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Abstract
Synaptic transmission in the nervous system involves the activation of receptor proteins
that permit rapid transmembrane fluxes of ions. Ionic gradients across the membrane
determine the direction and driving force for the flow of ions and are therefore crucial in
setting the properties of synaptic transmission. These ionic gradients are established by
a variety of mechanisms, including pump and transporter proteins. However, the gradients can be affected by periods of neural activity, which in turn, are predicted to influence
the properties of ongoing synaptic transmission. In this thesis I have examined the concentration gradients of two ions that play a fundamental role in synaptic transmission:
chloride ions (Cl- ) and protons (H+ ).
Type A γ-Aminobutyric acid receptors (GABAA Rs) are primarily permeable to Cl- and
mediate the majority of fast post-synaptic inhibition in the brain. The transmembrane
concentration gradient for Cl- is therefore a critical parameter in governing the strength
of synaptic inhibition. In the first part of the Thesis I use a combination of experimental
and theoretical approaches to demonstrate that influxes of Cl- via activated GABAA Rs
can overwhelm a neurons ability to maintain a stable Cl- concentration gradient. The
consequence is that subsequent activation of GABAA Rs results in weaker inhibition or
even excitation, which alters how the neuron integrates synaptic inputs. This process
is shown to be dependent upon the level of activity of the GABAA R, the post-synaptic
cells membrane potential and the cellular compartment into which the Cl- flows. These
principles were extended to demonstrate that popular optogenetic strategies for silencing
neural activity have different effects upon GABAA R transmission. A light-activated Clpump was shown to cause substantial accumulations in intracellular Cl, which meant that
the strength of synaptic inhibition was significantly reduced following light offset.
In the second part of the Thesis I use electrophysiological and fluorescence imaging
techniques to demonstrate that the activation of GABAA Rs during epileptiform activity results in pronounced changes to the transmembrane Cl- gradient. Indeed, these changes
convert synaptic inhibition into synaptic excitation during the course of a seizure event.
As part of this work I characterise a novel, genetically-encoded reporter for measuring intracellular Cl- dynamics in different cell types and subcellular compartments. A significant
advantage of this reporter is that it permits the simultaneous quantification of H+ fluxes,
which are also shown to change in an activity-dependent manner and which have been a
confounding factor for previous Cl- reporters.
In the third and final part of the Thesis I use genetically-encoded reporters to investigate activity-dependent changes in intracellular H+ concentration. I demonstrate that
markedly different pH changes occur in neurons and astrocytes during epileptiform activity. Whereas neurons become acidic, astrocytes become alkaline and the dynamics of
these pH shifts exhibit a very different temporal relationship with the seizure event.
In conclusion, this thesis demonstrates that the intracellular concentrations of Cl- and
+
H are dynamic variables that evolve across time and space, in an activity-dependent
manner. Changes in the transmembrane gradients of these two ions influence ongoing
synaptic transmission. Therefore this work has significant implications for our understanding of network activity and the balance of synaptic excitation and inhibition.
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Chapter 1

Introduction
1.1

Neural signalling and the balance between synaptic excitation and inhibition

The remarkable properties of the brain ultimately depend on the coordinated electrical
activity of its constituent cells. It has long been asserted that neurons are the basic computational unit of the brain (Cajal, 1899), and the important role played by astrocytes is
being increasingly appreciated (Perea et al., 2009). Neurons typically receive hundreds
of synaptic inputs from other neurons and the release of neurotransmitter and activation
of ligand-gated receptors at these synapses results in the generation of voltage signals
in the postsynaptic cell. These input signals are integrated across time and space to determine whether an output is generated in the from of an action potential. This seemingly
simple operation lies at the heart of every complex function performed by the brain.
Synaptic inputs differ in terms of the direction and magnitude of effect they have upon
the postsynaptic membrane potential. Excitatory inputs work to depolarise the cell membrane potential in order to facilitate action potential generation. Inhibitory inputs meanwhile either hyperpolarise the membrane, or reduce the effect of depolarising currents
that occur at the same time, thereby reducing the probability of an action potential. Many
factors may differentially effect the strength of inhibitory and excitatory inputs to a neuron
and by extension the levels of excitability within a neural network. Indeed, the strength of
any particular synaptic connection between two neurons is not a static quantity, but rather
a dynamic variable that may be altered by a variety of short and long-term plasticity pro7
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cesses.
In the context of these dynamic processes the brain must maintain a delicate balance
between excitation and inhibition. This balance is crucial for normal brain function and if it
is disturbed, unrestrained hyperexcitability will be the result. Epilepsy is the general term
used to describe such hyperexcitability and the primary feature of epileptic activity is the
failure of inhibitory systems to contain the generation and spread of neuronal excitation
(McCormick and Contreras, 2001).

1.2

Synaptic transmission relies on ion gradients

Ion gradients are fundamental to fast synaptic transmission. When neurotransmitter is
released into the synaptic cleft and binds to receptors on the postsynaptic membrane,
ions flow down their electrochemical gradient either into, or out of, the cell. The flux of
these charged particles results in a change in the membrane potential of the postsynaptic
neuron. As such, ion gradients represent the thermodynamic ‘currency’ that is spent in
the process of synaptic transmission. The precise nature of these postsynaptic potentials
depends upon the receptors from which they stem. Ligand-gated ion channels bind to
specific neurotransmitters and are highly selective as to the type of ion which may traverse
the channel pore upon opening. For example, excitatory neurotransmitters generally bind
to ionotropic receptors that are permeable to cations such as sodium (Na+ ), potassium
(K+ ) and calcium (Ca2+ ). This results in an influx of positive ions which depolarise the
neuronal membrane. In contrast, inhibitory neurotransmitters often activate receptors
which lead to chloride (Cl- ) influx or K+ efflux which serve to drive the membrane potential
toward more negative values.
These ion gradients are established by the actions of ion pumps and transporters in
the neuronal membrane. Pumps, such as the Na+ /K+ -ATPase, utilise energy from the
hydrolysis of adenosine triphosphate (ATP) in order to move ions into, or out of, the cell.
Na+ /K+ -ATPase, arguably the most important neuronal membrane pump, shuttles three
Na+ ions out the cell and two K+ ions inward, for every molecule of ATP hydrolysed. This
process is critical for establishing the transmembrane gradients of Na+ and K+ and it has
been estimated that the Na+ /K+ -ATPase expends as much as 70% of the ATP utilised
by the brain (Bear et al., 2007). Transporters meanwhile are membrane proteins that
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typically utilise the transmembrane gradients of other ions, often Na+ and K+ gradients
established by the Na+ /K+ -ATPase, in order to move ions across the membrane. For
instance, transmembrane Cl- gradients are established by transporter proteins that use
the K+ gradient to transport Cl- out of the cell (e.g. the family of K+ - Cl- cotransporters,
see Fig. 1.2). Lastly, membrane impermeable, negatively charged proteins also modify
the distribution of ions across the cell membrane via electrostatic attraction or repulsion
of charged ion species.
Different compartments within the brain contain ions at different concentrations. This
is because pumps, transporters, channels and other proteins are often differentially expressed on the borders of the compartments concerned. Three major compartments
within the nervous system include the intra-neuronal, intra-astrocytic and extracellular
space. Astrocytes are interwoven into the fabric of neuronal networks where, like neurons, they express a host of membrane proteins that establish particular ion gradients
across their borders. By affecting ion concentrations within the extracellular space, these
cells also modulate the ion gradients that are critical for synaptic transmission. Astrocytes
have many roles including providing neurons with metabolites (Pellerin and Magistretti,
1994; Bacci et al., 2002), clearing released neurotransmitter and modulating synaptic
plasticity processes (Min and Nevian, 2012; Kang et al., 1998; Henneberger et al., 2010;
Perea and Araque, 2010; Yang et al., 2003).
In addition to the cell-type specific control of ion gradients, different subcellular compartments within an individual cell can also show differences in ion concentration. Such
subcellular differences may result from the expression pattern of pumps and transporters,
or the particular influxes of ion species into different regions of a cell. These regions may
be separated by the membranes that surround organelles (e.g. synaptic vesicles or mitochondria) or by simple cell geography (e.g. distal dendrites versus the cell soma). An important question therefore is how ion gradients may be differentially regulated by network
activity and in a manner that depends upon the cell-type or the subcellular compartment
concerned.
As we have seen, synaptic transmission operates by the activation of receptors that
release previously established ion gradients in order to cause voltage changes in the
postsynaptic membrane. Recently, optogenetic techniques have been developed which

10

CHAPTER 1. INTRODUCTION

also utilise the same principle of transmembrane ion movement to control the activity of
cells. By expressing microbial opsins, which act as light activated channels or pumps,
researchers are able cause the exogenous flux of specific ions, which depolarise or hyperpolarise neurons (Boyden et al., 2005; Zhang et al., 2007). These techniques have
had a tremendous impact in the neuroscience field as they enable the optical control of
action potential generation in genetically defined subsets of cells. Given that the same ion
species are used by neurotransmitter receptors and channels, an important consideration
is how optical silencing tools may interact with endogenous signalling systems.
In this thesis I focus on two important ions: chloride (Cl- and hydrogen (H+ ). Both of
these ions are critical to fast synaptic inhibition (Farrant and Kaila, 2007). This is because
GABAA Rs, the primary mediators of fast inhibition in the brain, are permeable to both Cland HCO3 - ions (Kaila, 1994). H+ ion concentrations are intimately linked to HCO3 - levels
because intracellular and extracellular carbonic anhydrases rapidly catalyse the reaction
of HCO3 - and H+ to H2 0 and CO2 . Cl- and H+ are often coregulated (Sterling and Casey,
1999; Tabb et al., 1992) and activity driven neuronal processes often involve either the
related, or independent, flux of both Cl- and H+ ions (Doyon et al., 2011). In the course
of this thesis I have investigated how ionic gradients for Cl- and H+ are modulated by
network activity. In turn, I have examined the reciprocal question: How do changes in
the transmembrane gradients for Cl- and H+ affect the generation of activity within the
nervous system?

1.3

The hippocampal formation and inhibitory circuitry

The work in this thesis was performed on the rat and mouse hippocampal formation.
This structure forms part of the limbic system where it is believed to play important roles
in both spatial learning and memory consolidation. The hippocampal formation includes
the dentate gyrus, the cornu ammonis subdivisions one to four (CA1-CA4), the subiculum
and entorhinal cortex (see Fig. 1.1). Neurons within the hippocampus have been shown
to fire bursts of action potentials when an animal is in a particular location within its environment (dubbed ‘place cells’) (O’Keefe and Dostrovsky, 1971). In addition, neurons
within the subiculum and entorhinal cortex can show a host of interesting spatially dependent behaviours. Individual cells may respond preferentially to the direction in which the
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animal is heading (‘head-direction cells’, (Taube et al., 1990)), the border of the animal’s
environment (‘border cells’, (Solstad et al., 2008)) or in a repetitive, spatially defined,
triangular pattern (‘grid cells’, (Hafting et al., 2005)). Consequently the hippocampal formation has been suggested to act as a ‘cognitive map’ by which animals may navigate
their spatial environment (O’Keefe and Dostrovsky, 1971; Moser et al., 2008). It is also
well known that damage to the hippocampal formation is associated with loss of episodic
memory in both animals and humans. As such, the hippocampus is considered crucial
for memory formation, particularly the consolidation of short-term memory into long-term
representations (Burgess et al., 2002; Eichenbaum et al., 1992).

At a synaptic level, the hippocampal formation receives inputs from, and projects to,
multiple brain areas including cortex, amygdala and thalamus (Andersen et al., 2006).
Glutamatergic cell populations conduct excitatory signals through the hippocampal formation via a classic ’trisynaptic pathway’ in which primary cells in the entorhinal cortex
project to the dentate gyrus using the perforant path, then from the dentate gyrus to
CA3 pyramidal cells via mossy cell fibres, and then finally Schaffer collaterals project
from CA3 pyramidal cells to pyramidal cells in the CA1 area (Andersen et al., 2006).
Neurons in the hippocampal formation also receive inputs from a vast array of inhibitory
interneurons. Indeed, at least 21 classes of inhibitory interneuron have been identified in
the CA1 region alone, each categorised according to their own pattern of synaptic connectivity, layer-specific location of their somata, characteristic firing patterns and expression of molecular markers (Klausberger and Somogyi, 2008; Somogyi and Klausberger,
2005). For example, axo-axonic cells (Chandelier cells) innervate the axon-initial segment (AIS) of pyramidal cells. Fast-spiking parvalbumin or cholecystokinin expressing
basket cells target the soma and proximal dendrites of pyramidal cells, whilst bistratified
and oriens-lacunosum molecular interneurons form inhibitory synapses onto the basal
and apical dendrites respectively (See Fig. 1.1a). Pyramidal cells are also innervated by
neurogliaform cells and Ivy cells, which provide slow inhibitory signals to the apical and
proximal dendritic regions (Klausberger and Somogyi, 2008; Somogyi and Klausberger,
2005). Due to their different firing properties and precise spatial targeting, hippocampal
interneurons are thought to be critical for shaping pyramidal cell output. As an example,
perisomatic targeting basket cells can inhibit Na+ -dependent action potential generation
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Figure 1.1: Cells of the hippocampus. (a) An example of a mature hippocampal pyramidal neuron. Three presynaptic interneurons and their patterns of connectivity are also
depicted. The bistratified cell projects to pyramidal cell dendrites, the basket cell targets
the pyramidal cell soma whilst the axo-axonic cell forms synapses onto the axon initial
segment. Figure adapted from (DeFelipe and Farinas, 1992). (b) A horizontal slice of the
hippocampal formation. Figure adapted from Cajal (1899). DG = dentate gyrus, CA3 =
cornu ammonis area 3, CA1 = cornu ammonis area 1, Sub = subiculum, EC = entorhinal
cortex.

from the soma and AIS of pyramidal neurons. In contrast, dendritic targeting interneurons have been shown to suppress slower, Ca2+ -dependent dendritic spikes (Miles et al.,
1996). In addition to simply preventing action potential generation, inhibitory interneurons are also crucial for synchronising activity between neurons in order to generate network oscillations. This oscillatory activity has been suggested to underlie many cognitive
functions including information processing, memory encoding and even consciousness
(Buzsaki, 2006). It is therefore unsurprising that interneuronal dysfunction is associated
with numerous disorders including schizophrenia, bipolar disorder and epilepsy (Benes
and Berretta, 2001; Cossart et al., 2001; Dinocourt et al., 2003).
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Synaptic inhibition is mediated by GABAergic transmission

Inhibitory inputs are important for shaping the input-output relationship of neurons and
the excitability of neuronal networks. As described above, the importance of inhibition is reflected by the incredible variety of inhibitory interneurons that are strategically
placed throughout the nervous system to regulate neural activity (Klausberger and Somogyi, 2008; Somogyi and Klausberger, 2005) and the dramatic proconvulsant effects of
agents that block inhibitory signalling (Treiman, 2001). The bulk of inhibitory transmission
within the central nervous system is mediated by the neurotransmitter γ-Aminobutyric
acid (GABA). Currently, two classes of GABA receptor have been identified; ionotropic
GABAA receptors and metabotropic GABAB receptors.

1.4.1

GABAA receptors

GABAA receptors (GABAA Rs) are members of the ‘Cys-loop’ superfamily of ligand-gated
ion channels, which include the nicotinic acetyl-choline receptors, glycine receptors and
5-HT3 receptors. These receptors are composed of pentameric assemblies of subunits
(each with four transmembrane polypeptide sequences) that form a central ion channel,
which opens upon neurotransmitter binding. In mammals, nineteen different GABAA receptor subunit genes have been identified. According to sequence similarity these have
been divided into eight classes (six α, three β, three γ, one δ, one , one θ, one π and
three ρ) (Sieghart and Sperk, 2002). GABAA Rs are composed of two α, two β and a fifth
subunit that is usually from a different subunit class. The particular subunit composition
of GABAA Rs is relevant for the distribution and functional properties of the receptor. The
most common arrangement found in the brain is two α1, two β2 and a γ2 subunit (Benke
et al., 2004). These receptors are associated with phasic inhibition and can be located at
most GABAergic synapses (Nusser et al., 1996). It is suggested that the γ subunit is crucial for GABAA R clustering at synapses (Farrant and Kaila, 2007). Consistent with this,
GABAA Rs where the γ subunit has been replaced by a δ subunit are exclusively found at
extrasynaptic sites (Vithlani et al., 2011).
In addition to determining subcellular localisation, subunit composition also governs
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the binding and gating properties of GABAA Rs and hence the magnitude and time course
of the conductance change elicited in response to GABA exposure. For efficient gating
of the pore, two molecules of GABA are required to bind to each of the two interfaces
between α and β subunits (Baumann et al., 2003). The group of the GABAA R agonists,
benzodiazepines, have a separate binding site at the interface between γ and α subunit.
Studies using recombinant GABAA Rs suggest that it is the type of α subunit that controls
the sensitivity of the receptor to GABA (Vithlani et al., 2011). The α4 or α6 subunits,
which are typically found at extrasynaptic locations, have the highest affinity for GABA,
whilst α1-3 and α5 subunits, generally found within synapses, have considerably lower
affinity for the neurotransmitter. The α subunit also affects the rates of activation, deactivation and desensitisation with receptors containing the ‘extra-synaptic’ subunits having
far slower kinetics than their ‘synaptic’ counterparts. Most extra-synaptic GABAA Rs, due
to their lack of a γ subunit, are insensitive to benzodiazepines. Due to their particular
α subunit composition described above, they also show high affinity to GABA and little
desensitisation, which makes them well suited to producing continuous ‘tonic’ GABAA R
currents in response to low-levels of ambient GABA.

Interestingly, subunit composition also appears to affect the rectification properties
of GABAA Rs. Receptors which include subunits (α1-3) associated with phasic inhibition
show outward rectification as would be predicted by the Goldman-Hodgkin-Katz equation
and the unequal transmembrane concentration gradient of Cl- (Farrant and Kaila, 2007).
In contrast, receptors containing the α subunits associated with extrasynaptic localisation
appear to show marked inward rectification (Granja et al., 1998), although studies investigating the rectification properties of tonic GABA in acute hippocampal slices have not
confirmed this finding (Pavlov et al., 2009).

Whilst most GABAA R subunits assemble as heteromers, ρ subunits, which are predominantly expressed in the retina, can form functional homomeric or heteromeric assemblies. These are insensitive to the classic GABAA R antagonist bicuculline, which is
why they are sometimes referred to as GABAC receptors (Vithlani et al., 2011).
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GABAB receptors

Unlike GABAA Rs, GABAB Rs are metabotropic receptors associated with slow inhibitory
effects. GABAB Rs form part of the family of seven transmembrane receptors (7TMRs)
whose signalling properties are mediated by guanine nucleotide-binding protein (G-protein)
messenger systems (Bettler et al., 2004). Presynaptically, GABAB Rs reduce release of
both glutamate and GABA by inhibiting voltage gated Ca2+ channels. Postsynaptically,
GABAB Rs cause membrane hyperpolarisation by activating G-protein coupled inwardly
rectifying K+ channels (GIRK) (He et al., 2002).

1.4.3

Fast synaptic inhibition is mediated by Cl- permeable GABAA receptors

Two variables determine the effect of GABAA R mediated synaptic transmission on the
postsynaptic membrane potential. The first is the reversal potential for GABAA Rs (E GABAA ),
whilst the second is the GABAA R conductance (g GABA ). E GABAA is a direct function of the
combined ionic gradients for ions that are able to traverse the GABAA receptor. Open
GABAA Rs are approximately four times more permeable to chloride (Cl- ) than to bicarbonate (HCO3 - ) ions (Kaila, 1994). Whilst particular GABAA R subunits have been shown
to be relevant for the magnitude and time course of GABAA R conductances, the link between GABAA R subunit composition and relative ionic permeability of the channel has
not been investigated.
The ionic gradient for Cl- is the largest factor in determining the affect of GABAA R
activation. Typically, Cl- is at a much higher concentration outside (≈135 mM) as opposed
to inside (≈6 mM) neurons. This transmembrane gradient for Cl- is established through
several mechanisms. Firstly, the resting membrane potential of neurons is approximately
-60 mV and, as a negative anion, intracellular Cl- experiences significant electrostatic
repulsion, which acts to extrude Cl- via any Cl- permeable channel. Secondly, the K+ Cl- cotransporter KCC2, utilises the K+ gradient established by the Na+ / K+ -ATPase to
further transport Cl- out of the cell (Blaesse et al., 2009). As a result, the reversal potential
for Cl- (the voltage that needs to be applied across the membrane to precisely counteract
the tendency of Cl- to flow down its concentration gradient) is typically -80 mV, somewhat
more negative than the resting membrane potential. However, GABAA R are permeable
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to both Cl- and HCO3 - . Given the ionic permeabilities described above, E GABAA (typically
-70 mV) is much closer to the very negative Cl- reversal (E Cl- typically -80 mV) than
the considerably more positive HCO3 - reversal (E HCO3 - ; typically -20 mV) (Lambert and
Grover, 1995). When γ-Aminobutyric acid (GABA) binds to GABAA Rs, the bulk of anion
flux through receptors is Cl- flowing down its electrochemical gradient from outside to
inside the cell (see Fig. 1.3a). This causes the membrane potential hyperpolarisation
typical of classic GABAA R mediated inhibition. In addition, by increasing local membrane
conductance, activation of GABAA Rs will also reduce or ‘shunt’ the effect of excitatory
inputs occurring at a similar point in space and time.

The above description explains the biophysics of hyperpolarising GABAergic fast inhibition. However, this has dealt with E Cl- values that are below the resting membrane
potential and this is far from always the case. Indeed, under a range of scenarios (see
below) E Cl- can be more positive then the resting membrane potential. If this occurs,
GABAA R activation will result in Cl- efflux and depolarisation. This will remain inhibitory,
by virtue of the shunting effect described above, as long as E Cl- remains negative of the
action potential threshold. If E Cl- exceeds this value, GABAA R mediated transmission
becomes excitatory by increasing the probability of action potential generation. In this
manner, the intracellular Cl- concentration [Cl- ]i , by setting E Cl- and E GABAA , determines
the ‘mode’ of GABAA R operation. The best described example of E GABAA modulation occurs during early development when neurons undergo a shift in the ionic driving force for
GABAA Rs from depolarising to hyperpolarising (Ben-Ari, 2002). This change is the result
of a developmental decrease in the levels of intracellular Cl- caused by increased expression of the K+ -Cl- cotransporter KCC2, which extrudes Cl- , compared to the Na+ -K+ -2Clcotransporter NKCC1, which normally functions to raise [Cl- ]i (see Fig. 1.2).

The extent to which GABAergic inputs can move a neuron’s membrane potential towards E GABAA is a function of g GABA . g GABA in turn is determined by a host of synaptic parameters including the amount of transmitter released, the number of GABAA Rs present,
the GABAA R subunit composition, channel kinetics, phosphorylation state and presence
of channel modulators. Whereas E GABAA sets the ‘mode’, g GABA can be thought of as
determining the ‘strength’ of the GABAergic synapse.
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Figure 1.2: The differential expression of Cl- transporters underlies the change in E GABAA
during development. (a) In early development, neurons have a high [Cl- ]i because the
main active Cl- co-transporter is NKCC1. NKCC1 uses the Na+ gradient to transport Clinto the cell. This leads to a relatively depolarised E Cl- and thus E GABAA . As a result,
GABAA receptor activation leads to an efflux of Cl- and depolarisation of the membrane
potential. (b) During development the expression and activity of KCC2 increases. KCC2
uses the K+ gradient to transport Cl- out of the cell. This leads to a hyperpolarisation of
E Cl- and E GABAA , which means that GABAA receptor opening typically leads to an influx of
Cl- and hyperpolarisation of the membrane. Figure adapted from Owens and Kriegstein
(2002).

