underlying burst firing is synaptic in origin and mediated by
NMDA receptors. Later, Traynelis and Dingledine (1988) demonstrated that
recurring potassium-induced hippocampal seizures (ictal discharges) are blocked
by the NMDA receptor antagonist D-AP5. Slow inward currents are intriguing in
the context of epilepsy, as they are non-synaptic in origin, chemically-mediated,
and NMDA receptor-dependent. SICs enhance synchrony of neuronal activity, as
demonstrated in this body of work, by increased bursting of neuronal action
potentials evoked by hACSF application, an effect that was dependent on NMDA
receptors. This work provides proof-of-principle that rapid cell swelling can
increase and synchronize neuronal excitability in juvenile and adult hippocampus
through the generation of SICs. The greater effect observed in adult hippocampal

slices may be due to the smaller ECS in adults, which is estimated to be about
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half the size of juveniles (Kilb et al., 2006). Overall, the consistent effect of
osmotic edema on neuronal excitability across a variety of conditions suggests
that cell swelling may be a universal mechanism contributing to seizures across
multiple forms of epilepsy and seizure disorders. The rapid timecourse of evoking
SICs by hACSF in our study fits well with the timing of glial depolarization,
increased CA1 burst intensity, and ECS reduction, which occur 1-2 minutes prior
to ictal discharge in the elevated potassium model of epilepsy (Traynelis and
Dingledine, 1988, 1989). Similar observations have been made in studies of
seizure in vivo (Binder et al., 2006). It may be that elevated potassium, which has
also been shown to cause cell swelling (Andrew et al., 2007; Risher et al., 2009)
leads to opening of VRAC, RVD, and release of glutamate to trigger the NMDA

receptor-dependent ictal discharge.
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Figure 7.1

NMDA Receptor ’ Volume-regulated
(synaptic) w AMPA Receptor @ Glutamate (ambient) anion channel (VRAC)
NMDA Receptor 1] Slow inward current , Connexin or pannexin
(extrasynaptic) l‘ (SIC) O Glutamate (astrocytic) hemichannel

Figure 7.1: Hypothesized model for neuronal excitability increases in
hACSF. In control conditions (left panel), ambient glutamate diffuses through the
extracellular space around the synapse at low concentration. Neuronal
excitability is mostly synaptic. Upon addition of hACSF (right panel), tissue
(including astrocyte) swelling leads to constriction of the ECS. This increases
local glutamate concentrations near extrasynaptic (and possibly synaptic) NMDA
receptors, increasing neuronal excitability through NMDA receptor activation.
Resultant currents (SICs) are large and slow due in part to the restricted diffusion
of glutamate within the compressed ECS. Ambient glutamate concentration may
be augmented by astrocytic glutamate released through volume-regulated anion
channels (VRAC) and/or connexin/pannexin hemichannels.
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