18

CHAPTER 1. INTRODUCTION

1.5
1.5.1

Cl- gradients show activity dependent changes
Long-term changes in the driving force for GABAA Rs

Alterations to Cl- and hence E GABAA are known to underlie long-term plastic changes at
GABAergic synapses (Wright et al., 2011). For instance, pathological periods of intense
network activity, as are characteristic of hyperexcitability disorders such as epilepsy and
neuropathic pain, are well know to cause long-term depolarising shifts in E GABAA (Cohen
et al., 2002; Pathak et al., 2007; Coull et al., 2005; Lu et al., 2008).
Cohen et al. (2002) were one of the first to uncover such a shift in a subset of hippocampal cells taken from human patients after surgery to treat temporal lobe epilepsy.
They were able to show that instead of promoting epileptic activity, application of GABAA R
antagonists blocked epileptiform events, which suggests that at least in a significant number of cells, GABAergic transmission had become excitatory. In a similar vein, Rivera
et al. (2004)showed that interictal activity, evoked using the low Mg2+ model in rat hippocampal slices, switched the driving force of GABAergic post-synaptic potentials from
hyperpolarising to depolarising in CA1 pyramidal cells (Rivera et al., 2004). This depolarising shift in E GABAA was correlated with a significant reduction in KCC2 mRNA and
protein levels, as well as an increased rate of removal of the Cl- co-transporter from the
cell membrane (Rivera et al., 2004). Similar reductions in KCC2 mRNA and protein were
also observed following in vivo kindling (Rivera et al., 2002). Similar studies have shown
that long-term depolarising shifts in E GABAA generated by epileptiform activity do correspond with an underlying increase in [Cl- ]i brought about by either a reduction in the
expression of KCC2 (Rivera et al., 2004; Khalilov et al., 2003; Ben-Ari and Holmes, 2005)
and/or an increase in NKCC1 expression (Dzhala et al., 2010; Bragin et al., 2009; Palma
et al., 2006).
More physiological patterns of activity have also been shown to result in GABAergic
plasticity via changes to E GABAA . For example, periods of pre- and postsynaptic spiking
can lead to a small 3-4 mV persistent depolarising change in E GABAA (Woodin et al.,
2003). A similarly sized shift may be elicited by sustained periods of postsynaptic spiking
alone (Fiumelli et al., 2005). In both cases the underlying mechanism involved Ca2+ influx
via L-type Ca2+ channels causing a sustained decrease in KCC2 activity and hence raised
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[Cl- ]i . Interestingly, Wang et al. (2006), showed that this kind of GABAergic plasticity could
be induced in either direction, either generating depolarising or hyperpolarising shifts in
E GABAA depending on the level of Ca2+ influx associated with rebound spiking.
Due to the fact that such changes to E GABAA can be generated solely via unspecific
postsynaptic spiking (Fiumelli et al., 2005), combined with the fact that over extended
periods of time Cl- is predicted to diffuse and equilibrate throughout a neuron, it seems
likely that this form of GABAergic synaptic plasticity is not specific to single synapses.
Nonetheless, these changes can have important functional consequences. For instance,
Ormond and Woodin (2009) showed that the paired stimulation protocols designed to
induce glutamatergic long term potentiation (LTP) also produced depolarising shifts in
E GABAA . The resultant reduction in strength of the inhibitory synaptic input occurred
in parallel to ‘classical’ LTP at glutamatergic synapses, with both serving to potentiate
synaptic transmission.
The mechanisms underlying synaptic plasticity at GABAergic synapses are not limited
to changes in E GABAA . Indeed alterations in GABAergic synaptic conductance (g GABA ) are
also known to play an important role. Such changes can vary widely in their underlying
mechanism. For instance, they may be presynaptic by altering the probability of GABA
release (Caillard et al., 1999) or postsynaptic; by altering the number of available postsynaptic GABAA Rs (Nusser et al., 1998) or by modulating the efficacy of the GABAA Rs
themselves (Lu et al., 2000).

1.5.2

Short-term plasticity at GABAA Rs

In addition to long-term changes in GABAergic synaptic function, it is well known that
post-synaptic responses can also vary on short time scales, as a function of recent presynaptic activity (Davies et al., 1990; Fleidervish and Gutnick, 1995; Gupta et al., 2000).
At some synapses facilitatory processes dominate under conditions of repeated use and
this leads to synaptic enhancement. At other synapses depression prevails and the result of repeated use is a decrease in synaptic strength. In most cases however, multiple
processes can co-occur at synapses and the result is a combination of facilitation and depression that depends on the timing of synaptic activation (Tsodyks and Markram, 1997;
Varela et al., 1997). Although these processes have been most thoroughly investigated
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at glutamatergic synapses, GABAergic synapses are known to display a wide array of
short-term plasticity phenomena (Davies et al., 1990; Kirischuk et al., 2002; Fleidervish
and Gutnick, 1995; Jiang et al., 2000; Mott et al., 1993), that can be related to the specific
interneuron type that is the pre-synaptic source (Gupta et al., 2000; Pouille and Scanziani,
2004). Short-term plasticity phenomena such as these are generally thought to relate to
pre-synaptic processes. For instance, synaptic facilitation is typically attributed to residual
elevations of pre-synaptic calcium (Ca2+ ), whilst depression is linked either to depletion
of readily releasable synaptic vesicles (Zucker and Regehr, 2002) or the activation of
presynaptic GABAB receptors (Davies et al., 1990; Lambert and Wilson, 1994). However, post-synaptic mechanisms can also contribute to these short-term synaptic plasticity events and these include desensitisation of the post-synaptic receptors (McCarren
and Alger, 1985; Overstreet et al., 2000) or changes in the ionic driving force across the
post-synaptic receptors. The latter process - transient shifts in the ionic driving force of
the post-synaptic GABAA Rs - will be a major focus of this thesis.

1.5.3

Cl- accumulation underlies short-term changes to the GABAA R reversal potential

Within the glutamatergic system, short-term changes to receptor reversal potentials via
breakdown of ionic concentration gradients are not thought to occur. This is because the
major ionotropic receptors for glutamate; AMPA, NMDA and Kainate receptors are equally
permeable to Na+ and K+ . The concentration gradients across the neuronal membrane
for these two ions are diametrically opposed resulting in glutamate receptors having a
reversal potential around 0 mV. During periods of intense glutamatergic synaptic activity
sodium influx and potassium efflux may reduce their respective concentration gradients
at a local level, but as both ion concentrations are perturbed equally this will have no
effect on the combined reversal potential for glutamate receptors.
In contrast, GABAergic synapses are potentially unique in that short-term plasticity
mechanisms are postulated to include changes in the reversal potential for ionotropic
GABA receptors. Previous work has demonstrated that the Cl- influx that occurs during
activation of GABAA Rs is sometimes sufficient to significantly alter E GABAA (Alger and
Nicoll, 1979; Staley and Soldo, 1995; Thompson and Gahwiler, 1989a). The mecha-
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nism is thought to operate as follows: E GABAA is typically close to the neuronal resting
membrane potential. This means that relatively small changes to E GABAA can vary the
functional effect of GABAA R activation and consequently neuronal output. As described
above GABAA Rs are permeable primarily to Cl- and to a lesser extent HCO3 - (Kaila,
1994). This means that at rest, E GABAA (typically -75 mV) is much closer to the very
negative Cl- reversal (E Cl- ; typically -85 mV) than the considerably more positive HCO3 reversal (E HCO3 - ; typically -20 mV) (Lambert and Grover, 1995). During intense activation
of GABAA Rs however, rapid Cl- influx exceeds Cl- extrusion mechanisms and a breakdown in the Cl- gradient occurs (Staley and Proctor, 1999). An equivalent collapse of
the HCO3 - gradient is prevented by the activity of intra- and extracellular carbonic anhydrases, which use CO2 as a substrate to rapidly regenerate intracellular HCO3 - (Rivera
et al., 2005). As a result E GABAA shifts toward the more positive E HCO3 - during rapid, repeated activation of GABAA Rs. It is therefore likely that such a process could contribute
to short-term synaptic depression of GABAergic potentials (McCarren and Alger, 1985).

Not only may inhibitory postsynaptic potentials (IPSPs) be reduced in size, intense
GABAA R activation may cause IPSPs to change from being hyperpolarising to depolarising as E GABAA shifts in a positive direction. Such biphasic responses have been documented previously (Thompson and Gahwiler, 1989b,a; Alger and Nicoll, 1979; Andersen
et al., 1980). As described above they are though to depend on the differential collapse
of the opposing concentration gradients of Cl- and HCO3 - (see Fig. 1.3)(Staley and Proctor, 1999; Lambert and Grover, 1995). Indeed, Staley and Soldo (1995) have shown that
by bocking carbonic anhydrase, the enzyme that maintains intracellular HCO3 - , with the
drug acetazolamide prevents a depolarising response to strong GABAA R activation. Interestingly, a recent paper argues that this GABA elicited depolarisation is paradoxically
accentuated by the activity of the electroneutral co-transporter KCC2 (Viitanen et al.,
2010). Following the GABAA R -mediated accumulation of intracellular Cl- , this leads to
an accelerated extrusion of both Cl- and K+ by KCC2. Provided this extrusion of K+ occurs within a large enough neuronal population, the resultant increase in extracellular K+
can result in inward K+ currents that further depolarise the cell membrane (Viitanen et al.,
2010; Kaila et al., 1997). It should be noted that such shifts in E GABAA are transient, such
that once GABAA R activity subsides, [Cl- ]i returns to baseline levels within seconds or
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minutes as Cl- pumps gradually extrude the excess Cl- (Staley and Proctor, 1999).
Many questions still remain. Firstly, what are the parameters that control a neuron’s
susceptibility to Cl- accumulation? Secondly, how do short-term changes in the reversal potential for ionotropic GABA receptors affect synaptic integration and spike timing?
These questions will be addressed as part of Chapter 3 in this thesis.

1.5.4

An optogenetic silencing tool mediated by transmembrane Cl- flux.

As described previously, optogenetics is a technique which allows the precise control of
genetically defined populations of neurons using light Yizhar et al. (2011). Multiple strategies have emerged for rapidly activating or silencing the activity of neurons, all of which
use the flux of various ion species in order to control the membrane potential and resistance (Zhang et al., 2007; Chow et al., 2010). One of the most popular silencing strategies uses light-driven Cl- pumps derived from Natronomonas pharaonis halorhodopsin
(‘eNpHR’), which move Cl- into the cell, in order to generate membrane hyperpolarisation
(Zhang et al., 2007). Considering, that the transmembrane Cl- concentration gradient
is also the major determinant of E GABAA , it is currently an open question as to whether

Figure 1.3 (facing page): Biphasic responses to intense GABAA R activation are caused
by a rapid shift from hyperpolarising to depolarising E GABAA . a) Left, at rest [Cl- ] is typically much higher outside (e.g. 135 mM) as opposed to inside (e.g. 6 mM) neurons.
In contrast, [HCO3 - ] is only moderately higher outside (23 mM) as compared to inside
(12 mM) the cell. Therefore at a typical resting membrane potential of -60 mV, when
GABA (black arrow) binds to ionotropic GABAA receptors, Cl- flows into the cell (blue
arrow) while HCO3 - flows out (green arrow). As GABAA Rs are approximately four times
more permeable to Cl- than to HCO3 - ions (Kaila, 1994), the bulk of anion flux through
the receptors is Cl- . This causes the membrane potential hyperpolarisation (pink region)
typical of classic GABAA R mediated inhibition. Right, with continued GABAA R activation, Cl- influx ultimately exceeds Cl- extrusion mechanisms and a breakdown in the Clgradient occurs (Staley and Proctor, 1999). A corresponding depletion of intracellular
HCO3 - is prevented by the activity of carbonic anhydrase (CA), which uses CO2 as a
substrate to rapidly regenerate HCO3 - . As a result, E Cl- and hence E GABAA shift toward
the more positive E HCO3 - causing the late membrane depolarisation (pink region) typical
of the biphasic GABAergic response. b) In the presence of carbonic anhydrase inhibitors
such as acetazolamide (red cross), the early phase of the membrane potential response
to intense GABAA R activation is similar (left). However, due to the fact that intracellular
HCO3 - cannot be regenerated, the concentration gradient for HCO3 - efflux is rapidly dissipated (right). As a result, E Cl- , E HCO3 - and the membrane potential converge on the
same value (in this case -68 mV) and a dynamic electrochemical equilibrium is reached,
at which point there is a minimal transmembrane flux of either anion.
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light driven Cl- influx mediated by eNpHR is sufficient to alter [Cl- ]i and consequently
GABAergic transmission.
In order to answer this question, Chapter 3 of this thesis will investigate the effect
of eNpHR mediated optogenetic neural silencing on GABAergic transmission. This will
be compared to an alternative silencing strategy that employs a light-driven outward H+
pump (‘Arch’, derived from Halorubrum sodomense) to generate membrane hyperpolarisation (Chow et al., 2010). I will also investigate the utility of employing eNpHR as an
‘ion modulator’ in order to exogenously control [Cl- ]i . This will be used to investigate Clhomoeostasis mechanisms and the effects of short-term changes in E GABAA on synaptic
integration.

1.5.5

Intracellular Cl- accumulation driven by network activity

In order to cause the Cl- accumulation and transient depolarising shifts in E GABAA described in the studies above, intense GABAA R activation was elicited either by exogenous application of GABAA R agonists or high frequency stimulation of GABAergic afferents. Evidence that such short-term changes in E GABAA could occur in vivo, and therefore represent a biologically relevant plasticity mechanism, have come from studies of
hyper-active network activity patterns, such as those generated in experimental models
of epilepsy. Fujiwara-Tsukamoto et al. (2003), using brief tetanic stimulation of the stratum radiatum of CA1 mini-slices were able to elicit epileptiform afterdischarges lasting
up to half a minute. This activity represents the clonic stage of a typical tonic-clonic
seizure complex (McCormick and Contreras, 2001). These afterdischarges were shown
to be mediated by excitatory GABAergic signalling generated by a transient accumulation of Cl- . Indeed, even in the presence of complete glutamatergic blockade, GABAergic
transmission alone was sufficient to generate afterdischarges (Fujiwara-Tsukamoto et al.,
2010).
Several additional studies, using different models of epileptiform activity, have demonstrated a temporary excitatory shift in E GABAA (Fujiwara-Tsukamoto, 2006; Fujiwara-Tsukamoto
et al., 2003; Lamsa and Kaila, 1997; Lasztóczi et al., 2011; Perreault and Avoli, 1992).
Although this must ultimately represent simultaneous Cl- accumulation, the manner in
which Cl- increases intra-cellularly is still somewhat uncertain. The most parsimonious
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explanation is that the massive GABA release expected during seizures, combined with
the concurrent membrane depolarisation that occurs, causes rapid Cl- accumulation via
activated GABAA Rs. This causal link is difficult to establish however, as pharmacological
blockade of GABAA Rs during a seizure preclude measurement of [Cl- ]i using traditional
techniques, which rely on evoked GABAA R currents to indirectly estimate Cl- levels. Direct optical estimation of [Cl- ]i using the Cl- sensitive dye MEQ during the tetanic generation of epileptiform afterdischarges has been performed, although this technique does not
allow absolute measurement of [Cl- ]i Isomura et al. (2003). Nonetheless, in the presence
of the GABAA R antagonist bicuculline, significant Cl- accumulation was still observed
(Isomura et al., 2003). In addition, Slemmer et al. (2004) showed a very large GABAA R
independent intracellular Cl- increase in response to glutamate application in dissociated
cultures. It is clear that direct, absolute measurements of [Cl- ]i would greatly improve our
understanding of how and where activity induced Cl- fluxes are generated.

1.6

Intracellular H+ ion concentration is modulated by activity

As discussed above, H+ ion concentrations are linked to GABAergic transmission through
the HCO3 - buffering mechanisms of neurons and because H+ and Cl- ions often move
together in cells (Tabb et al., 1992). pH is the negative logarithm of H+ ion concentration
and like Cl- concentration, intracellular pH in the nervous system has powerful effects
upon synaptic transmission and levels of network excitability (Tabb et al., 1992; Drapeau
and Nachshen, 1988; Dulla et al., 2005). Furthermore, it is known that pH, like Cl- , can
also be altered by levels of neural activity (Xiong et al., 2000).

1.6.1

Baseline pH regulation

Due to the effect of pH on protein folding and enzymatic activity, it is a critical parameter that needs to be tightly regulated for optimum cell function. In most neurons the
reversal potential for H+ ions is about -20 mV (Chesler, 2003). In addition, intracellular
metabolic processes tend to produce acidic byproducts, which means that cells are constantly susceptible to over-acidification. Systems that regulate pH fall into two categories:
transporters of H+ equivalents and buffering systems.
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pH transport mechanisms

The family of Na+ /H+ exchangers, which includes 10 known isoforms (NHE1-10) is one
of the primary mechanisms by which cells maintain baseline pH levels. These exchangers utilise the transmembrane Na+ gradient to extrude protons (Ma and Haddad, 1997;
Noel and Pouyssegur, 1995). The presence of intra- and extracellular carbonic anhydrases, which catalyse the reversible reaction of H2 0 and CO2 to HCO3 - and H+ , mean
that HCO3 - transporters are also and important in controlling pH levels (Maren, 1967).
These may be Na+ -dependent or Na+ -independent. Na+ -dependent HCO3 - transporters
(NCBs), like NHEs, NCBs tend to extrude acid using the Na+ gradient. Depending on
their stoichiometry, some NCBs are electroneutral (NCBns) whilst others are electrogenic
(NCBes) (Majumdar and Bevensee, 2010; Bevensee et al., 1997; Cooper et al., 2005).
Whilst there are certainly exceptions the electroneutral NCBns are mostly expressed in
neurons (Cooper et al., 2005), whilst electrogenic NCBe expression is predominantly
astrocytic (Majumdar and Bevensee, 2010; Bevensee et al., 1997). This has important
implications for cell-type specific pH transients generated in response to the membrane
depolarisation as will be discussed in greater detail below. Other transport mechanisms
involved in pH regulation include the Na+ and Cl- dependent HCO3 - transporter (NDCBE)
(Chen, Kelly, Parker, Bouyer, Gill, Felie, Davis and Boron, 2008), the HCO3 - and Cl+ anion exchangers (AEs) (Sterling and Casey, 1999), the ATP driven Ca2+ and H+ ATPases
(V-ATPase, SERCA and PMCA) (Pappas and Ransom, 1993; Thomas, 2008; Yu et al.,
1993).

1.6.3

pH buffering systems

pH buffering mechanisms can be divided into HCO3 - -dependent and HCO3 - -independent
processes. HCO3 - -dependent buffering is a powerful intra- and extracellular buffering system, which uses the carbonic anhydrase (CA) catalysed reaction described above and the
fact that CO2 readily traverses cell membranes to buffer pH changes. The importance of
this system is underscored by the plethora of different CA isoforms expressed in the brain.
Currently sixteen different isoforms have been described (Supuran, 2008). For example
the mitochondrial isoform CA5 is expressed in neurons and astrocytes (Ghandour et al.,
2002), CA2 is mostly found intracellularly in astrocytes (Agnati et al., 1995) whilst CA6
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has a developmentally regulated intraneural expression pattern (Ruusuvuori et al., 2004).
CA4 and CA14 are membrane bound with extracellular actions. Interestingly, they appear
to form transport metabolons, which enhance the actions of the AE and NBC exchangers
described above (Svichar et al., 2009; Alvarez et al., 2003). HCO3 - -independent intracellular buffers include phosphate and imidazole residues (Burton, 1978).

1.6.4

pH dynamics during activity

Neural activity is known to cause pH transients within neurons, glia and the extracellular
space (Chesler, 2003). I will briefly summarise what is known about how these pH shifts
are thought to occur.

1.6.5

Activity-dependent pH shifts in neurons

A number of studies using a wide range of experimental preparations have demonstrated
that membrane depolarisation and repetitive spiking activity is associated with a fall in
neuronal pH (Ahmed and Connor, 1980; Rose and Deitmer, 1995; Schwiening et al.,
1993; Trapp et al., 1996; Wang et al., 1994; Pasternack et al., 1993). However, only
a single study has attempted to measure intracellular pH transients in the context of
epileptiform activity (Xiong et al., 2000).
At least three major processes are likely to be involved in activity-induced neuronal
acidification. Firstly, membrane depolarisation is associated with Ca2+ influx that must
be rapidly extruded to maintain intracellular Ca+ concentrations in the nanomolar range.
This is achieved by the Ca2+ /H+ ATPases (PMCA and SERCA) located in the plasma
membrane and endoplasmic reticulum, which will necessarily acidify the cytoplasm in
order to remove Ca2+ (Schwiening et al., 1993; Makani and Chesler, 2010b) Secondly,
prolonged neural activity will increase the production of metabolic acids such as CO2 and
lactate (Wang et al., 1994). And thirdly, intense GABAA R activation has been shown to
result in considerable HCO3 - efflux and a resulting intracellular acidification (Pasternack
et al., 1993; Trapp et al., 1996).
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pH affects network excitability

Just as increases in neuronal activity have an effect on pH, changes in [H+ ] can also
influence the nature of ongoing neuronal activity. In other words, there is a reciprocal relationship between pH and neuronal activity. The general consensus is that acidification
reduces levels of network excitability, whilst alkalinisation promotes excitation (Chesler,
2003). For instance, NMDA receptors (Tang et al., 1990; Traynelis and Cull-Candy, 1990;
Vyklicky et al., 1990), GABAA receptors (Pasternack et al., 1996; Smart and Constanti,
1982; Takeuchi and Takeuchi, 1967) and voltage gated Ca2+ channels (Barnes and Bui,
1991; Iijima et al., 1986; Tombaugh, 1998; Tombaugh and Somjen, 1997) are all modulated by extracellular pH. Whilst acidosis reduces NMDA receptor conductances, it has
the opposite effect on GABAA Rs. In addition, acidic shifts promote the release of the inhibitory neurotransmitter adenosine (Dulla et al., 2005) whilst also reducing gap junction
coupling (Spray et al., 1981). For these and other reasons it has long been suggested
that activity-dependent extracellular and intraneuronal acidification may serve as a local
feedback signal that dampens network excitability (Chesler, 2003).

1.6.7

Activity-dependent pH shifts in astrocytes

Periods of elevated neuronal activity result in the depolarisation of nearby glial cells,
mainly via an increase of extracellular K+ concentration (Hösli et al., 1981). However
in contrast to neurons, membrane depolarisation of glia leads to an alkaline shift in intracellular pH. For instance, Grichtchenko and Chesler (1994) observed a depolarisation
induced alkalinisation in cultures of hippocampal astrocytes after transient elevations of
extracellular K+ . These alkalinisations were inhibited by Na+ free media and removal of
HCO3 - from the buffer solution, whereas extracellular Cl- and anion transporter inhibition
had no effect on the process. A Na+ and HCO3 - dependent, depolarisation-induced astrocytic alkalinisation (DIA) has subsequently been confirmed in a variety of studies in both
vertebrate and invertebrate systems (Pappas and Ransom, 1994; O’Connor and Sontheimer, 1994; Grichtchenko and Chesler, 1994; Deitmer and Szatkowski, 1990; Chesler
and Kraig, 1989). The underlying transporter has been identified as the electrogenic
Na+ HCO3 - exchanger NBCe1 (Romero et al., 1997). It has a stoichiometry of 1:2,
which means that one Na+ molecule and two HCO3 - molecules are exchanged every
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cycle (Bevensee et al., 1997). As a consequence, upon astrocytic membrane depolarisation, inward transport of HCO3 - is greatly accelerated resulting in the alkalinisation
observed in the studies described above. Although NBCe1 was previously assumed to
have an almost exclusive glial expression pattern, it is also expressed to some degree
in hippocampal neurons where it is thought to mitigate the acidosis that accompanies
extended periods of depolarisation (Svichar et al., 2011).
Although astrocytic alkalinisation has been observed during spreading depression
in vivo (Chesler and Kraig, 1989), intracellular astrocytic pH has not previously been
measured with respect to epileptiform activity. In Chapter 5 of this thesis I measure the
intracellular pH of both neurons and astrocytes in response to seizures using an in vitro
model of epilepsy.

1.6.8

Activity-dependent pH shifts in the extracellular space

Reports of activity-induced extracellular pH shifts go back over 70 years (Dusser de
Barenne et al., 1938). For the most part, seizures or electrically stimulated activity
are associated with an initial extracellular alkaline shift followed by a prolonged acidosis (Caspers and Speckmann, 1972; Urbanics et al., 1978). A small number of studies
have also described a rapid extracellular acidic transient preceding the biphasic response
described above (Krishtal et al., 1987). It is logical to assume that pH transients observed
in the extracellular space must somehow reflect the combined consequence of intracellular pH transients evoked in astrocytes and neurons. To date however, no study has
managed to record both neuronal and astrocytic activity-dependent transients within the
same experimental preparation. The data presented in Chapter 5 will provide a potential
explanation for how the temporal features of activity-induced extracellular pH transients
are generated.

1.7

Techniques for measuring Cl- and H+ concentration

In this introduction I have discussed how both Cl- and pH are affected by neuronal activity.
In addition I have described how neuronal activity itself can generate sizeable shifts in
intracellular pH and Cl- concentration. This reciprocal relationship means that tools to
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accurately measure the concentration of these two ions is important for understanding
their role during the evolution of both physiological and pathological network states.

1.7.1

Measuring intracellular Cl- concentration

Prior to the 1980s Cl- sensitive electrodes were the major available technique for measuring intracellular Cl- (Mauro, 1954). However, the two main limitations of this technique
were the slow detection kinetics and the damage induced by cell impalement. This latter
issue meant that the technique was largely confined to use in large cells where cellular
injury could be minimised. The advent of patch-clamp technology and the gramicidin perforated patch has allowed the indirect determination of Cl- concentration via calculation of
the reversal potential for GABAA Rs (Kyrozis and Reichling, 1995). Gramicidin pores are
permeable to small cations, but importantly not to Cl- . This means that by adding gramicidin to the microelectrode solution, voltage control of the cell can be achieved without
perturbing endogenous intracellular Cl- levels (Achilles et al., 2007; Gulledge and Stuart,
2003; Brumback and Staley, 2008). An advantage of this technique is that the size and
kinetics of GABAA R currents may be precisely determined along with estimates of [Cl- ]i .
A disadvantage is that intracellular dialysis of small anions such as H+ , K+ and Na+ could
potentially affect E GABAA , either by altering intracellular pH or by affecting the thermodynamic gradients for Cl- transporters such as KCC2 and NKCC1. Although this effect can
be minimised by matching the cation concentrations of the internal solution with typical
intracellular values.
An alternative electrophysiological approach is to utilise dual cell-attached recordings
(Tyzio et al., 2008) to accurately determine both the resting membrane potential and
driving force for GABAA Rs in order to calculate E GABAA . Using this technique in comparison with gramicidin perforated patches it has been demonstrated that perforated patches
introduce a shunting conductance through the contact between the patch pipette and
the cell membrane, which results in erroneously depolarised measures of resting membrane potential (Tyzio et al., 2008). The suggestion is that gramicidin perforated patches,
whilst accurately estimating E GABAA , report an erroneous measure of the driving force
for GABAA Rs (Tyzio et al., 2008). A major advantage of using dual cell-attached recordings is that they are less invasive. However, these recordings preclude the measurement
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of dynamic GABAA R currents, which are essential for calculating Cl- loads (Brumback
and Staley, 2008). Lastly, all electrophysiological techniques ultimately estimate [Cl- ]i indirectly via GABAA R activation. This means that these techniques can not be used to
investigate how GABAA R themselves contribute to establishing E GABAA .
Live cell imaging techniques offer the potential to overcome these limitations by allowing spatial and temporal monitoring of intracellular Cl- concentration dynamics. The
first efforts to use Cl- imaging made use of the fluorescence of quinolinium-based dyes
is quenched by Cl- . Dyes in this class include 6-methoxy-N-(3-sulfopropyl) quinolinium
(SPQ), 6-methoxy-N-ethylquinolium (MEQ) and N-(6-methoxyquinolyl)-acetoethyl ester
(MQAE). MQAE, the most popular of the three, is membrane permeable and can easily
be loaded into neurons. It is suitable for use with 2-photon microscopy (Marandi et al.,
2002), where its fluorescence is Cl- , but not HCO3 - sensitive (Koncz and Daugirdas,
1994). Despite these desirable properties, MQAE has significant drawbacks. It is moderately toxic, displays poor signal to noise, bleaches rapidly and suffers from significant
cell leakage (Bregestovski et al., 2009). In addition, it does not report Cl- ratiometrically,
which means that fluorescence is susceptible to measurement artefacts caused by variations in excitation path length, indicator concentration, illumination stability, cell thickness,
and indicator distribution.
Genetically encoded Cl- indicators based on mutations of the inherently Cl- sensitive
green fluorescent protein (GFP) offer the potential to overcome many of these issues
in addition to providing specific genetic localisation to particular cell-types or subcellular
compartments. The most popular and widely used genetically encoded Cl- indicators are
based on fusions of two GFP mutants, yellow fluorescent protein (YFP) and cyan fluorescent protein (CFP), a commonly used fluorescence resonance energy transfer (FRET)
donor for YFP. Whereas YFP emission is reduced by Cl- binding, CFP fluorescence is
relatively unaffected. These fusion proteins are therefore useful as ratiometric reporters
of intracellular Cl- concentration. Reporters in this class include ‘clomeleon’ (Kuner and
Augustine, 2000) and ‘Cl-sensor’ (Markova et al., 2008). Unfortunately, YFP fluorescence
is quenched by both Cl- and H+ ions. As a result these YFP fusion proteins are sensitive to both intracellular pH and Cl- concentration (Jayaraman et al., 2000). This dual
sensitivity complicates the interpretation of in vivo measurements using these probes,
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particularly as neuronal processes often involve either the related, or independent, flux of
both Cl- and H+ ions (Tabb et al., 1992; Doyon et al., 2011). Attempts to enhance the Clsensitivity of YFP by inducing mutations in YFP have resulted in matching increases in
pH sensitivity. Therefore, genetic reporters that can measure Cl- independent of pH are
greatly sought after.
Recently, Arosio et al. (2010) have reported that GFP-based fusion construct, ‘ClopHensor’, is able to independently and simultaneously report both intracellular Cl- and H+ concentration. A further aim of this thesis, as will become apparent in Chapter 4, has been
to optimise and adapt this construct for use within the nervous system to directly and
accurately measure Cl- and H+ ion fluxes in response to network activity.

1.7.2

Measuring intracellular H+ concentration

Like Cl- , initial techniques to determine pH relied on pH sensitive microelectrodes (Rose
and Deitmer, 1995). Due to their size, the use of microelectrodes to measure pH has been
mostly confined to large neurons or the extracellular space (Fedirko et al., 2006). pHsensitive dyes have also been widely used to measure intracellular pH. Several classes
exist, including fluoresceins, benzoxanthenes, rhodols and pyrenes. The fluorescein
derivatives, 2’-7’-bis(carboxyethyl)-5(6)-carboxyfluorescein (BCECF) and carboxyseminaphtho -rhodafluor-I (carboxy-SNARF-1) are by far the most popular. These two dyes
are suitable for use as ratiometric pH indicators and have desirable optical properties.
In addition, both dyes are available as acetoxymethyl (AM) esters, which facilitates intracellular loading without the use of micropipettes. However, fluorescein dyes have
a potentially significant disadvantage, which may be particularly relevant to studies of
activity-dependent proton fluxes within the nervous system. Fluorescein analogues have
been shown to inhibit the Ca2+ / H+ ATPase (Gatto and Milanick, 1993; Chesler, 2003).
This ATP dependent transporter extrudes Ca2+ in exchange for H+ . As Ca2+ influx is a
primary feature of neuronal membrane depolarisation, the restoration of low Ca2+ via this
exchanger is thought to be an important mechanism by which protons accumulate during
neuronal activity (Schwiening et al., 1993; Svichar et al., 2011).
Genetically encoded, GFP-based pH reporters offer several potential advantages over
the above techniques, including single cell or subcellular targeting, enhanced spatial res-
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olution, no fluorophore leakage and reduced interference with the endogenous H+ transport mechanisms described above (Bizzarri et al., 2009; Gatto and Milanick, 1993). Although GFP-based pH indicators have gained popularity as a marker of synaptic release
(Miesenböck et al., 1998), they have not been utilised to study intracellular hydrogen ion
fluxes associated with network activity. In Chapter 5 of this thesis I demonstrate the utility
of employing GFP-derived, genetically encoded pH reporters for quantifying intracellular
pH transients on the level of single cells.

1.8

Thesis aims

The overall objective of this thesis was to investigate how intracellular concentrations of
Cl- and H+ modulate, and are modulated by, neural activity. My experimental aims were
as follows:
The first aim of this thesis was to examine the conditions under which influxes of Cloverwhelm a neuron’s ability to maintain a stable Cl- concentration gradient. The factors
that influence this process were investigated, as were the potential consequences of
changes in intracellular Cl- for synaptic integration. This work also involved comparing
two popular optogenetic silencing strategies in terms of their effects on intracellular Clconcentration and GABAergic synaptic inhibition (Chapter 3).
The second aim of this thesis was to investigate the mechanisms and parameters
affecting activity-induced Cl- accumulation during epileptiform activity (Chapter 4). To
achieve this aim I also sought to develop novel tools for the measurement of dynamic Clconcentration changes in neurons.
The third aim of this thesis was to establish the utility of employing GFP-based proton
sensors for measuring activity-induced pH transients. These tools were used to measure and compare pH transients in neurons and astrocytes during epileptiform activity
(Chapter 5).
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Chapter 2

Materials and Methods
2.1
2.1.1

Preparation of Slices
Organotypic hippocampal slices

Organotypic slices from 7 day old male Wistar rats (Harlan Laboratories, UK) were prepared as described previously by Stoppini et al. (1991). Animals were killed in accordance with the UK Animals Scientific Procedures Act 1986. After decapitation, rat brains
were extracted and quickly placed in cold (4◦ C) Geys Balanced Salt Solution (GBSS),
supplemented with D-glucose (34.7 mM). The hemispheres were separated and individual hippocampi were removed and immediately sectioned into 350µm thick slices on a
McIlwain tissue chopper (Mickle, UK). Slices were rinsed in cold dissection media, placed
onto Millicell-CM membranes (Millipore, UK) and maintained in culture medium containing 25% Earles balanced salt solution (vol/vol), 49% MEM (vol/vol), 25% heat-inactivated
horse serum (vol/vol), 1% B27 (vol/vol, Invitrogen) and 6.2 g/l glucose. Slices were incubated for between 6 and 14 days at 36◦ C in a 5% CO2 humidified incubator.

2.1.2

Acute slices

Acute slices were prepared from 3 to 5 week-old male Wistar rats and 5 to 8 week-old
CAMKII-cre mice (Jackson laboratory). The animals were killed and the brain rapidly
removed and placed in ice-cold (0 to +4◦ C) artificial cerebro-spinal fluid (ACSF), bubbled
with 95 % O2 / 5 % CO2 . The ACSF was composed of (in mM) NaCl (120), KCl (3),
MgCl2 (2), CaCl2 (2), NaH2 PO4 (1.2); NaHCO3 (23); D-Glucose (11) and the pH was
35
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adjusted to be between 7.38 and 7.42 using NaOH (0.1 mM). Horizontal hippocampal
slices (350-400 µm thickness) were cut using a vibrating microtome (Microm HM650V,
Carl Zeiss Ltd) and slices were maintained in an interface chamber between humidified
carbogen gas (95% O2 , 5% CO2 ) and ACSF (at 20-25◦ C). After recovering for at least
1 h, the slices were mounted on coverslips (coated with 0.1% poly-L-lysine in ultrapure
H2 O) before being transferred to the recording chamber.

2.2

Plasmids and transfection techniques

All plasmids were amplified in XL1-Blue competent cells (Stratagene) and extracted using QIAGEN maxiprep kits (Qiagen, USA). Diagnostic restriction digests followed by gel
electrophoresis were run to confirm plasmid identity and purity.

2.2.1

Ion sensitive genetic reporters

Cl-Sensor (Markova et al., 2008) was a generous gift from Piotr Bregestovski (Institut
de Neuroscience des Systmes, Aix-Marseille Universit, Marseille, France) and was in
the pEGFP-C1 expression plasmid (Clontech, USA). deGFP4 (Hanson et al., 2002) in
pEGFP-N1 (Clontech, USA) was generously provided by Jim Remington (University of
Oregon, USA). ClopHensor (Arosio et al., 2010) in the pcDNA3 expression plasmid was
provided by Daniele Arosio (University of Trento; Addgene plasmid 25938).

2.2.2

Neural silencers

eNpHR3.0 (Zhang et al., 2007) was generously provided by Karl Deisseroth (Stanford
University, USA). For biolistic transfection of organotypic hippocampal slices the target
DNA was either pLenti-hSyn-eNpHR3.0-EYFP (eNpHR3.0 fused to EYFP and driven by
the human synapsin 1 promoter, SYN1). For viral injections of CAMKII-cre mice (Jackson
Laboratory) adeno-associated virus serotype 2 (AAV2) carrying eNpHR3.0-EYFP was
utilised. The viral DNA included the loxP-flanked sequence for eNpHR3.0-EYFP driven
by the human elongation factor 1a promoter (EEF1A1).
Arch (Chow et al., 2010) was generously provided by Ed Boyden (Massachusetts Institute of Technology, USA). FCK-Arch-GFP (Arch fused to GFP and driven by the mouse
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-CamKII promoter, Camk2a) was used for biolistic transfections. Adeno-associated virus
serotype 2 incorporating a loxP-flanked Arch-GFP driven by the cytomegalovirus early
enhancer element and chicken beta-actin (CAG) promoter was utilised for injections into
CAMKII-cre mice. AAV2 particles were produced at the University of North Carolina Gene
Therapy Center Virus Vector Core or the Penn Vector Core, University of Pennsylvania
School of Medicine.

2.2.3

Subcloning alternative red fluorescent protein variants into ClopHensor

Subcloning of alternative red fluorescent proteins into ClopHensor was performed by
Bradley Joyce within the laboratory of Shankar Srinivas in the department of Physiology, Anatomy and Genetics, University of Oxford. The DsRed monomer in the original ClopHensor (Arosio et al., 2010) was replaced with either mCherry or tandem dimer
tomato (tdTomato). The 22 amino acid linker from the original ClopHensor was maintained in both new constructs. In addition, the gene for the new fusion proteins were
moved into a new expression vector named pBJ1. This included a the cytomegalovirus
early enhancer element and chicken beta-actin promoter (CAG promoter) and employed
a human beta globin (HBG) poly-adenylation termination sequence. For plasmid maps
see Fig. 4.7.

2.2.4

Biolistic gene delivery

Organotypic hippocampal slices were biolistically transfected after 4 - 7 days in culture.
Gold bullets were prepared by precipitating 50 µg of DNA onto 25 mg of 1.6 µm gold
particles. A Helios Gene Gun (Bio-Rad, UK), at 100 - 120 psi of helium pressure, was
used to propel the coated gold particles into the hippocampal slices. Recordings were
then performed 2 - 7 days post transfection, which is equivalent to postnatal days 13 - 21.

2.2.5

Viral delivery in vivo

All viral injections were performed by Thomas J. Ellender (Raimondo, Kay, Ellender and
Akerman, 2012). Adeno-associated virus serotype 2 carrying the target gene of interest
was injected into the hippocampus of anaesthetised CAMKII-cre mice between postnatal
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days 14 and 21. Typical coordinates from Bregma for injections into the ventral hippocampus were 3.1 mm lateral, 2.7 mm posterior and 3.25 - 2.25 mm ventral to the surface of
brain. Typical titers were approximately 1012 IU/ml. Injection volumes were 500 nl. After
allowing 2 - 4 weeks for expression, acute horizontal hippocampal slices were prepared
as described above.

2.3

Electrophysiological recordings

Hippocampal slices were transferred to a recording chamber and continuously superfused with 95% O2 5% CO2 oxygenated artificial cerebro-spinal fluid (aCSF), warmed
to 32-35 ◦ C. The composition of the ‘standard’ aCSF was (in mM): NaCl (120), KCl (3),
MgCl2 (2), CaCl2 (2), NaH2 PO4 (1.2), NaHCO3 (23), D-Glucose (11). The pH was adjusted to be between 7.35 and 7.40 using NaOH. For nominally HCO3 - free recordings,
standard aCSF was used with NaHCO3 replaced by an equimolar amount of HEPES (23
mM). In addition, this aCSF was bubbled with 100% oxygen rather than the normal 95%
O2 5% CO2 mix.
Neurons or astrocytes within the hippocampal formation were visualised using 20x,
40x or 60x water-immersion objectives (Olympus or Leica) and targeted for recording. In
acute hippocampal slices, visualisation of the pyramidal cells was facilitated with infrared
differential interference contrast microscopy. Patch pipettes of 3-7 MΩ tip resistance were
pulled from filamental borosilicate glass capillaries with an outer diameter of 1.2 mm
and an inner diameter of 0.69 mm (Harvard Apparatus Ltd, Hertfordshire, UK), using a
horizontal puller (Sutter).

2.3.1

Gramicidin perforated patch recordings

For gramicidin perforated patch recordings (Kyrozis and Reichling, 1995), pipettes were
filled with a high KCl internal solution whose composition was (in mM): KCl (135), Na2 ATP
(4), 0.3 Na3 GTP (0.3), MgCl2 (2), and HEPES (10). The osmolarity of all internal solutions was adjusted to 290 mOsM and the pH adjusted to 7.38 with KOH. Gramicidin
(Calbiochem) was dissolved in dimethylsulfoxide (DMSO, Sigma) to achieve a stock solution of 4 mg/ml. Fresh stock solution was prepared daily. This was then diluted in
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internal solution immediately prior to experimentation (10 min before attaining a patch)
to achieve a final concentration of 80 µg/ml. The resulting solution was vortexed for 1
min, sonicated for 30 s and then filtered with a 0.45 µm pore cellulose acetate membrane
filter (Nalgene). Patch pipettes were back filled with this gramicidin internal solution and
mounted to a head stage. Between 80 and 100 psi positive pressure was applied and
the pipette tip lowered onto the surface of the target cell. Upon formation of a membrane
gigaseal, membrane capacitance was compensated. The perforation progress was evaluated by continuously monitoring the decrease in access resistance. Recordings were
started once the access resistance had stabilised between 20 - 50 MΩ (mean Ra ≈ 35
MΩ), which usually occurred at around 20 - 40 min from gigaseal. For all experiments
except those involving active seizure activity, online series resistance correction of 70%
was used. Online series resistance correction was not used in experiments where concurrent epileptiform activity was expected. This is because very large fluctuations in
input current often lead to rupture of the gramicidin patch, also known as ‘break through’.
Break through was detected by observing a dramatic and permanent increase in E GABAA
caused by intracellular dialysis of the cell with the high Cl- internal solution. Recordings
were made using an Axopatch 700A amplifier and data acquired using Clampex software
(Molecular Devices). Values reported from perforated patch voltage clamp recordings
were corrected offline for the liquid junction potential (4.2 mV) between the intracellular
and extracellular solution.

2.3.2

Calculating E GABAA , g GABAA and generating Cl- loads

GABAA Rs were activated by delivering short ‘puffs’ of GABA (100 µM), through a patch
pipette placed close to the soma or over the dendrites and connected to a picospritzer (20
psi for 20 ms; General Valve). To calculate resting E GABAA and g GABAA , GABAA R currents
were measured at five different holding potentials (5 mV intervals around the resting
membrane potential) in response to a GABA puff. A minimum of 30 s was allowed before
each puff in order to allow full recovery of chloride homoeostasis. The peak GABAA R
current was plotted as a function of holding potential to generate a current-voltage curve,
from which resting E GABAA was defined as the x-intercept value and g GABAA as the slope.
To measure the impact of either photocurrent or GABAA R induced Cl- loads on E GABAA ,
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it was important to estimate E GABAA from single GABAA R currents. To achieve this, resting E GABAA and g GABAA were calculated before each experiment (as described above)
and these values were then used to estimate E GABAA for a single GABAA R current by
assuming a constant g GABAA across GABA puffs and solving the equation:
GABAA R current = g GABAA (Holding potential - E GABAA )
Cl- loads were generated either through photoactivation of eNpHR (see below) or
via activation of GABAA Rs. In the latter case, different sized Cl- loads were elicited by
stepping the membrane voltage to different potentials for 2 s and activating GABAA Rs with
a GABA puff (100 ms after the start of the voltage step). Larger depolarising voltage steps
resulted in stronger driving forces on the GABAA R and therefore larger Cl- loads, which
were defined as the area under the GABAA R current (expressed in pC) after adjusting for
the holding current associated with the voltage step. 100 ms after the end of the voltage
step (and therefore 2 s after the first GABA puff), or in the case of photoactivation of
opsins 250 ms after laser offset, a second GABA puff was delivered to estimate whether
E GABAA (measured according to the equation above) had changed as a result of the
chloride load.

2.3.3

Photoactivation of eNpHR and Arch

Photoactivation of eNpHR and Arch was achieved via a diode-pumped solid state (DPSS)
laser, with a maximum output of 35 mW and a peak at 532 nm (Shanghai Laser Optic
Century). The laser was attenuated via a 5% neutral density and coupled to a 1000
µm diameter mulitimode optic fiber via a collimating lens (Thorlabs). The tip of the optic
fiber was positioned at an image plane within the microscope in the center of the optical
axis, and was directed into the 20x objective lens via a dichroic mirror. This resulted
in a spot of light at the brain slice whose diameter was 195 µm, assuming zero tissue
scattering. Laser intensity was controlled via a potentiometer on the laser power controller
and the output at the tip of the fibre optic was calibrated with an optical power meter
(Thorlabs). The timing of laser pulses was controlled via TTL pulses delivered from an
analogue to digital (AD) board (Molecular Devices), which were synchronised with the
electrophysiology software.

2.3. ELECTROPHYSIOLOGICAL RECORDINGS
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Estimating E GABAA during seizure episodes

Using gramicidin perforated patch recordings cells were held in current clamp mode to
record seizure activity. E GABAA could be measured at any point by rapidly switching the
recording mode from current-clamp to voltage-clamp and then applying two consecutive
voltage ramps, the first under baseline conditions and the second during activation of
GABAA Rs as described above. After 3 s in voltage-clamp the cell was returned to currentclamp. I-V plots were constructed and E GABAA defined as the voltage at which the holding
current (generated by the first ramp) and the total current (reflecting the holding current
plus the current through the activated GABAA Rs) intersected.

2.3.5

Cell-attached recordings

For cell-attached recordings pipettes were back-filled with an internal solution composed
of (in mM): K-gluconate (130), NaCl (10), CaCl2 (0.1333), MgCl2 (2), EGTA (1), KCl (4),
and HEPES (10). In addition, 2-chloroadenosine (2 µM) was added to the aCSF to reduce spontaneous activity. Patches were established in the loose cell-attached patch
configuration (50-150 MΩ). These recordings were used to assess spike probability before and after laser stimulation. Synaptically-evoked spikes were triggered via a bipolar
stimulating electrode (Frederick Haer Company) placed in stratum radiatum, 300-400 µm
from the recorded cell. Stimulus intensity was set such that spikes (detected during a
200 ms window immediately after the stimulus) were evoked with a probability of approximately 0.4 before laser-activation (i.e. 4 out of 10 trials resulted in at least one spike).
The before laser stimulus was delivered 1250 ms before laser onset and the after laser
stimulus was delivered 250 ms after laser offset.

2.3.6

Whole-cell recordings

For whole cell recordings pipettes were filled with an internal solution containing (in mM):
K-gluconate (130), NaCl (10), CaCl2 (0.1333), MgCl2 (2), EGTA (1), KCl (4), and HEPES
(10). These recordings were made in current clamp mode using an Axopatch 1D or
Axoclamp 2B amplifier (Axon Instruments). Data was acquired with WinWCP Strathclyde
Whole Cell Analysis software (V.3.9.7; University of Strathclyde) and later combined with
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imaging data during off-line analysis using MATLAB (MathWorks).

2.3.7

Seizure models

Four seizure models were used: a ‘0 Mg2+ model, a‘4-AP model’, a ‘spontaneous model’
and a 0 Cl- model.
In the ‘0 Mg2+ ’ model, seizures were induced by switching bath perfusion of slices
with normal aCSF to nominally Mg2+ -free aCSF. This removes the voltage dependent
Mg2+ block on NMDA receptors, which predisposes hippocampal slices to periods of
synchronised hyperexcitability (Anderson et al., 1986; Mody et al., 1987; Gutiérrez et al.,
1999; Avoli et al., 2002).
Using the ‘4-AP model’, seizures were elicited by adding 50 µM 4-aminodpyridine (4AP) to the bath solution (Perreault and Avoli, 1992). 4-AP is a selective antagonist of the
Kv1 (Shaker) family of voltage gated K+ channels.
The ‘spontaneous model’ of epilepsy involved utilising hippocampal organotypic slice
cultures that were kept in culture for beyond a week. Even in standard aCSF, these slices
are known to generate spontaneous seizures (Dyhrfjeld-Johnsen et al., 2010; Berdichevsky
et al., 2011; Lillis et al., 2012). This hyperexcitability is thought to be due to increased
recurrent connectivity that is established after extended time in culture.
Lastly, in the 0 Cl- model, seizures were induced by switching the aCSF to nominally
Cl- free aCSF (NaCl, MgCl2 and CaCl2 of standard aCSF replaced with 120 mM sodium
D-gluconate, 1 mM MgSO4 and 3 mM calcium D-gluconate, respectively). The 0 Clmodel of seizures represents the first in vitro model of epilepsy reported in the literature
and has since been widely utilised (Yamamoto, 1972; Yamamoto and Kawai, 1969, 1968,
1967; Chamberlin and Dingledine, 1988; Avoli et al., 1990). It is mechanistically similar
to the well-described seizure models that use pharmacological blockade of GABAA Rs to
reduce the efficacy of GABAergic inhibition (Straub et al., 1996; Hablitz, 1984). Removal
of Cl- from the aCSF has the added advantage of preventing potential Cl- fluxes that may
complicate pH measurements from the pH and Cl- sensitive genetic reporters such as
the Cl-sensor (Markova et al., 2008).

2.4. COMPUTATIONAL MODELS

2.4
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Computational models

Two computational models investigating Cl- regulation and accumulation were constructed.

2.4.1

NEURON multi compartment model

In order to investigate whether cell compartment differences in the ability to deal with a
Cl- load could be explained by a limited set of parameters, a multi compartment model
of a single pyramidal cell with multiple synaptic inputs was created using the NEURON
modelling environment (Hines and Carnevale, 1997). This model was jointly created with
Blake Richards. The geometry of the model was based on the reconstruction of a biocytin
filled layer 5 medial entorhinal cortex pyramidal cell. It included a soma, axon, 27 basal
dendrites and 50 apical dendrites. These structures were modelled as a set of 1949
connected cylinders referred to as ‘segments’. The virtual cell received glutamatergic
synpases at a density of 0.2 synapses per µm2 from 44 presynaptic glutamatergic cells,
with a mean firing rate of 10 Hz. The virtual cell also received GABAergic synapses at
a density of 0.2 synapses per µm2 innervated by 44 presynaptic cells. Each presynaptic
GABAergic cell had a mean firing rate of 40 Hz with spike intervals drawn from a Poisson
distribution. This represents a physiologically realistic firing rate for basket cell interneurons (Tamás et al., 2000). A peak synaptic conductance of 0.001 µS was used based on
a model of synaptic conductance by Destexhe (1998).
The model also included mechanisms that would dynamically adjust E Cl- as a function
of varying [Cl- ]i , according to the nernst equation (see below). [Cl- ]o (135 mM), [K+ ]i (3
mM), [K+ ]o (120 mM), [HCO3 - ]i (10 mM) and [HCO3 - ]o (25 mM) were assumed to remain
constant. [Cl- ]i for each segment could vary according to transmembrane Cl- fluxes via
activated GABAA Rs, Cl- transport due to the K+ /Cl- cotransporter (KCC2) and Cl- diffusion
to and from neighbouring segments of the cell. The parameters defining Cl- transport via
KCC2 were taken from Staley and Proctor (1999) (Kd = 15 mM, Vmax = 5 mM/s), whilst
the diffusion constant was experimentally determined (D = 10 µm2 /s).
The biophysical mechanisms described above were modelled using the following
equations:
1. The Cl- reversal, ECl- , as a function of Cl- concentration gradient across the mem-
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brane, as defined by the nernst equation:

ECl−

RT
[Cl− ]o
= −
ln
F
[Cl− ]i

!

2. Cl- flux through activated GABAA Rs was defined as:

ICl−

= gGABAACl (V − ECl− )

3. Cl- extrusion via a uniformly expressed K+ / Cl- cotransporter (KCC2) obeyed MichaelisMenten kinetics (Staley and Proctor, 1999) and was defined by:

Vmm =

Vmax [Cl− ]i
Kd + [Cl− ]i

where Vmm is the rate of extrusion, Vmax is the maximum extrusion rate and Kd is
the [Cl- ]i at which extrusion is half maximal. These values were derived from Staley
and Proctor (1999).
4. Diffusion of Cl- within the neuron accounted for segment volumes:

Dif fCl = D

∆[Cl− ]i
L

where Dif fC l is the rate of diffusion of Cl- , D is the diffusion constant, L is the distance between segments and ∆[Cl− ]i is the concentration gradient between segments.
5. And the [Cl- ]i of each segment was updated at each time point according to the
following equation:
d[Cl− ]i
dt

=

ICl
− Vmm − Dif fCl
Lπr2 F

2.4. COMPUTATIONAL MODELS
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Matlab single compartment model

To investigate the interaction between Cl- loads and subsequent changes in E GABAA , I
constructed a single compartment model with Cl- transport mechanisms similar to those
described above (see Section ). The model was created using the MATLAB programming
environment (MathWorks,USA) and the details of this model were as follows: E GABAA
was based on a receptor permeability for Cl- that is four times that of HCO3 - (Kaila,
1994). Intracellular and extracellular HCO3 - concentrations were held constant at 10
mM and 25 mM, respectively (Lambert and Grover, 1995). A stable extracellular Clconcentration of 135 mM was used and intracellular Cl- was able to vary dynamically.
E GABAA was calculated at each time-step using the Goldman-Hodgkin-Katz equation.The
somatic compartment was modelled as a prolate spheroid with volume (V ol) related to
the somatic width (w) and somatic length (l) by the equation below:
4
w
V ol = πl
3
2


2

To simulate cells of differing volume, somatic length was varied between 12 and 36
µm, whilst somatic width was held constant at 12 µm. These values were based upon
measurements from recorded cells and resulted in neuronal cell volumes of between 0.9
and 2.7 pL, which corresponds to the range of somatic volumes reported for rat hippocampal neurons (Ambros-Ingerson and Holmes, 2005). For this model the rate of Cltransport by KCC2 was characterised in a more refined manner by describing the transporter’s activity in analogy to Ohms law, where current flow is equal to the driving force
multiplied by the conductance (Brumback and Staley, 2008). The combined K+ and Clelectrochemical gradient creates the driving force, whilst the transport capacity represents the conductance. The driving force, or change in free energy (∆G), is a result of
the transmembrane concentration gradients of the transported ions:
RT
[Cl− ]o [K + ]o
ln
∆G = −
F
[Cl− ]i [K + ]i

!

In order to create a dimensionless term, free energy (∆G) was normalised to ∆Gmax .
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Using a method similar to that employed by Brumback and Staley (2008), ∆Gmax was
calculated by using the maximum [Cl- ]i that was measured following a Cl- load in my
recordings (56 mM, see Chapter 3). The transport capacity of KCC2 (Vmm ) was modelled
using Michaelis-Menten kinetics for enzymatic activity (Staley and Proctor, 1999; Russell,
2000).

Vmm =

Vmax [Cl− ]i
Kd + [Cl− ]i

Where [Cl- ]i is the substrate concentration for outward transport of Cl- , Vmax is the maximum velocity of Cl- transport, and Kd is the [Cl- ]i where transport is half maximal. The
values for Vmax and Kd (5 mM/s and 15 mM) used in the model were taken directly from
Staley and Proctor (1999). The velocity of KCC2-mediated Cl- transport (in mM/s) was
therefore calculated by multiplying the normalised driving force ∆G / ∆Gmax by the conductance term Vmm (Brumback and Staley, 2008):

VKCC2 =

∆G
Vmm
∆Gmax

A tonic Cl- current was calculated that would maintain resting [Cl- ]i at 7 mM in order
to achieve a baseline E GABAA of -70 mV. A Cl- photocurrent of varying amplitude and
duration could then be applied and the resulting changes in [Cl- ]i and hence E GABAA
tracked over time using the following equation:
[Cl− ](i,t+1) = [Cl− ](i,t) +



(Itonic + Iphotocurrent )
∆t
− VKCC2 V ol
F
V ol


It should be noted that Cl- currents induced via the light activated Cl- pump, eNpHR,
can be maintained in the face of intracellular Cl- accumulation because of the pumps
extremely negative reversal potential (approximately -400 mV) (Seki et al., 2007).

2.5. CL- AND PH IMAGING
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Cl- and pH imaging
MQAE based Cl- imaging

The first technique involved utilising N-(6-methoxyquinolyl)-acetoethyl ester (MQAE), a
quinolinium-based Cl- sensitive dye. This dye is membrane permeable and was loaded
into neurons by incubating organotypic hippocampal slices in 95% O2 and 5% CO2
bubbled aCSF containing 6 µM MQAE for 10 minutes. Imaging was performed using
an Olympus FV300 confocal microscope (Olympus, Japan), custom-converted for twophoton imaging and equipped with a MaiTai-HP Ti:sapphire femtosecond pulsed laser
(Newport Spectra-Physics, USA). Images were acquired on a PC using Fluoview software
(version 5.0, Olympus, Japan). The two-photon system was mounted on an Olympus
BX51 upright microscope equipped with a 20x (NA 0.5) water immersion objective. Fluorescence was detected using an externally mounted PMT (R3896, Hamamatsu, Japan).
An excitation wavelength of 750 nm was used and emitted fluorescence between 500-550
nm was collected via a dichroic mirror and custom filter set. Images were exported to the
Matlab programming environment where fluorescence intensities were averaged from
large regions of interest that included multiple cells. Traces were corrected for bleaching
effects by compensating for slow drifts in baseline fluorescence and -∆ F / F values were
then calculated.

2.5.2

Recording intracellular pH

Intracellular pH was measured using one of three genetic reporters - E2 GFP (Bizzarri
et al., 2006), deGFP4 (Hanson et al., 2002) and Cl-sensor (Markova et al., 2008). For
E2 GFP transfected neurons, imaging was performed using an upright Leica SP2 AOBS
laser scanning confocal microscope equipped with a 40x water immersion objective (NA
0.8). Sequential excitation of E2 GFP at 458 nm and 488 nm was achieved with a multiline
argon laser. Emitted fluorescence was detected between 500 nm and 550 nm using a
single photomultiplier tube (PMT) at a constant voltage. To compensate for fluctuations
in laser intensity, a custom built laser power sensor (sample rate 10 kHz) was used to
record laser power output during imaging (Arosio et al., 2010; Zucker and Price, 2001)
and the resulting data was used to correct fluorescence ratios offline. For deGFP4 and
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Cl-sensor expressing cells, imaging was performed using an Olympus FV300 confocal
microscope (Olympus, Japan), custom-converted for two-photon imaging and equipped
with a MaiTai-HP Ti:sapphire femtosecond pulsed laser (Newport Spectra-Physics, USA).
Images were acquired on a PC using Fluoview software (version 5.0, Olympus, Japan).
The two-photon system was mounted on an Olympus BX51 upright microscope equipped
with a 40x water immersion objective (NA 0.80). Fluorescence was detected using two
externally mounted PMTs (R3896, Hamamatsu, Japan). An excitation wavelength of 810
nm or 850 nm was used for deGFP4 or Cl-sensor, respectively. Emitted fluorescence
from deGFP4 was separated using a dichroic mirror at 495 nm and filtered for detection
by the two PMTs at 450-490 nm and 500-550 nm. Emitted fluorescence from Cl-sensor
was separated using a dichroic mirror at 510 nm before being filtered for detection at
460-500 nm and 520-550 nm. Images were exported to the Matlab environment where
background was subtracted and fluorescence averaged within regions of interest selected
from the soma of single neurons or astrocytes. Excitation or emission fluorescence ratios
(RpH ) were converted to pH values according to calibration curves collected for each
construct (see Chapter 5).

2.5.3

Recording intracellular Cl- and pH using ClopHensor2

The intracellular Cl- and pH of ClopHensor2 expressing cells were measured as follows.
Imaging was performed using an upright Leica SP2 AOBS laser scanning confocal microscope equipped with a 40x water immersion objective (NA 0.8). ClopHensor2 was
used as a ratiometric indicator of Cl- and pH by excitation. The protein was excited sequentially via single-photon excitation at 458, 488 and 594 nm. Emission was collected
between 500 and 550 nm by a single photomultiplier tube (PMT) for excitation at 458 and
488 nm, but between 650 and 700 nm by a second PMT during excitation at 594 nm. As
described above, a custom built sensor was used to record and correct for fluctuations
in laser output power during imaging (Arosio et al., 2010; Zucker and Price, 2001). And
images were exported to the Matlab programming environment where background was
subtracted and fluorescence averaged within regions of interest selected from the soma
of single cells.
ClopHensor2 is a fusion of E2 GFP and tdTomato proteins. E2 GFP is a pH sensitive
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protein whose fluorescence is also quenched by Cl- ions (Bizzarri et al., 2006), while tdTomato is insensitive to both Cl- and pH. The excitation spectrum of E2 GFP and hence
ClopHensor2 possesses a pH isobestic point at 458 nm (Arosio et al., 2010). The fluorescence at this excitation wavelength is therefore Cl- sensitive, but not pH sensitive. As
such, the ratio of fluorescence elicited by excitation at 458 nm over that acquired at 594
nm (RCl = F458 /F594 ) was converted to intracellular Cl- concentration according to calibration curves collected in the manner described in Section 2.5.4. In addition, the ratio
of fluorescence collected using the two excitation wavelengths 488 and 458 nm (RpH =
F488 /F458 ) was converted to intracellular pH using the calibration technique described in
Section 2.5.5.

2.5.4

Cl- calibration

Intracellular Cl- was controlled by equilibrating extra- and intracellular ion concentrations
using the K+ / H+ exchanger nigericin (10 µM) and the Cl- / OH- exchanger tributyltin chloride (10 µM) in a high K+ containing aCSF. aCSF’s of varying [Cl- ] concentration were
made by mixing two HEPES buffered aCSF solutions containing 0 mM or 131 mM of
chloride, respectively. The 0 mM [Cl- ] solution contained (in mM): potassium D-gluconate
(123), HEPES (23), D-glucose (11), NaH2 PO4 (1.2), MgSO4 (2) and calcium D-gluconate
(2). The 131 mM [Cl- ] solution contained (in mM): KCl (123), HEPES (23), D-glucose
(11), NaH2 PO4 (1.2), MgCl2 (2) and CaCl2 (2). Using these two solutions high K+ containing aCSF solutions of the following Cl- concentrations were made: 131 mM, 65.5 mM,
32.75 mM, 16.375 mM, 8 mM and 0 mM. aCSF was bubbled with 100% O2 . After each
adjustment of Cl- , at least 15 minutes were allowed for intracellular and extracellular compartments to equilibrate. The Cl- sensitive fluorescence ratio described above (RCl ) was
measured at different intracellular [Cl- ]:

RCl =

SN
SD

SN and SD are the numerator and denominator of the calculated fluorescence ratio, respectively. The formation of a 1:1 analyte-sensor complex results in an equilibrium described by the Grynkiewicz equation Grynkiewicz et al. (1985); Arosio et al. (2010), which,
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for a Cl- indicator, can be written as follows:

[Cl− ] = KdCl



RCl − Rf ree
Rbound − RCl



SD,f ree
SD,bound

!

KdCl is the Cl- dissociation constant, Rf ree is the maximum value of RCl , reflecting RCl
where no Cl- is bound to ClopHensor2. In contrast, Rbound is the minimum value of RCl ,
reflecting RCl when ClopHensor2 is saturated with Cl- . In addition, SD,f ree and SD,bound
reflect SD in its Cl- - free and Cl- - bound forms respectively. However, as the fluorescence
of tdTomato is insensitive to Cl- ,

SD,f ree
SD,bound

= 1. Calibration data was then fitted using the

following rearranged version of the above equation:

RCl =

[Cl− ]Rbound + KdCl Rf ree
KdCl + [Cl− ])

This allowed KdCl , Rf ree and Rbound to be determined and [Cl− ]i to be calculated from
measured fluorescence ratios (RCl ) during subsequent experiments.

2.5.5

pH calibration

In a similar fashion to that described for Cl- , intracellular pH was controlled by equilibrating
extra- and intracellular ion concentrations using the K+ / H+ exchanger nigericin (10 µM)
and the Cl- / OH- exchanger tributyltin chloride (10 µM) in a high K+ aCSF containing (in
mM) potassium D-gluconate (123), HEPES (23), D-glucose (11), NaH2 PO4 (1.2), MgSO4
(2) and calcium D-gluconate (2) (Boyarsky et al., 1988). pH was adjusted with small
aliquots of NaOH and, to avoid CO2 dependent pH buffering, aCSF was bubbled with
100% O2 . After each adjustment of pH, at least 15 minutes were allowed for intracellular
and extracellular compartments to equilibrate. For each indicator, either an excitation
(E2 GFP) or emission (deGFP4, Cl-sensor) fluorescence ratio (RpH ) was measured at
different intracellular pHs:

RpH =

SN
SD
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SN and SD are the numerator and denominator of the calculated pH fluorescence ratio,
respectively. The formation of a 1:1 analyte-sensor complex results in an equilibrium
described by the Grynkiewicz equation Grynkiewicz et al. (1985); Arosio et al. (2010),
which, for a generic pH indicator, can be written as follows:
RpH − RA
RB − RpH

pHi = pKa + log

!

SD,A
SD,B

+ log

!

RA and RB are the values of RpH for the ratiometric indicator in its most acidic and basic
forms, respectively. Likewise, SD,A and SD,B reflect SD in its acidic and basic form. pKa
is the acid dissociation constant of the indicator. Calibration data was fitted using the
following rearranged version of the above equation:
pH−pKA −log

RpH =

RB 10

1 + 10

S

D,A
SD,B

pH−pKA −log



S

+ RA

D,A
SD,B



This allowed the pKa of each construct to be determined and pHi to be calculated from
measured fluorescence ratios (RpH ) during subsequent experiments.

2.6

Drugs

The following drugs were added to the aCSF as required; tetrodotoxin (1 µM, Tocris)
- a voltage-gated Na+ channel blocker, kynurenic acid (2 mM, Sigma) - a broad spectrum glutamatergic receptor antagonist, CGP55845 (5 µM, Tocris) - a GABAB R anatagonist, gabazine (SR95531 hydrobromide, 20 µM, Tocris) - a GABAA R antagonist, 4aminodpyridine (50 µM, Sigma) - a voltage gated K+ channel blocker, S0859 (50 µM, was
kindly provided by Pawel Swietach who sourced the compound from Sanofi-Aventis, formerly Hoechst AG, Hoechst, Germany) - an inhibitor of Na+ / HCO3 - cotransport, nigericin
(10 µM, Sigma) - a K+ / H+ exchanger, and tributyltin chloride (10 µM, Sigma) - a Cl- /
OH- exchanger.
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Data analysis and statistics

Data analysis was performed using custom-made programs in the MATLAB environment.
Some statistical analysis was also performed using GraphPad Prism version 5.0 (GraphPad Software). Data are reported as mean ± SEM.

Chapter 3

Transient changes in the driving
force for GABAARs
3.1

Introduction

In the introduction to this thesis I described how the majority of fast synaptic inhibition
in the brain is mediated by GABAA receptors, which are primarily permeable to Cl- . The
transmembrane concentration gradient of Cl- sets the reversal potential for for GABAA Rs
(E GABAA ) and as a consequence is a major factor in determining the strength of synaptic
inhibition. In the adult nervous system, E GABAA is typically close to the neuronal resting membrane potential. This means that relatively small changes to E GABAA can vary
the functional effect of GABAA R activation and consequently neuronal output. Unlike
glutamatergic synapses where postsynaptic plasticity mechanisms operate by changing
synaptic conductance, GABAergic synapses are unique in that plasticity mechanisms can
include changes to E GABAA as well as alterations to synaptic conductance (Wright et al.,
2011). Whilst considerable attention has been devoted to describing long term changes
in Cl- regulation, relatively little is known about transient changes in intracellular Cl- that
could occur on the time scale of seconds.
The first aim of this chapter was to confirm previous reports, (Staley and Proctor,
1999; Jin et al., 2005), that the influxes of Cl- that can accompany strong activation of
GABAA Rs may overwhelm a neurons ability to maintain a stable Cl- concentration gradient. My second aim was to corroborate previous work (Staley and Proctor, 1999), which
53
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described how different subcellular compartments (soma versus dendrites) differ in their
susceptibility to GABAA R induced Cl- accumulation. Thirdly, I aimed to use a biologically
realistic computer model to simulate these phenomena as well as investigate how Clloading might effect synaptic integration and spike timing.
Recently two novel strategies have emerged for optically silencing neurons. The first
utilises halorhodopsin (eNpHR3.0, ’eNpHR’), a light-driven Cl- pump, to move Cl- into a
cell (Han and Boyden, 2007; Zhang et al., 2007). The second employs archaerhodopsin
(’Arch’), a light-driven proton pump, to transport protons out of a cell (Chow et al., 2010).
Both silencing strategies work by generating strong hyperpolarising currents. However,
as eNpHR’s inhibitory effects are mediated by Cl- transport, the fourth aim of this chapter was to determine whether the two optogenetic silencers might differ in their effects
on GABAergic transmission. Lastly, I sought to establish eNpHR as a tool for optically
manipulating [Cl- ]i with a view to studying how changes in [Cl- ]i might affect cell function.

3.2

Strong GABAA R activation transiently increases intracellular Cl- concentration

Previous work has suggested that under certain conditions Cl- influx via activated GABAA Rs
may temporarily ‘load’ neurons with Cl- (Staley and Proctor, 1999; Jin et al., 2005). To
confirm that intense GABAA R activation can transiently increase [Cl- ]i , GABA was locally
applied via a puffer pipette to hippocampal pyramidal neurons in organotypic slice cultures and acute slices (Fig. 3.1a and b). GABAA R currents evoked in this manner were
recorded in voltage clamp with positive currents representing Cl- influx into the cell and
negative currents representing efflux. An initial ‘loading’ GABA puff was followed by a
subsequent ‘test’ GABA puff. The amount of Cl- loaded into the cell during the ‘loading’
puff could be varied by changing the membrane voltage at which the GABA puff was
applied. More positive membrane voltages, by being further from resting E GABAA , served
to increase the driving force for Cl- across activated GABAA Rs. The second ‘test’ GABA
puff was always applied at the same membrane voltage. In addition, due to the fact that
the ‘test’ puff occurred at the same time with respect to the preceding loading puff, one
could assume that the GABAA R conductance generated by the ‘test’ puff was equivalent
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for all sweeps.
Under these conditions, marked differences in the GABAA R current elicited by the
second ‘test’ puff were observed. This could only be attributed to changes in [Cl- ]i caused
by different amounts of Cl- moving into the cell during the ‘loading’ puff (Fig. 3.1). The
amount of Cl- loaded during the first puff could be estimated by calculating the integral of
the GABAA R current trace. Assuming that the GABAA R conductances elicited by the two
consecutive puffs were comparable, I calculated the change in E GABAA that would account
for the change in size of the GABAA R current elicited by the second ‘test’ puff. In both
organotypic and acute slices, the amount of Cl- loaded by the first puff was proportional
to the subsequent change in E GABAA measured 2 s later (Figure 3.1). This demonstrates
that large influxes of Cl- through GABAA Rs can overwhelm a neuron’s ability to maintain
a stable [Cl- ]i gradient.
To determine whether these increases in [Cl- ]i caused by GABAA R activation were
transitory, I systematically varied the times of the second ‘test’ puff (Fig. 3.2). The
GABAA R currents were observed to recover over a period of 15 s, which indicated representing a recovery in the underlying [Cl- ]i .

3.3

Cell compartments differ in their ability to deal with a Clload

In order to investigate whether compartments of a neuron differ in their ability to deal with
a Cl- load, a similar experiment to that described in Figure 3.2 was performed. However, in
this case the puff of GABA to ‘load’ the neuron with Cl- and the subsequent ‘test’ puff were
both either directed over the dendrite or over the soma of the neuron (see schematic in
Fig. 3.3a). Whilst Cl- influx elicited by puffing over the dendrites had an obvious effect on
the size and direction of the current evoked by the ‘test’ puff (Fig. 3.3b), a minimal effect
was seen when similar amounts of Cl- were loaded over the soma (Fig. 3.3c). Population
data confirmed this difference. Although a prior Cl- load was significantly correlated with a
change in [Cl- ]i for both dendritic and somatic application of GABA (r = 0.8102 and 0.6114
respectively, P < 0.0001 Pearson correlation), the slope of the the linear fit was steeper
(21.07 ± 1.210 mM/nC) for GABAA R currents elicited over the dendrites as opposed to
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Figure 3.1: Strong GABAA R activation transiently increases intracellular Cl- (a) Gramicidin perforated patch voltage clamp recording from a CA3 pyramidal neuron in an organotypic hippocampal slice. Different sized Cl- loads were elicited by stepping the membrane voltage to different potentials for 2 s and activating GABAA Rs simultaneously with
a GABA puff (100 µM; 100 ms after the start of the voltage step). Larger depolarising
voltage steps resulted in stronger driving forces on the GABAA R and therefore larger Clloads. 100 ms after the end of the voltage step (and therefore 2 s after the first ’loading’
GABA puff) a second ’test’ GABA puff was delivered to estimate whether E GABAA had
changed as a result of the Cl- load. Note that larger Cl- loads can switch the direction of
the GABAA R current from outward to inward. (b) Similar data for a subicular pyramidal
neuron recorded from an acute hippocampal slice (aged 4 weeks). Note again that larger
Cl- loads switch the direction of the GABAA R current from outward to inward. (c) and (d)
show the change in E GABAA caused by the different Cl- loads in the recordings from the
cells in a and b, respectively (colour-coded by trace).
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Figure 3.2: GABAA R induced increases in [Cl- ]i recover over time. a) A ‘loading’ puff of
GABA was followed by a ‘test’ puff. Each colour represents a different recording sweep
and thus a different interval between the ‘load’ puff and the ‘test’ puff. The GABAA R
currents were observed to recover over a period of 15 s representing a recovery in the
underlying [Cl- ]i . b) Population data from 4 CA3 pyramidal neurons confirmed the recovery of GABAA R currents over time.
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the soma (4.393 ± 0.8946 mM/nC) (P ¡ 0.0001, t test, Fig. 3.4a).
This data was collected using a nominally HCO3 - free aCSF solution to ensure that
GABAA R currents could be attributed purely to Cl- . The fact that GABAA Rs are also partially permeable to bicarbonate (Kaila, 1994) led us to test whether reintroducing physiological levels of HCO3 - could affect the differences in subcellular Cl- loading observed.
The experiment was therefore repeated with bicarbonate containing artificial cerebrospinal fluid (aCSF) in both organotypic and acute slices (Fig. 3.4b and c). In organotypic
slices containing HCO3 - , the slope of the linear fit was 37.84 ± 4.384 mM/nC for dendrites vs 5.851 mM/nC for somata (P ¡ 0.0001, t test, Fig. 3.4b). Similarly in acute slices
in the presence of HCO3 - , the slope was steeper at 72.20 ± 10.46 mM/nC for the dendritic compartment compared to the somatic compartment (16.02 ± 1.040 mM/nC) (P ¡
0.0001, t test, Fig. 3.4c). These experiments confirm that dendrites are more susceptible
to Cl- loads than somatic compartments.

3.3.1

Computational modelling of cell compartment differences in Cl- regulation

In order to investigate whether cell compartment differences in the ability to deal with a Clload could be explained by a limited set of parameters, I generated a biophysical model
of Cl- regulation in the NEURON modelling environment (Hines and Carnevale, 1997).

Constructing the model: Mechanisms and Parameters
The geometry of the model was based on the reconstruction of a biocytin filled layer 5
medial entorhinal cortex pyramidal cell. It included a soma, axon, 27 basal dendrites
and 50 apical dendrites. These structures were modelled as a set of 1949 connected
cylinders referred to as ‘segments’. The virtual cell received glutamatergic synpases
at a density of 0.2 synapses per µm2 innervated by 44 presynaptic glutamatergic cells
firing at 10 Hz Wilson and McNaughton (1994). The virtual cell also received GABAergic
synapses at a density of 0.2 synapses per µm2 innervated by 44 presynaptic cells. Each
presynaptic GABAergic cell would fire at 40 Hz in a Poisson manner (Fig. 3.5a, top) a physiologically plausible firing rate for basket cell interneurons (Tamás et al., 2000). A
maximum synaptic conductance of 0.001 µS was used as defined in a model of synaptic
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Figure 3.3: Cell compartments differ in their ability to deal with a Cl- load. Recording from
a CA3 pyramidal neuron revealed that a Cl- load over the dendrites increased [Cl- ]i to a
greater extent than a similar load over the soma. a) As in Fig. 3.2, GABAA R activation
was evoked by local application of GABA. This was either applied to the dendrites (red)
or soma (blue). b) When the puffer pipette was positioned over the dendrites, increasing
amounts of Cl- loaded by the first puff affected the size and direction of GABAA R currents
to the second ‘test’ puff. c) This effect was not evident when similar Cl- loads were evoked
by puffing over the soma.
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Figure 3.4: Population data demonstrates that the dendrites of hippocampal pyramidal
neurons are more susceptible to a Cl- load than their soma. This was the case for experiments performed in HCO3 - free aCSF in organotypic slices (a), HCO3 - containing media
in organotypic slices (b) and HCO3 - containing aCSF in acute slices.
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conductance by Destexhe (1998).
The model was able to dynamically adjust E GABAA as a function of fluctuating [Cl- ]i
according to the nernst equation. [Cl- ]o (135 mM), [K+ ]i (3 mM), [K+ ]o (120 mM), [HCO3 - ]i
(10 mM) and [HCO3 - ]o (25 mM) were assumed to remain constant. [Cl- ]i for each segment
could vary according to transmembrane Cl- flux via activated GABAA Rs, Cl- transport due
to the K+ /Cl- cotransporter (KCC2) and Cl- diffusion to and from neighbouring segments
of the cell. The parameters defining Cl- transport via KCC2 were taken from Staley and
Proctor (1999) (Kd = 15 mM, Vmax = 5 mM/s), whilst the diffusion constant for Cl- was
based on an approximate experimental estimation (D = 10 µm2 /s).

Executing the model

In order to compare the effects of different neuronal compartments, the model was executed in two different anatomical modes. In the first, all the GABAergic inputs were placed
on the soma (‘somatic’ inhibition). In the second, the same number of GABAergic inputs
were all placed on the dendrites (‘dendritic’ inhibition).
When the somatic inhibition was run, GABAergic inputs directed over the soma caused
a negligible shift in [Cl- ]i . In contrast, the same GABAergic inputs directed over the dendrites caused a substantial increase in [Cl- ]i within the dendritic compartment (Fig. 3.5a,
bottom). As KCC2 expression was uniform within the model, all differences in Cl- loading
were attributable to volume differences between the compartments.
For the two anatomical modes, the model was run either with [Cl- ]i fixed at its initial
value (Fig. 3.5b, black) or with [Cl- ]i able to fluctuate due to the transmembrane flux of
Cl- (Fig. 3.5b, pink). Interestingly, when predicted spike times were calculated they were
markedly different between fixed and dynamic Cl- , but only when GABAergic inputs were
directed over the dendrites (Fig. 3.5b, left) and not when inputs were directed over the
soma (Fig. 3.5b, right).
These computational simulations and the experimental data described previously
both argue that small volume compartments, such as dendrites, are most susceptible
to changes in intracellular Cl- and E GABAA .
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Optogenetic silencers generate inhibitory photocurrents

The potential for concentration gradients to collapse is not only relevant for endogenous
network activity, but also for experimental manipulations that use the flux of ions to control
activity. Multiple strategies have emerged for rapidly silencing the activity of neurons, all of
which use the transmembrane movement of various ion species in order to hyperpolarise
the cell membrane. The two most successful silencing strategies have used light-driven
chloride pumps (Han and Boyden, 2007; Zhang et al., 2007), which move chloride into the
cell and more recently proton pumps, which move protons out of the cell and thus generate a hyperpolarising effect (Chow et al., 2010). I set out to explore how light activated
ion fluxes may interact with endogenous signalling systems. More specifically, given that
neurons are susceptible to collapses in Cl- gradients, do light-activated pumps cause significant shifts in E GABAA ? For these experiments I utilised the latest light-driven inward Clpump (Natronomonas pharaonis halorhodopsin, eNpHR3.0 or eNpHR)Gradinaru et al.
(2010) and a popular light-driven outward H+ pump (Archaerhodopsin-3 from Halorubrum
sodomense, Arch) (Chow et al., 2010). eNpHR3.0-EYFP or Arch-GFP were expressed
in pyramidal neurons from hippocampal organotypic slice cultures or acute slices using
biolistic transfection or viral injection respectively. To confirm their function in these systems, transfected cells were patched and stimulated with a 532 nm laser, which reliably
evoked outward photocurrents consistent with previous reports (Gradinaru et al., 2010;

Figure 3.5 (facing page): A biophysical model of Cl- regulation predicts cell compartment
differences in susceptibility to a Cl- load, which impacts the spike times generated by
synaptic inputs. a) Two separate simulations were generated, which were identical in
every respect except for the location of GABAergic inputs. In the first simulation, ‘Somatic
inhibition’ (left), GABAergic inputs were exclusively targeted to the soma. In the second
simulation, ‘Dendritic inhibition’ (right), the neuron received the same number of inputs
but they were exclusively targeted to the dendrites. The GABAergic inputs were then
‘turned on’ using physiologically plausible firing rates. After 100 ms [Cl- ]i had hardly
changed in the soma of the first simulation. However, the second simulation showed
marked increases in [Cl- ]i , particularly in structures of small volume such as the apical
dendrites. b) In order to assess the potential impact on the spiking activity of the cell in
response to a barrage of inputs the simulations were executed either with [Cl- ]i fixed at its
initial value (black traces) or with [Cl- ]i able to fluctuate in accordance with transmembrane
fluxes of Cl- (pink traces). Allowing dynamic fluctuations in [Cl- ]i affected spike times when
GABAergic synapses were directed over the dendrites (right) but not when those inputs
were directed over the soma (left).
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Chow et al., 2010) (Fig. 3.6a). The amplitude of photocurrents was directly proportional
to the laser intensity (Fig. 3.6d). This relationship was statistically indistinguishable for
both eNpHR and Arch, suggesting that a particular laser power would generate photocurrents of comparable amplitude under my recording conditions (P = 0.7074, Analysis
of Covariance). The photocurrents exhibited fast onset and offset kinetics as has been
shown previously (Madisen et al., 2012; Mattis et al., 2012) (Fig. 3.6b). The time constant for both Arch and eNpHR onset and offset were comparable and fast (<10 ms, on
average, Fig. 3.6c). As described below, activated photocurrents consistently inhibited
action potential generation in response to somatic current injection (Fig. 3.6a, bottom).

3.5

A light-activated chloride pump, but not a proton pump,
causes a change in GABAergic transmission.

To test whether eNpHR has sustained effects upon GABAergic transmission I performed
voltage clamp recordings using the perforating agent gramicidin, which preserves intracellular Cl- . Brief puffs of GABA (100 µM) were used to compare E GABAA before, and after,
light-activation of the pumps. Resting E GABAA values did not differ between the eNpHRexpressing (mean of -68.7 ± 1.2 mV, n = 18 cells) and Arch-expressing (mean of -68.5 ±
1.0 mV, n = 13 cells) neurons (P = 0.89, t test). However, I found that eNpHR-activation
for 15 s consistently changed the amplitude and/or polarity of GABAA R currents, such
that GABAA R currents that were outward before laser-activation often became strong
Figure 3.6 (facing page): Optogenetic silencers generate robust inhibitory currents. (a)
Left, eNpHR3.0-EYFP or Arch-GFP expressing pyramidal cells were patched and activated with a 532 nm laser. Right, a voltage clamp recording from a eNpHR expressing
neuron demonstrates that laser stimulation generates robust outward currents. Bottom,
in current clamp mode the same photocurrents are seen to reliably inhibit action potential
generation in response to somatic current injection. b) Voltage clamp recordings from
a neuron expressing Arch (top) and a separate neuron expressing eNpHR3.0 (bottom)
immediately following laser onset (left) and immediately following laser offset (right). Activation and deactivation kinetics could be fitted with a single exponential function (red).
(b) Population data shows that the time constant for both Arch and eNpHR onset and
offset are comparable and fast (<10 ms, on average). (c) Mean photocurrent amplitude
plotted as a function of laser power for Arch- and eNpHR3.0-expressing neurons. This relationship was statistically indistinguishable for the two optical silencers, suggesting that
a particular laser power would generate photocurrents of comparable amplitude under
the recording conditions (P = 0.7074, Analysis of Covariance) used here.
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inward currents after laser-activation (measured 250 ms after laser offset; Fig. 3.7a),
consistent with the light-driven accumulation of intracellular Cl- . This was not the case
for Arch-expressing cells, which showed stable GABAA R currents across a range of photocurrents (Fig. 3.7b).
Functionally relevant laser intensities were chosen by assessing the ability of the photocurrents to inhibit spiking in response to somatic current injections via the recording
pipette (see Fig. 3.7a and b, bottom). First, I injected a range of current steps in current clamp (1 s duration) without any laser-activation, from which I defined a threshold
somatic current (the minimum current that evoked spiking; mean of 112 ± 25 pA, which
generated a mean spike rate of 4.1 0.8 Hz, n = 12) and a strong somatic current (twice
the amplitude of the threshold current; mean of 224 ± 50 pA, which generated a mean
spike rate of 13.3 2.6 Hz). An intermediate laser intensity produced the minimum mean
photocurrent (104 ± 17 pA, range 40 - 230 pA) required to inhibit all spiking activity in
response to the threshold somatic current. A higher laser intensity produced the minimum mean photocurrent (207 ± 35 pA, range 90 - 400 pA) required to inhibit all spiking
in response to the strong somatic current injection.
The effect upon GABAA R currents was quantified by estimating E GABAA for individual
GABA puffs and relating this to the size of the photocurrent (Fig. 3.7c; see Materials
and Methods). This revealed a strong positive correlation between the size of the eNpHR
photocurrent and the change in E GABAA , (r = 0.70, P < 1x10-19, Pearson Correlation).
The slope of the linear fit for the eNpHR data indicated an 8.8 mV shift in E GABAA per 100
pA of mean photocurrent (Fig. 3.7e). Mean eNpHR photocurrents of between 90 and 400
pA, which effectively blocked spiking activity evoked by somatic positive current injection
(Fig. 3.7a,b), generated an average E GABAA shift of 19.7 ± 1.7 mV (P < 1x10-14, t test).
Modest mean eNpHR photocurrents of between 25 and 50 pA also generated a significant
change in E GABAA of 4.8 ± 1.0 mV (P = 0.0004, t test). In contrast, Arch-expressing cells
exhibited much more stable E GABAA across a range of photocurrents (Fig. 3.7e); the
slope of the linear fit for the Arch data was -0.4 mV per 100 pA of mean photocurrent,
with a small negative correlation between Arch photocurrent and the change in E GABAA , (r
= -0.2213, P = 0.023, Pearson Correlation). The slope of the linear fits for the two optical
silencers were highly statistically different (P < 0.0001, Analysis of Covariance).
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To determine whether the effect of eNpHR photocurrents upon E GABAA was evident
in different experimental preparations, I examined neurons from mice that had received
in vivo viral delivery of one of the optical silencers, via injections into the hippocampus.
These neurons, recorded in acute hippocampal slices, also showed a strong relationship
between eNpHR photocurrent and change in E GABAA (r = 0.50, P < 0.0001, Pearson
Correlation; linear fit of 8.9 mV per 100 pA of photocurrent; n = 7 cells; Fig. 3.7d and Fig.
3.8a), which was statistically indistinguishable from neurons with plasmid-driven eNpHR
expression in organotypic slices (P = 0.89, Analysis of Covariance). Meanwhile, neurons
with viral-expression of Arch showed stable E GABAA across a range of photocurrents (r =
-0.07, P = 0.68, Pearson Correlation; linear fit of -0.2 mV per 100 pA of photocurrent; n =
6 cells; Fig. 3.7d and Fig. 3.8b).

3.6

The spatio-temporal dynamics of eNpHR induced Cl- loads

To quantify the time scale of the effects of eNpHR-activation on E GABAA , I estimated
E GABAA at different times after laser-activation. The rate of recovery of E GABAA had a
time constant of 14.7 ± 3.2 s, on average (Fig. 3.9a,c,e). In addition, varying the duration
of the light-activation period revealed that changes in E GABAA were closely related to
the duration of the photocurrent and were evident for relatively short photocurrents (Fig.
3.9b,d,f). Significant positive shifts in E GABAA were detected following photocurrents of
just 500 ms duration (2.41 ± 0.5 mV change in E GABAA , P = 0.0014, t test) and showed
an incremental relationship with longer photocurrents. The depolarising shifts in E GABAA
that resulted from shorter periods of eNpHR-activation were comparable to the shifts
associated with prolonged activation of GABAA Rs (Fig. 3.4), supporting the conclusion
that Cl- -dependent changes in E GABAA are a fundamental feature of mature GABAergic
transmission.
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A single compartment model confirms the experimentally
observed effect of eNpHR photocurrents on E GABAA

To investigate the interaction between eNpHR induced Cl- load and subsequent change
of E GABAA , I constructed a single compartment model with realistic Cl- transport mechanisms, as in Section 3.3.1. The single compartment was intended to represent a pyramidal cell soma and hence its volume was assumed to be a prolate spheroid (rugby ball)
(see Materials and Methods). To simulate cells of differing volume, somatic length was
varied between 12 and 36 µm whilst somatic width was held constant at 12 µm, in line
with our own measurements. This resulted in typical neuronal cell volumes of between
0.905 and 2.714 pl, which match the range of somatic volumes reported in the literature
(Ambros-Ingerson and Holmes, 2005). For each instance of the model with a particular
volume, a tonic Cl- current was calculated that would maintain resting [Cl- ]i at 7.0158 mM
for an initially stable E GABAA of -70 mV. A Cl- photocurrent of varying amplitude and duration could then be applied and the resulting changes in [Cl- ]i and hence E GABAA tracked
over time.
In agreement with our experimental observations from a range of cell somata, E GABAA
increased steadily over the course of the modelled photocurrent before recovering there-

Figure 3.7 (facing page): A light-activated chloride pump, but not a proton pump, causes
a sustained change in GABAergic transmission. a) Top, gramicidin perforated patch
voltage clamp recording from a CA3 pyramidal neuron expressing eNpHR3.0-EYFP.
GABAA R currents were measured before and after eNpHR-activation using three different laser intensities: ‘zero’ (light grey), ‘intermediate’ (dark grey) and ‘higher’ (black).
Note the change in direction of current flow through the GABAA R as a function of eNpHRactivation. Bottom, laser intensities were selected by assessing their effectiveness in silencing spikes evoked by somatic current injection in current clamp. b) Recordings from a
neuron expressing Arch-GFP. All conventions as in ‘a’. Note the consistent GABAA R current for different levels of Arch-activation. c) and d) Estimating the effects of photocurrents
on E GABAA for the eNpHR cell in ‘a’ (c) and Arch cell in ‘b’ (d). GABAA R IV plots (left)
were used to calculate the resting E GABAA and GABAA R conductance (g GABAA ), which
were then used to estimate E GABAA for individual GABA puffs delivered after different
mean photocurrents (right; symbol colours correspond to data in ‘a’ and ‘b’). e) Summary
of the change in E GABAA associated with different eNpHR (black symbols) and Arch (grey
symbols) photocurrents. Square and circle symbols indicate data from neurons recorded
in organotypic hippocampal slices that had been biolistically transfected. Stars indicate
data from neurons recorded in acute hippocampal slices, with virally-induced expression
of opsins.
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after. A soma length of 24 µm resulted in E GABAA shifting by 9.1 mV by the end of the 15
s photocurrent, matching the size of shift demonstrated experimentally (see Fig. 3.7e).
As depicted by Fig. 3.10b, photocurrent induced changes in E GABAA were predicted to be
proportional to the magnitude of the photocurrent induced. This matched my experimental observations (Fig. 3.7e). In addition, the model predicted that lengthy photocurrents
should result in depolarising shifts in E GABAA that stabilise after approximately 40 s. This
trend was also evident in my experimental data (Fig. 3.9b and f). Finally, the plateau
value of E GABAA reached during a prolonged photocurrent (Fig. 3.10c) was predicted
to be dependent on both the kinetics of Cl- transport and the size of the photocurrent
concerned.

3.8

Optogenetic silencing strategies differ in their effects on
synaptically-evoked spiking activity.

One prediction is that light-activated shifts in E GABAA could effect spiking activity. It is possible that if E GABAA were to become sufficiently depolarised, GABA activation alone might
be able to trigger action potential generation. Indeed, I found that eNpHR has sustained
effects upon GABAergic transmission when performing current clamp recordings using
the perforating agent gramicidin, which preserves intracellular chloride. Under these conditions I found that a brief puff of GABA (100 µM) normally generated a hyperpolarising
response, but when the same puff was delivered after a period of eNpHR-activation, a
depolarising response and action potentials could be generated (n = 5 cells; Fig. 3.11c).
To compare the effects of optogenetic silencing strategies upon synaptically-evoked

Figure 3.8 (facing page): In vivo virally-driven expression of optogenetic silencers have
different effects upon GABAergic transmission in acute slices. a) Top left, a 2-photon
image showing widespread expression of eNpHR3.0-EYFP in the dentate gyrus. Top
right, gramicidin perforated patch voltage clamp recording from an eNpHR3.0-expressing
neuron in this slice. GABAA R currents were measured before and after eNpHR-activation
for 15 s, at four different laser intensities. Bottom left, GABAA R IV plots were used to
calculate the resting E GABAA and GABAA R conductance (g GABAA ), which were then used
to estimate E GABAA for individual GABA puffs delivered after different mean photocurrents
(bottom right). b) Top left, a 2-photon image showing widespread expression of Arch-GFP
in the dentate gyrus. Top right, recordings from an Arch-expressing neuron in this slice.
Bottom left and right, all conventions as in a. Note the stable GABAA R current following
different levels of Arch-activation.
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action potential activity, we performed cell-attached recordings from neurons within the
pyramidal cell layer of rat hippocampal organotypic brain slices, which had been biolistically transfected with either eNpHR3.0-EYFP or Arch-GFP. Postsynaptic spikes were
elicited by delivering brief electrical stimuli to the Schaffer collateral pathway. This stimulus recruits convergent monosynaptic and polysynaptic excitatory and inhibitory postsynaptic potentials (Pouille and Scanziani, 2001). Spike probability was measured before
and after a 15 s period of laser-activation (532 nm, mean intensity 19.4 ± 3.4 mW.mm-2 ).
Separate perforated patch recordings confirmed that these conditions resulted in robust
hyperpolarising photocurrents in both eNpHR- and Arch-expressing neurons, which were
similar in amplitude (mean eNpHR photocurrent 237 ± 46 pA; mean Arch photocurrent
235 ± 40 pA; Fig. 3.6d). However, I found marked differences in terms of how cells
responded to synaptic input in the period following light-activation. In eNpHR-expressing
cells the mean spike probability increased significantly from 0.37 ± 0.05 before laseractivation, to 0.82 ± 0.04 after laser-activation (n = 10 cells, P = 0.00015, paired t test;
Fig. 3.11a). The mean stimulus-evoked spike rate (measured over 200 ms) also increased from 1.9 ± 0.3 Hz before laser-activation to 5.5 ± 0.9 Hz after laser-activation
(P = 0.005, paired t test). This was in contrast to recordings from Arch-expressing cells,
which had a comparable spike probability before and after laser-activation, even when
the highest laser intensities were used (see example cell in Fig. 3.11b; range of 7.9
to 76.1 mW.mm-2 ). For a population of Arch-expressing cells the spike probability be-

Figure 3.9 (facing page): The spatio-temporal dynamics of eNpHR induced Cl- loads.
a) Gramicidin perforated patch voltage clamp recording from a CA3 neuron expressing
eNpHR3.0-EYFP in an organotypic hippocampal slice. Traces show GABAA R currents
recorded at different times after a 15 s photocurrent, on different trials. E GABAA versus
time after photocurrent is plotted for this cell and the recovery is well fitted by a singleexponential function. Inset plot shows the distribution of time constants of E GABAA recovery for a population of eNpHR-expressing cells. b) Traces from the same neuron as
in ‘a’ showing GABAA R currents recorded after photocurrents of different durations. Plot
illustrates the change in E GABAA as a function of photocurrent duration for all eNpHRexpressing cells. c) Traces (top) from a representative eNpHR-expressing neuron in an
acute slice showing GABAA R currents recorded at different times after a photocurrent, on
different trials. E GABAA versus time after photocurrent is plotted (bottom) for this cell and
the recovery is well fitted by a single-exponential function as in ‘a’. d) Traces (top) from
the same cell as in ‘c’ showing GABAA R currents recorded after photocurrents of different durations. The plot (bottom) shows the change in E GABAA in this cell as a function of
photocurrent duration.
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fore laser-activation was 0.43 ± 0.04 and the equivalent measure was 0.45 ± 0.05 after
laser-activation (n = 12 cells, P = 0.74, paired t test; Fig. 3.11b). The mean stimulusevoked spike rate was also stable for Arch-expressing cells at 2.15 ± 0.2 Hz before laseractivation and 2.3 ± 0.3 Hz after laser-activation (P = 0.64, paired t test).

3.9

Discussion

In this chapter I have confirmed previous reports (Staley and Proctor, 1999; Jin et al.,
2005) that strong activation of GABAA Rs causes Cl- influxes that are large enough to
overwhelm a neurons ability to maintain stable Cl- concentration gradients. In addition,
consistent with prior findings (Staley and Proctor, 1999), I have demonstrated that dendrites, due to their smaller volume, are more susceptible to Cl- loads than neuronal somata.
In these experiments, intense GABAA R application was elicited by pharmacological
activation of receptors with exogenous GABA. Such a manipulation would presumably activate both synaptic and extra-synaptic GABAA Rs. In addition, GABAA R activation would
be expected to last over longer periods than might occur during physiological patterns
of network activity. Finally, large Cl- loads were generated by artificially increasing the
driving force for GABAA Rs by holding the neuronal membrane at depolarised voltages.
During normal patterns of activity a similar process might enhance Cl- accumulation. This
would include any mechanism that depolarises the neuronal membrane coincident with

Figure 3.10 (facing page): A single compartment model of Cl- accumulation and extrusion predicted photocurrent induced changes in E GABAA . a) A 100 pA Cl- photocurrent
was applied to somata of varying volumes for 15 s. Soma volume was modelled as a
prolate spheroid (rugby ball), the soma width was held constant at 12 µm whilst soma
length was varied between 12 and 36 µm. For all somata, E GABAA was seen to increase
steadily over the course of the modelled photocurrent and then gradually recovered when
the photocurrent ended. A soma length of 24 µm resulted in E GABAA shifting by 9.1 mV
by the end of the 15 s photocurrent, which matched the size of shift demonstrated experimentally (see Fig. 3.7e). b) The photocurrent induced change in E GABAA was proportional
to the magnitude of the photocurrent induced. 15 s Cl- photocurrents of varying size (between 0 and 400 pA) were applied to soma of 24 µm length (as in ‘a’). Also note that
E GABAA recovered over the period of 20 to 40 s following termination of the photocurrent.
c) Modelling photocurrents of 90 s in duration demonstrated that depolarising shifts in
E GABAA stabilise after approximately 40 s, at values dependent on the size of the induced
photocurrent.
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the arrival of GABAergic synaptic inputs, such as simultaneous glutamatergic activation
or back-propagating action potentials. That said, previous work has demonstrated that
GABAA R activation alone, without exogenously increasing the driving force for Cl- influx
by voltage clamp, is sufficient to cause considerable Cl- accumulation (Staley and Soldo,
1995). This is ultimately because GABAA Rs are permeable to HCO3 - as well as Cl- .
Compared to E Cl- , the reversal for HCO3 - (E HCO3 - ) is considerably more positive (Lambert and Grover, 1995). This means that during strong activation of GABAA Rs, E HCO3 can provide the thermodynamic drive for continued Cl- accumulation and a collapse in the
Cl- gradient. A corresponding collapse of the HCO3 - gradient is prevented by the activity
of intra- and extracellular carbonic anhydrases, which use CO2 as a substrate to rapidly
regenerate intracellular HCO3 - (Rivera et al., 2005).
In this chapter I also described a model of a pyramidal cell with realistic Cl- transport
mechanisms and biologically relevant glutamatergic and GABAergic synaptic inputs. The
model revealed a Cl- accumulation-dependent change in spike timing, which is in keeping
with previous reports using dialysis or computer models (Saraga et al., 2008; Valeeva
et al., 2010), and has shown that modest shifts in E GABAA affect the spiking behaviour
of cells. Consistent with my experimental data, the model showed that the functional
effects of Cl- shifts were more likely to occur when GABAergic inputs were directed over
the dendrites as opposed to the soma. This is because a given Cl- load will result in a

Figure 3.11 (facing page): Optogenetic silencing strategies differ in their effects on
synaptically-evoked spiking activity. a) Perforated patch current clamp recording from
a eNpHR-expressing neuron. Laser-activation (10.9 mW.mm-2 laser for 15 s) evoked
a sustained hyperpolarising response (left). In the absence of laser-activation, GABA
puffs elicited hyperpolarising responses (middle). However, the same GABA puff generated a depolarising response and action potential when delivered 250 ms after laseractivation (right). b) Top left, confocal image of a CA3 pyramidal neuron expressing
eNpHR3.0-EYFP (‘eNpHR’). Bottom, cell-attached recordings from this cell showing
synaptically-evoked spiking before (left) and after (right) eNpHR-activation (15 s, 532
nm, 7.9 mW.mm-2 ). Spike probability was set to approximately 0.4 before laser-activation
(measured over 10 trials). The before stimulus was delivered 1250 ms before laser onset
and the after stimulus was delivered 250 ms after laser offset. Top right, summary of spike
probability for eNpHR cells (n = 10; error bars, s.e.m.; ***P < 0.001). c) Top left, a CA3
pyramidal neuron expressing Arch-GFP (‘Arch’). Bottom, cell-attached recordings from
this cell showing synaptically-evoked spiking before (left) and after (right) Arch-activation
(15 s, 532 nm, 76.1 mW mm-2). Top right, summary of spike probability for Arch cells (n
= 12; n.s., non-significant, P = 0.74). All conventions as in ‘b’.
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larger change in [Cl- ]i and hence E GABAA in a small compartment, as compared to a large
cellular compartment.
In the latter half of this chapter I asked whether light-activated proteins that use ion
fluxes can also impact [Cl- ]i and E GABAA . I demonstrated that the two most popular optogenetic strategies for silencing neuronal activity differ in their effects on GABAergic
transmission. Silencing neural activity with a Cl- pump (eNpHR), but not a proton pump
(Arch), altered GABAergic synaptic transmission beyond the period of silencing and in a
manner that altered the subsequent excitability of the network. The effects upon E GABAA
were related to the size and duration of the eNpHR photocurrent. This is entirely consistent with what is known about eNpHRs ion selectivity. The fact that its photocurrents
can be maintained in the face of intracellular Cl- accumulation is presumably a function
of its extremely negative reversal potential (approximately -400 mV) (Seki et al., 2007).
Proton pumps meanwhile have been reported to generate modest changes in pH, which
are rapidly stabilised (Chow et al., 2010) and appear to be tightly regulated by efficient
buffering and transport mechanisms (Staley and Proctor, 1999; Chesler, 2003). My slice
recordings establish an important difference between optical silencing strategies, which
are directly relevant to ex vivo and in vitro experiments, and may be helpful in interpreting future in vivo experiments where it is more challenging to record directly from
a silenced neuron and to dissect network effects. While the effect upon GABAergic inhibition is evident immediately after silencing, it remains to be seen whether this could
influence processes that have their effect over a longer time scale (via mechanisms such
as synaptic plasticity). The effects of eNpHR are consistent with reports of depolarizing
shifts in the driving force for GABAA Rs described in this chapter and elsewhere in the
literature (Staley and Proctor, 1999; Jin et al., 2005). Finally, my observations confirm the
use of eNpHR as a modulator of Cl- , which will be invaluable in exploring the role of this
ion in synaptic transmission, development and pathology.

Chapter 4

Intracellular chloride accumulation
during network activity
4.1

Introduction

The previous chapter demonstrated how exogenous activation of GABAA Rs is sufficient
to cause Cl- accumulation and a depolarization in the reversal potential for these receptors. It also investigated how the E GABAA of different subcellular compartments might vary
in response to a given Cl- load.
In order to evoke the transient depolarising shifts in E GABAA described above, strong
GABAA R activation was elicited by exogenous application of GABAA R agonists. Published evidence that such short-term changes in E GABAA might occur in vivo, and therefore represent a biologically relevant plasticity mechanism, have come from studies of
hyper-active network activity patterns, such as those generated in experimental models
of epilepsy. Several additional studies, using different in vitro models of epileptiform activity, have demonstrated a temporary excitatory shift in E GABAA (Fujiwara-Tsukamoto,
2006; Fujiwara-Tsukamoto et al., 2003; Lamsa and Kaila, 1997; Lasztóczi et al., 2011;
Perreault and Avoli, 1992).
In this Chapter I set out to confirm previous reports that epileptiform activity, at least
in vitro, is associated with a transient shift in GABAergic signalling from being hyperpolarising and inhibitory, to becoming depolarising and excitatory. In order to investigate the
mechanisms underlying this change I developed electrophysiological and imaging based
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CHAPTER 4. CL- ACCUMULATION DURING NETWORK ACTIVITY

80

techniques to measure E GABAA and intracellular Cl- dynamics during epileptiform activity.
Previous methods used to measure activity induced Cl- fluxes have had several important
limitations. Firstly, electrophysiological techniques have relied on evoked GABAA R currents to indirectly estimate Cl- levels. As such, the contribution of endogenous activation
of GABAA Rs can not be investigated because pharmacological blockade of these receptors will preclude the measurement of subsequent [Cl- ]i . Secondly, the massive synaptic bombardment that occurs during seizure activity also complicates attempts to calculate specific Cl- mediated currents using electrophysiological methods. Thirdly, imaging
based methods for measuring intracellular Cl- are either unable to provide absolute measurements or suffer from substantial complications related to pH sensitivity (Bregestovski
et al., 2009; Raimondo, Irkle, Wefelmeyer, Newey and Akerman, 2012). In this Chapter
I present a new genetic reporter that is able to determine absolute intracellular concentrations of Cl- and pH simultaneously in neurons. This reporter is an optimised version of
ClopHensor (Arosio et al., 2010), which I have named ClopHensor2.
Using this and other tools, I have characterised seizure associated intracellular Clchanges in hippocampal neurons. I determined the mechanism behind observed increases of Cl- and investigated whether various subcellular compartments (soma versus
dendrites) differ in their response to seizure induced Cl- accumulation.

4.2

Epileptiform activity induces a depolarising shift in GABAergic potentials

In the first set of experiments, I set out to address whether depolarising shifts in E GABAA
are a fundamental feature of epileptiform activity. Epileptiform activity was induced using
three separate, well established, in vitro models of epilepsy; the ‘0 Mg2+ ’ model, the ‘4AP’ model and the ‘spontaneous’ model (see Fig. 4.1a). The ‘0 Mg2+ ’ model involves
omission of Mg2+ from the brain slice perfusate. This removes the voltage dependent
Mg2+ block on NMDA receptors, which predisposes hippocampal slices to periods of
synchronised hyperexcitability (Anderson et al., 1986; Mody et al., 1987; Gutiérrez et al.,
1999). These seizures lasted on average 205 ± 45 s, (n = 11). Seizures were elicited
using the ‘4-AP’ model by adding 50 µM 4-aminodpyridine (4-AP) to the bath solution
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(Perreault and Avoli, 1992). 4-AP is a selective antagonist of the Kv1 (Shaker) family of
voltage gated K+ channels. Seizures produced in this manner had a mean duration of 222
± 55 s, (n = 7). Lastly, hippocampal organotypic slice cultures that are allowed to mature
for beyond a week are known to generate spontaneous seizures (Dyhrfjeld-Johnsen et al.,
2010; Berdichevsky et al., 2011; Lillis et al., 2012). This hyperexcitability is presumably
due to the enhanced connectivity that occurs with extended culture durations. These
spontaneous seizures lasted on average 115 ± 30 s (n = 19).
In all cases, seizure onset was characterised by a pronounced membrane potential
depolarisation upon which occurred high-frequency, low-amplitude discharges (see Fig.
4.1a). For analysis purposes the onset of the seizure was defined as the time at which
the membrane potential depolarised beyond a ‘threshold’ set at 30 mV above the cells
resting membrane potential (‘baseline’). The end of the seizure was defined as the point
at which the membrane potential returned to baseline for the first time after the start of
the seizure. Beyond this point however, numerous after-discharges were often observed.
These are rhythmic bursts of activity, which occur from a relatively hyperpolarised membrane potential.
Recordings from pyramidal neurons in the CA3 region of organotypic hippocampal
slice cultures were made using the perforating agent gramicidin, which preserves intracellular Cl- concentration (see Materials and Methods). Membrane potential was measured in current clamp mode and GABAA R potentials evoked by delivering short puffs of
GABA (100 µM) every 10 s in the presence of GABAB R blockade (CGP55845, 5 µM).
GABAA R potentials were defined as the maximum GABA induced membrane potential
deviation (excluding triggered action potentials), caused by the puffs. As demonstrated
in Fig. 4.1, prior to seizure onset GABAA R potentials were hyperpolarising (-78.65 ±
1.799 mV, in the ‘0 Mg2+ ’ model, -74.25 mV ± 2.667 for the ‘4-AP’ model and -77.10 ±
2.586 mV for spontaneously generated seizures). However, in all three seizure models,
after seizure onset and for a substantial period following seizure offset, GABA became
markedly depolarising in nature. Indeed, as depicted in Fig. 4.1b, during the seizure
period GABA application could independently generate action potentials indicating that
the GABAA R reversal potential exceeded the action potential threshold. Immediately following the seizure GABAergic potentials were markedly depolarising (-58.83 ± 1.427 mV
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for ‘0 Mg2+ ’ seizures, -53.16 ± 2.830 mV utilising the ‘4-AP’ model and -61.05 ± 2.292
mV for spontaneous seizures). This depolarising shift in GABAA R potentials was highly
significant with P < 0.0001 for the ‘0 Mg2+ and ‘spontaneous’ conditions, and P = 0.003
for the ‘4-AP’ seizure model (paired t tests, Fig. 4.1c). This change was temporary as
GABAergic potentials gradually returned to baseline values within 5 minutes following the
end of the seizure. Recovery potentials for ‘0 Mg2+ ’ seizures were -77.71 ± 1.352 mV,
-68.90 ± 3.692 mV for ‘4-AP’ seizures and -77.06 ± 2.195 mV for spontaneously generated seizures. As evidence of full recovery, there was no significant difference between
pre-seizure and recovery GABAergic potentials for the three seizure models (P = 0.5030,
P = 0.2163 and P = 0.9657, paired t test).

4.3

Epileptiform activity causes a depolarizing shift in the reversal potential for GABAA R receptors

The evoked GABA potentials are a function of g GABAA , E GABAA and the underlying resting membrane potential at the time the GABAA Rs are activated. As a result, a change
in measured GABA potential could be generated by changes in any of these three variables. Therefore, to better investigate the mechanisms underlying the seizure-associated
alteration in GABAA R signalling, I performed a separate series of experiments to directly

Figure 4.1 (facing page): Epileptiform activity induces a depolarising shift in GABAergic
potentials. Three in vitro models of epilepsy were utilised. The ‘0 Mg2+ ’ model (left), the
‘4-AP’ model (centre) and the ‘spontaneous’ model (right). Perforated patch recordings
were made from CA3 pyramidal neurons and GABAA R-mediated potentials elicited every 10 s before, during, and after a seizure episode by delivering a puff of GABA (100
µM) via a patch pipette positioned over the cell soma. a) In current clamp mode the
membrane potential of CA3 pyramidal cells were recorded (black trace). The value of
GABAA R potentials were defined as the maximum GABA induced membrane potential
deviation (excluding triggered action potentials), caused by the GABA puff (green circles). Note how GABAA R potentials become depolarising following seizure onset and
gradually recover to baseline following seizure offset. b) Representative GABA potentials
corresponding to the grey bars in ‘a’. In all three seizure models, GABAA R potentials are
hyperpolarising before seizure onset but become markedly depolarising by the time of
seizure offset (defined as the first time the membrane potential returns to baseline after
the start of the seizure). In many cases the depolarising GABA potentials were sufficient
to generate action potentials. c) Population data demonstrates this depolarising shift in
GABAA R potential and its subsequent recovery (**P < 0.01, ***P < 0.001, paired t test).
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measure E GABAA prior to, and immediately following, seizure activity. By rapidly switching
from current-clamp to voltage-clamp mode during gramicidin recordings, E GABAA could
be calculated using voltage ramp protocols. As shown in Fig. 4.2 seizure activity produced a pronounced shift in E GABAA . Population data presented in Fig. 4.2d demonstrate
that in the first 20 s following the end of recorded seizures (mean duration 81.56 ± 20.22
s), there was a highly significant positive shift in E GABAA , 47.29 ± 2.092 mV, P < 0.0001.
Within 80 - 100 s, E GABAA recovered to baseline levels (P = 0.8685 as compared to
pre-seizure levels, t test).

4.4

Seizure induced depolarising shifts in GABAA R responses
differ between subcellular compartments

In the previous chapter I showed experimentally and with computer models that cell compartments differ in their susceptibility to Cl- accumulation. This work showed that for
a given Cl- load, small volume compartments experienced a greater shift in [Cl- ]i and
E GABAA than larger volume compartments. In order to investigate whether seizure induced shifts in GABAA R potentials might differ between subcellular compartments, a
similar experiment to that described in Section 4.2 was performed. Whereas previously

Figure 4.2 (facing page): Epileptiform activity causes a depolarising shift in E GABAA . a)
A recording in which E GABAA was measured prior to and immediately following seizure
activity. Dashed boxes indicate example E GABAA measurements before the seizure (1),
shortly after the seizure terminated (2) and (3), and later following recovery (4). E GABAA
values are represented by the circles. To measure E GABAA without contamination from
ongoing spiking activity, TTX was applied roughly 2 min after seizure onset (horizontal black bar). b) E GABAA was measured by rapidly switching the recording mode from
current-clamp (CC) to voltage-clamp and then applying two consecutive voltage ramps,
the first under baseline conditions (black line; - GABA) and the second during activation of
GABAA Rs (grey line; + GABA). After 2 s in voltage-clamp the cell was returned to currentclamp. E GABAA measurements were made every 10 s. c) IV plots for measurements for
the four the time points represented by the boxes in ‘a’. E GABAA was defined as the voltage at which the holding current (generated by the first ramp; black line) and the total
current (reflecting the holding current plus the current through the activated GABAA Rs;
grey line) intersected. Note that E GABAA was at hyperpolarised values prior to the seizure
(1), switched to depolarising values during the seizure (2) and (3), before recovering to
pre-seizure values afterwards (4). d) Summary of the change in E GABAA relative to the
baseline recorded before seizure activity commenced. Within 80-100 s following seizure
offset, E GABAA values had returned to baseline levels.
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a single, soma-directed, GABA puffer pipette was used, in this version of the experiment
two GABA puffer pipettes were utilised simultaneously. The first puffed GABA onto the
soma and the second puffed GABA onto the apical dendrites (approximately 150 µm
from the soma). This arrangement allowed GABAA R potentials to be elicited every 5 s at
alternating subcellular locations before, during and following epileptiform activity.
Evoked GABAA R potentials were typically hyperpolarising at both somatic and dendritic locations prior to seizure onset. As demonstrated in Fig. 4.3, the seizure induced
depolarising shift was actually larger for GABAA R potentials elicited over the soma, as
compared to the dendrites. In an effort to prevent potential errors introduced by the
puffer pipettes evoking different sized conductances, a steady hyperpolarising current
was sometimes applied to ensure that pre-seizure GABA potentials were also depolarising. This allowed pre-seizure GABA potentials to be matched in size by adjusting the
position of the puffer pipettes as in Fig. 4.3b. Once again, a difference between somatic and dendritic GABA potentials in the post-seizure period could be observed (Fig.
4.3b). Population data employing only those cases where dendritic pre-seizure GABA
potentials were larger than their somatic counterparts confirmed that the seizure induced
depolarising shift was greater in amplitude when GABA potentials were evoked over the
soma (see Fig. 4.3c). The difference between somatic and dendritic GABA potentials
during the 30 s prior to seizure onset was -2.569 ± 0.4789 mV but following the end of
the seizure the difference between soma and dendrites had moved to 4.326 ± 1.667 mV.
This represented a statistically significantly difference (P < 0.0001, t test).

Figure 4.3 (facing page): Seizure induced depolarising shifts in GABAA R potentials differ
between subcellular compartments. a) An example of a spontaneous seizure recorded
from a CA3 pyramidal neuron. GABA potentials were elicited every 5 seconds by puffing
GABA (100 µM) either over the soma (blue) or apical dendrites (red). Whilst somatic
and dendritic GABAA R potentials were hyperpolarising preceding the onset of epileptiform activity (1), immediately following a seizure somatic GABAA R potentials became
comparatively more positive than their dendritic counterparts (2). b) Somatic current injection via the recording pipette was used to ensure that pre-seizure GABAA R potentials
were matched (3). Again, following the seizure, GABA potentials evoked at the soma
were more depolarised then those at the dendrites (4). c) Population data based only
on cases where dendritic pre-seizure GABAA R potentials were larger than their somatic
counterparts. Post seizure, the somatic GABA response was significantly more depolarised than the dendritic GABA response (*P < 0.05, t test). This difference between the
compartments disappeared within 3 minutes following the end of the seizures.
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To further probe subcellular compartment differences in how E GABAA might fluctuate

in response to epileptiform activity, a similar experiment to that described in Section 4.3
was performed. As in Section 4.4, two puffer pipettes were used; one placed over the
soma and another over the dendrites (approximately 150 µ from the soma). By rapidly
switching from current-clamp to voltage-clamp mode, and by puffing GABA at two separate locations along the somatodendritic axis, E GABAA could be calculated dynamically at
both somatic and dendritic locations. Fig. 4.4 demonstrates that the activity induced depolarising shift in E GABAA described in Section 4.3 was actually more pronounced in the
somatic as compared to the dendritic compartment of CA3 hippocampal pyramidal cells.
Although both compartments experienced a substantial depolarising shift in E GABAA (Fig.
4.4d,e), the E GABAA change in the first 20 s following seizure activity was 47.62 ± 2.16 mV
over the soma but 34.07 ± 2.93 mV over the dendrites. This represented a statistically
significant difference (P = 0.0007, t test).
In summary, the combination of current-clamp and voltage-clamp recordings show
that during seizure activity, E GABAA tends to move more depolarising in the soma than
the dendrites. This is counter to the observations made in the previous chapter.

Figure 4.4 (facing page): Compartment specific differences in seizure induced E GABAA
shifts. a) A recording in which somatic and dendritic E GABAA were measured during
seizure activity. Dashed boxes indicate example E GABAA measurements before the
seizure (t1), shortly after the seizure (t2), and later following recovery (t3). Somatic
E GABAA values are represented by the blue circles whilst dendritic E GABAA is marked
by the red circles. Note that directly following the seizure, somatic E GABAA is more depolarised than dendritic E GABAA . To measure E GABAA without contamination from ongoing
spiking activity, TTX was applied about 2 min after seizure onset (horizontal black bar).
b) As in Fig. 4.2, E GABAA was measured by rapidly switching the recording mode from
current-clamp (CC) to voltage-clamp and then applying two consecutive voltage ramps,
the first under baseline conditions (black line; - GABA) and the second during activation
of GABAA Rs (grey line; + GABA) either on the soma or on the apical dendrites (approximately 150 µm from the soma). After 2 s in voltage-clamp the cell was returned to
current-clamp. E GABAA measurements were made every 10 s. c) IV plots for somatic
(top) and dendritic (bottom) measurements for the three time points represented by the
boxes in ‘a’. E GABAA was defined as the voltage at which the holding current (generated
by the first ramp; black line) and the total current (reflecting the holding current plus the
current through the activated GABAA Rs; grey line) intersected. Note that both somatic
and dendritic E GABAA were at hyperpolarised values before the seizure (t1), switched to
depolarising values during the seizure (t2), and recovered to preseizure values (t3). d)
and e) Population data depicting a small but significant difference in the seizure induced
positive shift in E GABAA between somatic and dendritic compartments. (*P < 0.05, t test).
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4.5

Detecting Cl- accumulation during epileptiform activity using the Cl- sensitive dye MQAE

The previous electrophysiological techniques (gramicidin perforated patch and exogenous GABA application) made it possible to measure changes in Cl- dependent parameters (e.g. GABA potentials or E GABAA ) before and after seizure activity. These techniques
have several limitations including the fact that they do not measure Cl- changes directly
and they provide limited access to different cellular compartments. For these reasons I
was keen to establish an imaging based method to report Cl- concentration.
The first imaging technique I adopted involved the use of N-(6-methoxyquinolyl)acetoethyl ester (MQAE) a quinolinium-based Cl- sensitive dye. This dye is membrane
permeable and was loaded into pyramidal neurons by incubating organotypic hippocampal slices in 6 µM MQAE for 10 minutes. MQAE is suitable for use with 2-photon microscopy (Marandi et al., 2002), where its fluorescence has been shown to be Cl- , but not
HCO3 - sensitive (Koncz and Daugirdas, 1994). Due to the relatively poor signal to noise
properties of the dye, it was necessary to average fluorescence signal from multiple cells
at a time. And during the recordings a single neuron was whole cell patched in order
to provide simultaneous readout seizure activity. As demonstrated in Fig. 4.5a, average MQAE fluorescence signal from the CA3 pyramidal layer quenched during a seizure
episode, which reflects an increase in intracellular Cl- . Between 25 s and 35 s after the
onset of epileptiform activity, MQAE fluorescence normalised to baseline fluorescence
decreased by 1.77 ± 0.14 percent (n = 32 seizures, P < 0.0001, t test).
In an attempt to measure MQAE fluorescence signal over the dendrites, regions of
interest were selected that were outside the pyramidal cell layer and presumably over
the dendrites of the pyramidal neurons (mean distance was 72.82 ± 4.26 µm, Fig. 4.5b
and c). The mean MQAE fluorescence normalised to baseline fluorescence for these
‘dendritic’ regions decreased by just 0.4385 ± 0.07 percent during seizure activity (Fig.
4.5c). This was statistically different to the change measured directly over the pyramidal
cell bodies (P < 0.0001, t test). An important caveat however, is that MQAE is known to
rapidly leak out of cells (Koncz and Daugirdas, 1994; Marandi et al., 2002). In addition, as
Fig. 4.5a and b demonstrate, I could not resolve dendrites in these images and therefore
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the exact source of the signal measured in the ‘dendritic’ regions of interest is uncertain.

4.6

Seizure associated Cl- accumulation is mediated by GABAA Rs

An advantage of imaging based techniques to detect intracellular Cl- changes, as opposed to electrophysiological methods which rely on current flow through activated GABAA Rs,
is that GABAA Rs can be pharmacologically blocked without interfering with Cl- estimation.
It was hypothesised that the seizure induced Cl- accumulation described above is mediated by Cl- influx across GABAA Rs during the intense synaptic activity and membrane
depolarisation that accompanies seizure episodes. In order to test this, I evoked seizures
with a combination of 0 Mg2+ aCSF and 20 µM gabazine, which blocks GABAA Rs. As is
evident in Fig. 4.6c, seizure episodes triggered in this manner were significantly shorter
(30.78 ± 3.77 s) than controls (49.13 ± 5.38 s), P = 0.032, t test. Nevertheless, the
gabazine completely abolished the MQAE fluorescence change associated with control
seizures in 0 Mg2+ (Fig. 4.6). Between 25 and 35 s post seizure onset the mean MQAE
fluorescence normalised to baseline fluorescence was -0.3322 ± 0.064 (n = 15 seizures),
as compared to 1.77 ± 0.14 percent in controls. This difference was statistically significant (P < 0.0001, t test) and consistent with the conclusion that GABAA Rs mediate Clinflux during seizure activity.

4.7

ClopHensor2: a genetically encoded Cl- and pH sensor
optimised for neurons

MQAE is probably the most promising synthetic Cl- sensitive dye. However, it is associated with a number of significant limitations. Firstly, the dye is moderately toxic, bleaches
rapidly and experiences significant cell leakage (Bregestovski et al., 2009). In addition, it
does not report Cl- ratiometrically, which means that fluorescence is susceptible to measurement artefacts caused by variations in excitation path length, indicator concentration,
illumination stability, cell thickness, and indicator distribution.
Genetically encoded Cl- indicators based on mutations of the inherently Cl- sensitive
green fluorescent protein (GFP) offer the potential to overcome many of these issues
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in addition to providing specific genetic localisation to particular cell-types or subcellular
compartments. The most popular and widely used genetically encoded Cl- indicators are
based on fusions of two GFP mutants, yellow fluorescent protein (YFP) and cyan fluorescent protein (CFP), a commonly used fluorescence resonance energy transfer (FRET)
donor for YFP. Whereas YFP emission is reduced by Cl- binding, CFP fluorescence is
relatively unaffected. These fusion proteins are therefore useful as ratiometric reporters
of intracellular Cl- concentration. Reporters in this class include ‘Clomeleon’ (Kuner and
Augustine, 2000) and ‘Cl-sensor’ (Markova et al., 2008). Unfortunately, YFP fluorescence
is quenched by both Cl and H+ ions. As a result these YFP fusion proteins are sensitive to
both intracellular pH and Cl- concentration (Jayaraman et al., 2000). This dual sensitivity
complicates the interpretation of in vivo measurements using these probes, particularly
as neuronal processes often involve either the related, or independent, flux of both Cland H+ ions (Tabb et al., 1992; Doyon et al., 2011).
Recently Arosio et al. (2010) engineered a novel fusion protein capable of independently and simultaneously measuring Cl- and pH. Named ‘ClopHensor’, this reporter is
based on the fusion of a well described pH and Cl- sensitive GFP mutant E2 GFP with
the pH and Cl- insensitive monomer DsRed (Fig. 4.7b). The uniform expression of both
E2 GFP and DsRed is critical to ClopHensor’s function as a ratiometric reporter of these
two ions. The original characterisation of ClopHensor was conducted in heterologous
non-neuronal cells. In order to test whether ClopHensor could be used to measure
Cl- and H+ concentrations in neurons I biolistically transfected hippocampal slices with

Figure 4.5 (facing page): Detecting Cl- accumulation during epileptiform activity using
the Cl- sensitive dye MQAE. a) Right, an organotypic hippocampal slice was bulk loaded
with 6 µM MQAE for 10 minutes and resulted in bright staining of neurons when imaged
by 2-photon microscopy. Left and top, a whole cell patch clamp recording of a nearby
pyramidal neuron provides a readout of 0 Mg2+ induced seizure activity. Left and bottom,
MQAE fluorescence averaged from the somatic region of pyramidal cells as indicated by
the dashed blue line. Note how the MQAE fluorescence is quenched (shown here as
an increase in -∆F/F) during seizure activity indicating an increase in intracellular [Cl- ]i .
b) Same conventions as in ‘a’, but with a second region of interest over the dendrites of
pyramidal neurons (red trace and red dashed line). Note how the MQAE fluorescence
change for the ‘dendritic’ region is smaller than that over the cell somata (blue trace and
blue dashed line). c) Population data depicting a seizure associated change in MQAE
fluorescence, which is more pronounced over somatic regions (blue) as opposed to the
putatively dendritic regions (red). The shaded areas indicate s.e.m.
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Figure 4.6: Seizure associated Cl- accumulation is mediated by GABAA Rs. a) Top, a
whole cell patch of a pyramidal neuron in current clamp mode provided a read out of
seizure activity. Bottom, simultaneous MQAE fluorescence signal change from a region
of interest that included multiple CA3 neuronal cell bodies normalised to baseline fluorescence. Epileptiform activity was evoked using 0 Mg2+ aCSF. Seizure onset was correlated with a decrease in MQAE fluorescence or a positive shift in -∆F/F, which reflects
an increase in intracellular Cl- . b) Recordings from the same slice as in ‘a’ but with bath
application of 20 µM gabazine. In this case epileptiform activity was not associated with
an increase in -∆F/F. c) Population data demonstrates that 20 µM gabazine prevents the
seizure associated increase in -∆F/F (P < 0.0001, t test).
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ClopHensor expressing plasmids. As depicted in Fig. 4.7a, expression of this construct in
neurons resulted in uniform E2 GFP expression but highly heterogeneous and aggregated
DsRed expression. This is consistent with previous reports that DsRed is susceptible to
aggregation issues particularly within fusion proteins (Shaner et al., 2005).
In an attempt to address this issue I designed two new fusion proteins where the
DsRed monomer in the original ClopHensor was replaced with either mCherry or tandem
dimer tomato (tdTomato), Fig. 4.7d and f. The 22 amino acid linker from the original
ClopHensor was maintained in both new constructs. The new fusion proteins were expressed using a different plasmid which included a combination of the cytomegalovirus
early enhancer element and chicken beta-actin promoter (CAG promoter) and employed
a human beta globin (HBG) poly-adenylation termination sequence. Interestingly, the
E2 GFP-mCherry fusion suffered from similar (albeit reduced) aggregation issues as the
original ClopHensor (Fig. 4.7c). In contrast, the E2 GFP-tdTomato fusion protein expressed uniformly with no visible difference in localisation between E2 GFP and tdTomato
(Fig. 4.7e). This uniform expression in neurons suggests that this construct will afford
ratiometric reporting of Cl- and H+ . We have named this new fusion protein ClopHensor2.

4.8

Calibrating ClopHensor2 confirms independent pH and Clsensitivity

As demonstrated in Fig. 4.7 and Fig. 4.8a, ClopHensor2 showed robust expression in
primary hippocampal neurons following biolistic transfection. I then assessed the ability
of ClopHensor2 to independently report steady-state Cl- and pH. The reporter was used
as a ratiometric indicator of Cl- and pH by excitation. The protein was excited sequentially via single-photon excitation at 458, 488 and 594 nm using a confocal microscope.
Emission was collected between 500 and 550 nm by a single photomultiplier tube (PMT)
for excitation at 458 and 488 nm, and between 650 and 700 nm by a second PMT during
excitation at 594 nm. Calibration was performed by systematically varying extracellular
Cl- and pH in the presence of proton and Cl- permeable ionophores known to equilibrate
intra- and extracellular concentrations of these two ions (see Materials and Methods). The
excitation spectrum of E2 GFP possesses a pH isobestic point at 458 nm (Arosio et al.,
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2010). Fluorescence signal at this excitation wavelength is Cl- sensitive, but not pH sensitive. As such, the ratio of fluorescence elicited by excitation at 458 nm over that acquired
at 594 (RCl = F458 /F594 ) was shown to depend on intracellular Cl- with a Kd of 18.4 mM
(Fig. 4.8b). Furthermore, the relationship between RCl and intracellular Cl- concentration
was confirmed to be independent of pH within the physiological range. Systematically
varying the intracellular pH (6.8 - 7.6) did not affect the Cl- calibration curve (Fig. 4.8d).
In addition, the ratio of fluorescence collected using the two excitation wavelengths 488
and 458 nm (RpH = F488 /F458 ) was shown to depend on intracellular pH with a pKa of 7.27
(Fig. 4.8c). Systematically varying the intracellular Cl- (0 - 131 mM) did not affect the
pH measurements. Therefore, RpH did not depend on intracellular Cl- concentration (Fig.
4.8e).

The calibration curves presented in Fig. 4.8 allowed absolute neuronal Cl- concentration and pH to be determined independently and simultaneously from fluorescence ratios
(RCl and RpH ), independent of protein expression levels. This establishes ClopHensor2
as an important new tool for identifying Cl- and H+ dynamics in neurons.

Figure 4.7 (facing page): ClopHensor2: a genetically encoded Cl- and pH sensor optimised for neuronal use. a) A CA3 pyramidal cell neuron biolistically transfected with
‘ClopHensor’ - a E2 GFP-DsRed fusion protein. Left, E2 GFP imaged using a 488 argon
laser and fluorescence emission collected between 500 and 550 nm. Note the uniform
expression of the green fluorescent protein. Right, DsRed imaged using a 594 laser and
emitted fluorescence collected between 650 and 700 nm. This revealed marked intracellular aggregation and poor localisation of DsRed with E2 GFP, possibly indicating cleavage
of the fusion protein in neurons. b) A map of the plasmid containing the original ClopHensor construct including a cytomegalovirus early enhancer element (CMV promoter) and
bovine growth hormone (bGH) poly-adenylation termination sequence. c) A CA3 pyramidal cell expressing the E2 GFP-mCherry fusion protein imaged in the same manner as
‘a’. Similar aggregation issues affect the red fluorophore in this construct. d) The plasmid map containing the gene for the E2 GFP-mCherry fusion protein. This plasmid uses
the cytomegalovirus early enhancer element and chicken beta-actin promoter (CAG promoter) and employs a human beta globin (HBG) poly-adenylation termination sequence.
e) A CA3 pyramidal cell expressing the E2 GFP-tdTomato fusion protein ClopHensor2.
This cell was imaged using the same acquisition parameters as in ‘a’ and ‘c’. Note the
homogenous expression of both E2 GFP and tdTomato indicating good co-localisation of
the two fluorophores. f) ClopHensor2 plasmid map, which is identical to that in ‘d’ apart
from mCherry being replaced by tdTomato.
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ClopHensor2 reports rapid Cl- and pH shifts during epileptiform activity

To investigate whether ClopHensor2 could be used to detect Cl- and pH changes during neuronal network activity at a single cell level, I combined whole-cell patch clamp
recordings with simultaneous confocal imaging in hippocampal brain slices (Fig. 4.9a).
ClopHensor2 was delivered by biolistic DNA transfection methods (Fig. 4.9b). Epileptiform activity was generated using the 0 Mg2+ seizure model, which resulted in periods
of synchronized neuronal discharges (Fig. 4.9c). Similar to the technique used during
MQAE imaging, neuronal activity was monitored by performing whole-cell current clamp
recordings from nearby pyramidal neurons (<200 µm between somata). This provided
precise information regarding seizure onset, offset and intensity, without disrupting the
physiology of the imaged neuron. Neurons expressing ClopHensor2 were imaged using
the acquisition settings described in the previous section. With this arrangement I found
that seizure episodes were associated with marked Cl- and pH transients in neurons (Fig.
4.9c). During individual seizure events, neurons experienced significant increases in intracellular Cl- and H+ concentrations, which were transient and typically recovered before

Figure 4.8 (facing page): Calibrating ClopHensor2 reveals independent pH and Cl- sensitivity. a) Confocal images of a hippocampal CA3 pyramidal neuron expressing ClopHensor2. Panels from left to right depict fluorescence collected following excitation with 458,
488 and 594 nm respectively. b) Calibration curve relating the Cl- sensitive excitation
fluorescence ratio (RCl ) of ClopHensor2 expressing neurons to their intracellular Cl- concentration. Excitation was delivered at two separate wavelengths (458 and 594 nm) and
emitted light was collected between 500 and 550 nm for 458 nm excitation and between
650 and 700 nm during excitation with the 594 nm laser. Intracellular Cl- was systematically varied by controlling extracellular Cl- in the presence of a Cl- permeable ionophore
(see Materials and Methods). Data was fit using established equations (Grynkiewicz
et al., 1985; Arosio et al., 2010) and Kd found to be 18.4 mM. c) Calibration curve relating
the pH sensitive excitation fluorescence ratio (RpH ) of neurons expressing ClopHensor2
to their intracellular pH. In order to measure RpH , excitation was delivered sequentially at
two separate wavelengths (458 and 488 nm) and emitted light collected from a single window (500 and 550 nm). Intracellular pH was manipulated by adjusting extracellular pH in
the presence of a proton permeable ionophore. Data was fit using established equations
(Grynkiewicz et al., 1985; Arosio et al., 2010) also see Materials and Methods, and pKa
was found to be 7.27. d) Adjusting intracellular pH within the physiological range had no
affect on the RCl Cl- calibration curve. e) Similarly, adjusting intracellular Cl- had a negligible affect on the calibration of RpH . This demonstrates that within neurons, ClopHensor2
is able to accurately report intracellular Cl- and pH simultaneously.
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the next seizure event.
In order to confirm the ability of ClopHensor2 to independently measure Cl- and pH
dynamics in neurons, I performed measurements using two separate models of epileptiform activity in the same brain slice preparation. The first utilised the ‘0 Cl- ’ model of
epilepsy. GABAA receptors are primarily permeable to Cl- (Hamill et al., 1983). Therefore,
by removing Cl- from the aCSF, one is able to profoundly reduce the efficacy of GABAergic inhibition (Yamamoto, 1972; Yamamoto and Kawai, 1968, 1967, 1969; Avoli et al.,
1990; Chamberlin and Dingledine, 1988). In addition, without Cl- in the aCSF, the seizure
induced Cl- influx that has been shown to occur during other models of epilepsy would
be predicted not to occur in response to 0 Cl- induced seizures. Indeed, as is demonstrated in Fig. 4.10b, periods of 0 Cl- induced epileptiform activity actually resulted in
moderate Cl- efflux and not C- influx. In other words, each seizure event was associated
with a flux of intracellular Cl- into the extracellular space. pH measurements performed
simultaneously with ClopHensor2 showed that acidic intracellular transients still occurred
during each seizure event. Replacing the bath solution with standard Cl- containing aCSF
followed by ‘0 Mg2+ ’ aCSF enabled 0 Mg2+ seizures to be subsequently induced in the
same brain slice (Fig. 4.10c). Under these conditions clear increases in [Cl- ]i were associated with each seizure event as were the acidic pH transients. seizure associated Clincreases could be recorded. This demonstrates the ability of ClopHensor2 to independently report Cl- and pH during network activity. The remainder of this Chapter will focus
on Cl- fluxes during epileptiform activity as determined by ClopHensor2 measurements.

Figure 4.9 (facing page): ClopHensor2 reports rapid Cl- and pH shifts during epileptiform activity. a) A schematic of the experimental setup. A hippocampal pyramidal neuron
transfected with ClopHensor2 was imaged using single-photon confocal microscopy. This
allowed dynamic measurement of intracellular Cl- and pH. A whole cell patch recording
from a neighbouring neuron (cell somata <200 µm apart) provided simultaneous readout
of seizure activity within the hippocampal slice. b) A confocal image of two CA3 pyramidal neurons expressing ClopHensor2. The dashed rectangle demarcates the region of
interest used to estimate intracellular Cl- and pH. c) Dynamic, simultaneous intracellular
Cl- (upper trace) and pH (lower trace) measurements imaged from the neuron in ‘b’ . A
neuron in close proximity was whole cell patched and the membrane potential recorded
over time in current clamp mode (upper trace). Perfusion of the slice with 0 Mg2+ induced
periods of epileptiform activity characterised by membrane depolarisation and high frequency firing, the onset of which is depicted by dashed lines. Note the Cl- influx and
acidic pH shifts that were closely associated with epileptiform activity.
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Seizure induced pH transients will be the subject of Chapter 5.

4.10

Absolute quantification of Cl- accumulation during epileptiform activity using ClopHensor2

Electrophysiological techniques are unable to measure Cl- fluxes during seizure activity
due to the concurrent heavy synaptic bombardment of cells. Techniques utilising synthetic
Cl- sensitive dyes are not ratiometric and hence are unable to make absolute measurements of Cl- concentration. Even genetic reporters of Cl- (clomeleon and Cl-sensor) are
unable to directly measure Cl- concentration changes during seizure activity as it is well
known that these reporters are also sensitive to pH changes (Markova et al., 2008). This
is important as it is well established that pH fluctuates during network activity (Raimondo,
Irkle, Wefelmeyer, Newey and Akerman, 2012). Utilising the newly developed ClopHensor2 I made the first absolute measurements of intracellular Cl- concentration changes
in neurons during epileptiform activity (Fig. 4.11). Epileptiform activity was found to be
associated with an increase of intracellular Cl- concentration that was dependent upon
the length of the seizure. Seizures that lasted between 10 and 20 s caused, on average,
a 3.84 ± 0.28 mM (n = 54 seizures) increase in intracellular Cl- from a mean baseline of
9.997 ± 0.54 mM. Even rapid bursts of activity on the order of 1 or 2 seconds caused detectable increases in intracellular Cl- (Fig. 4.11b). For instance, seizures lasting between
1 and 5 s caused, on average, a 1.6 ± 0.13 mM maximum increase in intracellular Clconcentration (P < 0.0001, t test).

Figure 4.10 (facing page): ClopHensor2 independently reports Cl- and pH during epileptiform activity. a) A confocal image of a CA3 pyramidal neuron expressing ClopHensor2.
Panels from left to right depict fluorescence collected following excitation with 458, 488
and 594 nm respectively. b) Dynamic, simultaneous intracellular Cl- (middle trace) and
pH (lower trace) measurements from the neuron in ‘a’ during ‘0 Cl’ induced seizure activity. A whole cell patch of a nearby pyramidal neuron in current clamp mode provided
a readout of seizure activity (upper trace). Dashed lines indicate seizure onset. Note,
the modest seizure-associated Cl- efflux that accompanied the acidic pH transients. c)
In contrast, during subsequent induction of ‘0 Mg2+ ’ seizures, ClopHensor2 was able to
register substantial Cl- influx in tandem with the acidic transients. Same conventions as
in ‘b’. This demonstrates the ability of ClopHensor2 to independently report Cl- and pH
during seizure activity.
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ClopHensor2 allows the absolute measurement of Cl- concentration across time and
space. I took advantage of this property to investigate seizure associated Cl- shifts in
various subcellular compartments. In particular, I focussed on whether there were differences between somatic and dendritic compartments in terms of seizure associated Cldynamics. Previous sections in this Chapter have used alternative techniques to explore
potential differences along the somato-dendritic axis in terms of epileptiform activity induced Cl- accumulation. Using ClopHensor2 I measured Cl- changes from regions of
interest at different distances from the cell soma (Fig. 4.12). Seizure associated increases in Cl- were reliably detected along the entire somato-dendritic axis. The mean
maximum change in [Cl- ]i within 10 µm of the soma was 3.93 ± 0.39 mM (n = 26 seizures)
compared to 6.23 ± 0.50 mM (n = 19 seizures) for regions of interest > 100 µm from the
cell body. This difference was statistically significant with P = 0.0007, t test, Fig. 4.12c.
This suggests that Cl- accumulation occurs throughout the somato-dendritic axis during
epileptiform activity.

4.11

Gabazine attenuates seizure associated Cl- influx

In section 4.6 of this Chapter I demonstrated that 20 µM gabazine blocked seizure associated Cl- influx as measured by MQAE imaging. In order to confirm this effect, I
repeated this experiment using ClopHensor2, which allowed more reliable, absolute measurements of intracellular Cl- changes. As shown in Fig. 4.13, 20 µM gabazine markedly
reduced Cl- influx during epileptiform activity. For instance, during control 0 Mg2+ induced
seizures lasting between 10 and 20 s, the mean maximum change in intracellular Cl- was

Figure 4.11 (facing page): Quantification of Cl- accumulation during epileptiform activity
using ClopHensor2. a) Top, a whole cell patch of a neuron in close proximity to that depicted in ‘c’ was held in current clamp mode and provided a readout of epileptiform activity. Bottom, imaging data from ClopHensor2 reports intracellular Cl- . Note the increases
in intracellular Cl- correlate closely with the onset of seizure activity. b) An enlargement
of the dashed box in ‘a’. Even relatively brief periods of epileptiform activity lasting less
than 5 s result in measurable increases in intracellular Cl- . c) A confocal image of the
hippocampal pyramidal neuron expressing ClopHensor. The dashed box represents the
region of interest used in acquiring the data in ‘a’ and ‘b’. d) Population data plots the
maximum recorded shift in Cl- against seizure duration. Note how the seizure induced
shift in Cl- concentration increases incrementally with seizure duration.
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3.84 ± 0.28 mM (n = 54 seizures). In contrast, in 20 µM gabazine, seizures lasting between 10 and 20 s only produced a 0.82 ± 0.29 mM (n = 13 seizures) positive shift in [Cl- ]i
(P < 0.0001, t test). Along with previous data presented in this chapter, this confirmed
that seizure associate Cl- accumulation is mediated by the GABAA Rs.

4.12

Discussion

This chapter began by confirming previous reports (Fujiwara-Tsukamoto, 2006; FujiwaraTsukamoto et al., 2003; Lamsa and Kaila, 1997; Lasztóczi et al., 2011; Perreault and
Avoli, 1992) that in vitro models of epilepsy are associated with an excitatory shift in
GABAergic signalling. This was assessed by exogenously applying GABA via a puffer
pipette to evoke GABAA potentials. These were hyperpolarising prior to seizure onset but
became markedly depolarising and even excitatory after extended periods of epileptiform
activity. As GABAA receptors are primarily permeable to Cl- the most likely explanation for
this phenomenon is a seizure associated increase in intracellular Cl- and a consequent
depolarising shift in E GABAA . Employing sophisticated electrophysiological protocols involving rapid switching between voltage and current clamp mode, I was able to measure
E GABAA before and immediately after seizure episodes. This revealed seizure induced
depolarizing shifts in E GABAA , upward of 30 mV.
Electrophysiological techniques cannot measure Cl- changes directly but are restricted
to inferring [Cl- ]i indirectly via quantification of E GABAA . This requires stable baseline
membrane conductances in order to calculate GABAA R currents accurately. However,
due to the extensive synaptic input that accompanies epileptiform activity, electrophysiological techniques can only measure E GABAA before and for a limited period during the
Figure 4.12 (facing page): ClopHensor2 reports activity-dependent Cl- influxes across
the somato-dendritic axis. a) A confocal image of a CA3 hippocampal pyramidal cell expressing ClopHensor2. Regions of interest utilised for Cl- estimation and their respective
distances from the cell soma are depicted in red and cyan. b) Top, a current clamp trace
from a separate neuron in close proximity to the cell in ‘a’ provides readout of seizure activity. Bottom, dynamic measurements of [Cl- ]i for the two regions of interest in ‘a’. Note
the prominent seizure associated intracellular Cl- increases observed in both regions.
c) Population data comparing the maximum seizure associated change in [Cl- ]i against
distance from the soma. Note the tendency for regions furthest from the cell soma to
experience slightly larger seizure associated Cl- increases.
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latter stages of a seizure episode. In order to directly estimate Cl- accumulation throughout seizures themselves, I employed two different imaging methods. The first made use
of the Cl- sensitive dye MQAE, whilst the second method involved the development and
utilisation of a novel genetic reporter of Cl- , ClopHensor2.
Experiments with MQAE demonstrated a relative increase in Cl- during epileptiform
activity. However, MQAE (like all currently available dyes) is not ratiometric, which means
that Cl- estimates are susceptible to measurement artefacts induced by variations in excitation path length, indicator concentration, illumination stability, cell thickness, and indicator distribution. Furthermore, not being ratiometric, MQAE can not report absolute
Cl- concentrations without laborious within cell calibrations. Additional issues associated
with the dye include, toxicity, rapid bleaching and significant cell leakage (Bregestovski
et al., 2009).
In order to overcome these issues I sought to utilise a ratiometric genetic reporter of
Cl- . Despite addressing many of the problems associated with Cl- sensitive dyes, the best
characterised reporters in this class, clomeleon and Cl-sensor (Kuner and Augustine,
2000; Markova et al., 2008), display substantial sensitivity to pH. It is well established
that pH can fluctuate as a function of neural activity (Xiong et al., 2000). As a result, pH
induced artefacts in Cl- estimation are a major drawback of these reporters. Recently
a novel genetic indicator (ClopHensor) has been developed by Arosio et al. (2010) that
potentially addresses this issue by affording simultaneous measurement of both Cl- and
pH.
Despite its potential I demonstrated that ClopHensor does not express well in neurons. At least in this cell type, it appears to have inherited many of the protein aggregation
issues associated with monomeric DsRed’ (Shaner et al., 2005). This problem has been
experienced by other investigators (Arosio and Wefelmeyer, personal communication).

Figure 4.13 (facing page): Gabazine attenuates seizure associated Cl- influx. a) Current clamp recording from a nearby CA3 pyramidal neuron provided readout of seizure
activity. Bottom, readout of intracellular Cl- fluctuations as determined by imaging a cell
expressing ClopHensor2. Note the seizure associated increases in intracellular Cl- . b)
The similar recordings to those in ‘a’ but performed in the presence of 20 µM gabazine.
Note how epileptiform activity is no longer correlated with discernible shifts in intracellular
Cl- . c) Population data demonstrating the effect of 20 µM gabazine on seizure induced
Cl- influx.
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Intriguingly, despite being a ‘fusion protein’, the colocalisation of E2 GFP and monomeric
DsRed (the two linked proteins that make up ClopHensor), was found to be extremely
poor. Indeed, if the two proteins were truly fused, one would expect E2 GFP to form part
of the DsRed induced aggregations. This suggests that post translational cleavage of the
reporter protein may also occur in neurons.
It is well known that DsRed is susceptible to aggregation issues, particularly as a
fusion partner (Shaner et al., 2005). As such, we sought to replace DsRed with red
fluorophores that have been optimised for use in fusion proteins. To achieve this, mCherry
or tdTomato was substituted for DsRed within ClopHensor, while preserving the original
amino-acid linking sequence. I found that the E2 GFP-mCherry fusion experienced similar
aggregation problems as the original ClopHensor. However, E2 GFP-tdTomato showed no
signs of aggregation or colocalisation issues when expressed in neurons suggesting that
this is an optimal fusion ratiometric reporting of Cl- and pH. I have named this optimised
sensor ClopHensor2.
Using this novel reporter I was able to dynamically and simultaneously measure absolute Cl- and H+ concentrations in neurons during epileptiform activity. Seizures lasting
more than 40 seconds resulted in an absolute increase of intracellular Cl- of roughly 6
mM. On a mean [Cl- ]i baseline of 9 mM and assuming a constant extracellular concentration of Cl- (135 mM; plus a stable transmembrane HCO3 - gradient), this would translate to
a 10 mV increase of E GABAA from -65 mV to -55 mV. This is a considerably smaller shift
than the upward of 30 mV increases in E GABAA observed following epileptiform activity
when utilising electrophysiological techniques. There are several possible explanations
for this difference. Firstly, due to technical time constraints, somewhat shorter seizures
were selected for the imaging experiments than for the electrophysiological experiments
(approx 40 s vs 80 s). Secondly, changes to [Cl- ] in the extracellular space would be
expected to contribute to changes in E GABAA but would not be detected by the imaging
method. Lastly, it is possible that voltage clamp errors involving series resistance may
have contributed to an overestimation of E GABAA .
Mechanistically, the most parsimonious explanation for Cl- accumulation during seizures
is that massive endogenous GABA release, combined with concurrent membrane depolarization, causes rapid Cl- influx via activated GABAA Rs. Until now however, this causal
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link has been difficult to establish as pharmacological blockade of GABAA Rs during a
seizure would preclude the measurement of [Cl- ]i using traditional techniques, which rely
on evoked GABAA R currents to indirectly estimate Cl- levels. Direct, optical technologies for estimating [Cl- ]i using the Cl- sensitive dye MEQ during the tetanic generation of
epileptiform afterdischarges has been performed previously (Isomura et al., 2003). Although this technique does not allow absolute measurement of [Cl- ]i , it was reported that
significant Cl- accumulation was still observed in the presence of the GABAA R antagonist bicuculline (Isomura et al., 2003). In addition, Slemmer et al. (2004) showed a very
large GABAA R independent intracellular Cl- increase in response to glutamate application in dissociated cultures. Therefore, considerable uncertainty has existed in terms
of the underlying mechanism behind seizure induced Cl- accumulation. By using both
MQAE and ClopHensor2 based imaging methods, I have been able to show that 20 µM
gabazine markedly reduces Cl- increases during epileptiform activity. It is possible that
the difference between my observations and prior work can be accounted for by the fact
that the Cl- estimation techniques used by both (Isomura et al., 2003) and Slemmer et al.
(2004) were susceptible to pH artefacts Vasseur et al. (1993). These findings serve to
confirm the integral role that GABAA Rs play in mediating seizure induced intracellular Claccumulation.

In this chapter various techniques were utilised in order to determine whether subcellular compartments (soma vs dendrites) might differ in terms of epileptiform activity
induced increases in intracellular Cl- . This is important as compartment specific modulation of the action of soma versus dendritically targeted interneurons could have consequences for the evolution of ongoing network activity. The electrophysiological methods
that employed gramicidin perforated patches, and either soma or dendrite directed puffs
of GABA, revealed a slightly larger increase in somatic E GABAA compared to dendritic
E GABAA during seizure activity. Using MQAE, a similar pattern emerged although considerable leakage of the dye meant that confident fluorescence measurements from dendritic structures could not be attained. Use of ClopHensor2 to make absolute estimates
of Cl- changes in the two subcellular compartments produced a somewhat contradictory
picture. Intracellular Cl- increases were similar or greater in size as a function of distance
from the soma.
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The most likely explanation for the observed difference between imaging and electrophysiological techniques stems from the fact that GABAA Rs are permeable to HC03 as well as Cl- . HCO3 - would influence electrophysiological measures of E GABAA , whilst
imaging methods would not report HC03 - . In addition, whilst gramicidin pores are impermeable to Cl- this is not the case for small anions such as hydrogen. Therefore, whilst
gramicidin perforated patches will leave intracellular Cl- concentrations unperturbed, pH
(and by extension HCO3 - levels) will be affected by the patch pipette internal solution. It
is well known that seizure activity is associated with significant intracellular acidification
(Xiong et al., 2000), which is predicted to reduce HCO3 - concentration and hence have
a hyperpolarising affect on E GABAA . A gramicidin perforated patch is better able to clamp
pH and HCO3 - during a seizure at the soma than within the dendrites. It is therefore
likely that during a perforated patch recording the ability of seizure induced acidification
to hyperpolarise E GABAA would be stronger in the dendritic compartment. In contrast,
ClopHensor2 measurements leave intracellular Cl- and pH unperturbed. It is therefore
likely that this technique provides a more accurate picture of Cl- and pH changes during
epileptiform activity.
The results presented in this chapter confirm that Cl- accumulation occurs throughout
neurons during seizure activity. This means that as a seizure progresses, GABAA R mediated inhibition will weaken before ultimately becoming excitatory. As part of the following
chapters, I will discuss how these findings can inform our understanding of how seizures
start, propagate and eventually terminate.

Chapter 5

Activity-dependent intracellular pH
transients
5.1

Introduction

In the previous chapter I investigated how intracellular Cl- concentrations change as a
function of neuronal activity. It is known however, that neuronal processes often involve
either the related, or independent, flux of both Cl- and H+ ions (Tabb et al., 1992; Doyon
et al., 2011). Indeed, H+ and Cl- are linked via their mutual association with HCO3 - . Intraand extracellular carbonic anhydrases catalyse the reversible reaction of HCO3 - and H+
to H2 0 and CO2 . Therefore any cellular process that modifies pH will effect intracellular
HCO3 - concentration (and vice versa). Intracellular HCO3 - in turn is linked to Cl- via
Cl- /HCO3 - co-transporters and the combined permeability of GABAA Rs to both Cl- and
HCO3 - (Sterling and Casey, 1999; Kaila, 1994). Furthermore, as shown for Cl- in the
previous chapter, it is known that intracellular pH both affects neuronal activity, and is
itself altered by neuronal activity (Chesler, 2003). For these reasons the experiments
described in this chapter sought to investigate intracellular pH dynamics at the single cell
level and in the context of heightened network activity.
Such an investigation requires tools for the accurate measurement of intracellular pH
during evolving network activity. Previous work investigating the effect of spiking activity and neuronal depolarization on intracellular pH has relied either on pH-sensitive
micro-electrodes or pH-sensitive fluorescent dyes (Rose and Deitmer, 1995; Xiong et al.,
113
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2000). Genetically encoded, GFP-based pH reporters offer several potential advantages
over these techniques, including single cell or subcellular targeting, enhanced spatial resolution, no fluorophore leakage and reduced interference with endogenous H+ transport
mechanisms (Bizzarri et al., 2009; Gatto and Milanick, 1993). Although GFP-based pH
indicators have gained popularity as a marker of synaptic release (Miesenböck, 1998),
they have not been utilised to study intracellular H+ ion fluxes associated with network
activity. Therefore, the first aim of this chapter was to establish and characterise the utility of employing GFP-based, genetically encoded pH indicators for investigating activitydependent pH changes at the single-cell level.
Only one previous study has measured intracellular pH fluxes during an in vitro model
of epilepsy (Xiong et al., 2000). The absolute values that were reported for pH changes in
this study were likely to be affected by the imaging techniques that were adopted. Therefore, the second aim of this chapter was to accurately quantify neuronal pH transients
using genetic pH reporters in two separate models of epileptiform activity.
Finally, a third aim of this chapter was to use genetic reporters to compare pH dynamics in different cell types. Previous work using microelectrode recordings has suggested that astrocytes and neurons might differ in their pH responses to depolarisation
(Bevensee et al., 1997; Grichtchenko and Chesler, 1994; Pappas and Ransom, 1994;
Chesler, 2003). However, astrocytic intracellular pH responses have not been measured
during epileptiform activity. For this reason, I set out to quantify and characterise seizure
induced pH changes in hippocampal astrocytes.

5.2

Detecting activity-dependent changes in pH using genetic
reporters

To investigate whether genetic reporters of pH can be used to detect the effect of neuronal network activity upon intracellular pH at a single cell level, I combined whole-cell
patch clamp recordings with simultaneous two-photon or single-photon confocal imaging in hippocampal brain slices (Fig. 5.1). The intracellular pH of individual pyramidal
neurons within the CA1 and CA3 regions was measured using one of three genetically
encoded ratiometric pH sensors: E2 GFP (Bizzarri et al., 2006), deGFP4 (Hanson et al.,
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2002) or Cl-sensor (Markova et al., 2008), which were delivered by biolistic DNA transfection methods. Hyper-active network states were generated using seizure models that
result in periods of synchronized neuronal discharges (see Materials and Methods). The
effects upon neuronal activity were monitored by performing whole-cell current clamp
recordings from nearby pyramidal neurons (<200 µm between somata). This provided
precise information regarding seizure onset, offset and intensity, without disrupting the
physiology of the imaged neuron (Fig. 5.1c). With this arrangement I found that seizure
episodes were associated with marked acidic pH transients in neurons. The acidic pH
transient typically began at the onset of the seizure (Fig. 5.1c) and pH continued to decrease before reaching a minimum at, or shortly following, the end of the seizure. The
pH then recovered to baseline levels in the period between seizure events. Across slices
and experiments the network events varied in terms of duration and the signal to noise of
the pH measurements was sufficient to detect acidic transients associated with relatively
brief periods of network activity, lasting on the order of 5 s (see example in, Fig. 5.1c).

5.3

Calibrating genetically encoded pH sensors in hippocampal neurons

I next assessed the ability of each pH sensor to report pH under our imaging conditions.
deGFP4, E2 GFP, and Cl-sensor showed robust expression in primary hippocampal neurons following biolistic transfection (Fig. 5.2a-c). Each genetic reporter was calibrated by
systematically varying extracellular pH in the presence of a proton-permeable ionophore,
to achieve known intracellular pH values (see Materials and Methods). E2 GFP was used
as a ratiometric pH indicator by excitation. The protein was excited sequentially via singlephoton excitation at 458 nm and 488 nm, with emission collected between 500 and 550
nm using a single PMT. The ratio of fluorescence collected using the two excitation wavelengths (RpH = F488 / F458) was shown to depend on intracellular pH with a pKa of
7.56 (Fig. 5.2a, right). deGFP4 was employed as a ratiometric pH indicator by emission. A two-photon laser at 810 nm was used to excite the protein, whilst emission was
simultaneously recorded at 450-490 nm and 500-550 nm by two separate PMTs. The
fluorescence ratio between these emission windows (RpH = F500-550 / F450-490 ) was found
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Figure 5.1: Genetic reporters of pH detect intracellular pH changes during epileptiform
activity. a) A schematic of the experimental setup. A hippocampal pyramidal neuron
transfected with a genetically encoded pH indicator was imaged using either two-photon
or single-photon confocal microscopy. This allowed dynamic measurement of intracellular pH. A whole cell patch recording from a neighbouring neuron (cell somata <200 µm
apart) provided simultaneous readout of seizure activity within the hippocampal slice. b)
A confocal image of a CA3 pyramidal neuron expressing the pH indicator E2 GFP. The
dashed rectangle demarcates the region of interest used to estimate intracellular pH. c)
Dynamic intracellular pH measurements imaged from the neuron in b (lower trace). A
neuron in close proximity was whole cell patched and the membrane potential recorded
over time in current clamp mode (upper trace). Perfusion of the slice with 0 Mg2+ induced
periods of epileptiform activity characterised by membrane depolarisation and high frequency firing, the onset of which is depicted by red dashed lines. Note the marked acidic
shifts in pH that are associated with epileptiform activity. Even brief periods of activity
were associated with detectable acidic transients (indicated by asterisks).
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to be dependent upon intracellular pH with a pKa of 7.42 (Fig. 5.2b, right). Cl-sensor
was also utilised as a ratiometric pH indicator by emission. This reporter was excited at
850 nm, whilst emission was simultaneously recorded at 460-500 nm and 500-550 nm
by two separate PMTs. Once again, the fluorescence ratio (RpH = F500-550 / F460-500 ) was
strongly dependent upon intracellular pH, with a pKa of 7.73 (Fig. 5.2c, right). Under
these imaging conditions the noise associated with the pH signal was found to be different for the three reporters (P < 10-7 , one-way ANOVA). Comparing the root mean square
(RMS) noise of the intracellular pH signal under baseline conditions revealed that E2 GFP
exhibited the least noise (RMS = 0.01 ± 0.001 pH), then Cl-sensor (RMS = 0.02 ± 0.001
pH), and deGFP4 exhibited the greatest signal noise (RMS = 0.04 ± 0.004 pH). Nevertheless, for all three pH indicators, the calibration curves presented in Fig. 5.2 allowed
absolute neuronal pH to be determined from fluorescence ratios (RpH ), independent of
protein expression levels.

5.4

Genetic pH reporters reveal acidic intracellular transients
during 0 Mg2+ induced epileptiform activity

Previous work using pH-sensitive electrodes or dyes has shown that neurons exhibit
acidic shifts during heightened network activity (Rose and Deitmer, 1995; Xiong et al.,
2000). Here I made use of pharmacological models of temporal lobe epilepsy to examine whether the ratiometric genetic reporters were able to capture dynamic shifts in
pH during seizure activity. Omission of Mg2+ from the brain slice perfusate removes
the voltage dependent Mg2+ block on NMDA receptors, which predisposes hippocampal
slices to periods of synchronised hyperexcitability (Anderson et al., 1986; Mody et al.,
1987; Gutiérrez et al., 1999) and resulted in ictal-like seizure events of different durations
(mean duration of analysed seizures was 32.3 ± 1.6 s). Using this epilepsy model, I was
able to demonstrate that the genetic pH reporters E2 GFP and deGFP4 are able to detect
a highly significant negative shift in pH during epileptiform activity (E2 GFP: P < 10-10 ,
n = 40, deGFP4: P < 10-7 , n = 19, t test). As Fig. 5.3a and Fig. 5.3b demonstrate,
intracellular pH for CA3 pyramidal neurons decreased from baseline following the onset
of epileptiform activity and reached a minimum at, or shortly following, seizure cessa-

118

CHAPTER 5. ACTIVITY-DEPENDENT INTRACELLULAR PH TRANSIENTS

5.4. ACIDIC TRANSIENTS DURING 0 MG2+ EPILEPTIFORM ACTIVITY

119

tion. Neuronal pH then gradually re-alkalinised to pre-seizure levels. To compare the
pH responses recorded by the two pH reporters, I investigated the relationship between
seizure length and the amplitude of maximum pH shift. When utilising both E2 GFP and
deGFP4 I observed a strong negative correlation between seizure duration and maximum
pH change (E2 GFP: r = -0.8270, P < 0.0001, deGFP4: r = -0.6056, P = 0.0060, Pearson Correlation, Fig. 5.3c). This relationship was indistinguishable for the two genetic
reporters (P = 0.4534, Analysis of Covariance), which corroborated the magnitude of the
pH shifts that were detected. As such, a linear fit could be applied to the pooled data
from both probes and revealed a seizure-associated population shift of -0.005 pH units
per second of seizure duration (Fig. 5.3c). When the maximum pH shift from individual
seizures was adjusted for a typical seizure duration of 30 s, the mean pH shift for E2 GFP
neurons was -0.19 ± 0.01 (n = 40) and the mean pH shift for deGFP4 neurons was -0.21
± 0.03 (n = 19) (Fig. 5.3d).

Figure 5.2 (facing page): Calibration of pH-sensitive GFP variants. a) A confocal image of
a hippocampal CA3 pyramidal neuron expressing E2 GFP (left). Calibration curve relating
the fluorescence ratio of E2 GFP expressing neurons to their intracellular pH (right; n =
4). E2 GFP was used as an excitation ratiometric reporter, with excitation at two separate
wavelengths (458 nm and 488 nm) and emitted light collected from a single wavelength
window (500-550 nm). Intracellular pH was systematically varied by controlling extracellular pH in the presence of a proton-permeable ionophore (see Materials and Methods).
Data was fit using established equations (Grynkiewicz et al., 1985; Arosio et al., 2010)
and pKa was found to be 7.56. b) A confocal image of a hippocampal CA3 pyramidal neuron expressing deGFP4 (left). Calibration curve relating the fluorescence ratio of deGFP4
expressing neurons to their intracellular pH (right; n = 7). deGFP4 was used as an emission ratiometric reporter, with excitation at a single wavelength (810 nm) and emission
collected simultaneously at two separate windows (450-490 nm and 500-550 nm). The
pH response properties of deGFP4 revealed a pKa of 7.42. c) A confocal image of a hippocampal CA1 pyramidal neuron expressing Cl-sensor (left). Calibration curve relating
the fluorescence ratio of Cl-sensor expressing neurons to their intracellular pH (right; n
= 7). Cl-sensor was used as an emission ratiometric reporter, with excitation at a single
wavelength (850 nm) and emission collected simultaneously at two separate windows
(460-500 nm and 520-550 nm). The pH response properties of Cl-sensor revealed a pKa
of 7.73.
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Figure 5.3: 0 Mg2+ induced epileptiform activity induces acidic transients in neurons. a)
The intracellular pH of a hippocampal CA3 pyramidal neuron transfected with E2 GFP
recorded during an episode of 0 Mg2+ induced epileptiform activity. The onset of epileptiform activity (dashed line) is correlated with the start of a decrease in intracellular pH.
The pH continues to decrease during the seizure and reaches a minimum around the time
of seizure termination (seizure duration is depicted by the horizontal grey bar), and then
recovers to baseline in the post-seizure period. b) Seizure-associated acidic transients
of a similar amplitude were recorded from neurons expressing the pH reporter deGFP4.
Although note the greater variance in the signal with this reporter. c) The magnitude of
intracellular acidic transients was directly proportional to seizure duration. This relationship was not dependent on the pH reporter used (P = 0.4534, Analysis of Covariance).
d) Maximum pH shifts normalised to a 30 s seizure had an average amplitude of 0.20 ±
0.1 pH units. This was not different for the two pH reporters (P = 0.3581, t test).
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Genetic pH reporters reveal acidic intracellular transients
during 0 Cl- induced epileptiform activity

Having established the ability of genetically encoded reporters to show pH changes during 0 Mg2+ seizures, I was interested to test their performance in other models of hyperexcitability. GABAA Rs are primarily permeable to Cl- (Hamill et al., 1983). Therefore, by
removing Cl- from the aCSF, one is able to profoundly reduce the efficacy of GABAergic
inhibition (Yamamoto, 1972; Yamamoto and Kawai, 1968, 1967, 1969; Avoli et al., 1990;
Chamberlin and Dingledine, 1988). Removal of Cl- from the aCSF has the added advantage of preventing potential Cl- fluxes that may complicate pH measurements from
the pH and Cl sensitive genetic reporter Cl-sensor (Markova et al., 2008). Using the 0
Cl- seizure model I was able to demonstrate that the genetic pH reporters Cl-sensor and
deGFP4 are also able to measure a highly significant negative shift in pH during epileptiform activity (Cl-sensor: P < 0.0001, n = 40, deGFP4: P < 0.0001, n = 48, paired t
test). The pH response to 0 Cl- seizure activity was qualitatively similar to that observed
in response to 0 Mg2+ induced seizures, with activity causing an acidic transient that
reached its maximum near the end of epileptiform episodes, before returning to baseline
levels between seizure events (Fig. 5.4a, b). Once again a strong relationship between
seizure length and the size of maximum pH shift was apparent for both Cl-sensor and
deGFP4 expressing neurons (Cl-sensor: r = -0.5751, P = 0.0001, deGFP4: r = -0.4575,
P = 0.0011, Pearson Correlation, Fig. 5.4c). The relationship between seizure length
and maximum pH shift was statistically indistinguishable for the two sensors (P = 0.4534,
Analysis of Covariance), indicating that the values reported were accurate. And when a
linear fit was applied to the pooled data this revealed a seizure-induced population shift
of -0.0043 pH units per second of seizure (Fig. 5.4c). When the maximum pH shift from
individual seizures was adjusted for a seizure duration of 30 s, the mean pH shift for Clsensor neurons was -0.16 ± 0.01 (n = 40) and for deGFP4 neurons the mean was -0.15
± 0.01 pH units (n = 48; Fig. 5.4d).
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Figure 5.4: 0 Cl- induced epileptiform activity induces acidic transients in neurons. a)
The intracellular pH of a hippocampal CA1 pyramidal neuron transfected with Cl-sensor
recorded during an episode of 0 Cl- induced epileptiform activity. Similar to the 0 Mg2+
model, the seizure onset (dashed line) is correlated with the start of a decrease in intracellular pH. The pH continues to decrease during the seizure, reaches a minimum around
the time of seizure termination, and then recovers to baseline during the post-seizure period. b) Similar acidic transients were associated with Cl- induced epileptiform activity
in neurons expressing the pH reporter deGFP4. c) The magnitude of intracellular acidic
transients was directly proportional to seizure duration. This relationship was not dependent on the pH reporter (P = 0.2721, Analysis of Covariance, Analysis of Covariance). d)
Maximum pH shifts normalised to a 30 s seizure had an average amplitude of 0.16 ± 0.1
pH units. This did not depend on the pH reporter being used (P = 0.4726, t test).
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Genetic reporters reveal differences in the kinetics of acidic
intracellular transients

Having established the accuracy and sensitivity of the genetic pH reporters, I investigated
whether they were able to detect differences in the kinetics of different seizures. I had
observed that 0 Cl- induced seizures tended to show a maximum depolarising shift in the
membrane potential at the onset of the seizure. In contrast, 0 Mg2+ induced seizures
tended to reach maximal membrane depolarisation at later stages of the seizure (Fig.
5.4a, b). Indeed, across the population data the time of peak membrane potential depolarisation relative to seizure duration occurred significantly earlier in 0 Cl- (27.0 ± 1.3%
of seizure duration, n = 88) as compared to 0 Mg2+ seizures (70.9 ± 3.2% of seizure
duration, n = 59; P < 0.0001, t test, Fig. 5.5c). To address whether these different
seizure kinetics were associated with different intracellular pH dynamics I examined the
time course of the acidic transients recorded, pooling data across the three genetic reporters. Consistent with the membrane potential measurements, I found that the time
of the maximum pH shift occurred significantly earlier for 0 Cl- seizures than for 0 Mg2+
seizures (P = 0.0031, t test, Fig. 5.5d). In the case of 0 Cl- the maximum acidic shift
was reached at 109.7 3.2% of seizure duration (n = 88), whereas in the case of 0 Mg2+
the maximum acidic shift was reached at 130.5 7.0% (n = 59) of seizure duration. Similarly, intracellular pH returned to baseline more rapidly in the 0 Cl- model than the 0 Mg2+
model. pH recovered by 279.4 ± 12.1% of seizure duration following 0 Cl- seizures (n
= 58), whereas it required until 391.5 ± 26.7% of seizure duration to recover following 0
Mg2+ seizures (n = 31, P < 0.0001, t test, Fig. 5.5e). These data are consistent with the
time course of membrane depolarisation recorded in the two epilepsy models (Fig. 5.5c)
and indicate that the genetic reporters are able to capture differences in the kinetics of
activity-dependent pH changes.
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Genetic reporters of pH reveal seizure induced intracellular alkaline transients in hippocampal astrocytes

Previous work has suggested that depolarisation induced intracellular pH transients may
differ between astrocytes and neurons (Bevensee et al., 1997; Grichtchenko and Chesler,
1994; Pappas and Ransom, 1994; Chesler, 2003). Here, I present the first evidence (to
my knowledge) that astrocytes experience substantial alkaline transients during epileptiform activity. As described previously, epileptiform activity within an organotypic hippocampal slice culture was monitored via a whole cell patch recording from a pyramidal
cell within 200 µm of the astrocyte of interest. Astrocytes were identified by their location (within Stratum radiatum) and morphology. Two broad morphological groups were
observed, the first included cells with small somata and multiple fine processes (protoplasmic astrocytes). The second group included multipolar cells with irregularly shaped,
elongated somata with more than two large processes emanating in different directions
(fibrous astrocytes). These two groups are consistent with previous reports of astrocytic
morphologies in the hippocampus (Benediktsson et al., 2005). A typical example of an
astrocyte biolistically transfected with the pH sensor E2 GFP is shown in Fig. 5.6b. Con-

Figure 5.5 (facing page): The kinetics of acidic transients and epileptiform activity differ
between seizure models. a) The membrane potential (upper trace) of a hippocampal
CA1 pyramidal neuron during a 0 Mg2+ induced seizure episode (seizure duration of 21
s, indicated by the grey bar). The membrane potential reaches its maximum (red dashed
line) midway through the seizure. Simultaneous recording of a neighbouring pyramidal
neurons intracellular pH (lower trace) reveals that this does not reach its minimum (red
dashed line) until 35 s after the seizure terminates and recovers (green dashed line) by
approximately 160 s following the end of the seizure. b) The membrane potential (upper trace) of a CA1 pyramidal neuron during a 0 Cl- induced seizure episode (seizure
duration of 69 s, indicated by the grey bar). Unlike the 0 Mg2+ induced seizure, the membrane potential reaches its peak (red dashed line) almost immediately after the seizure
begins. Simultaneous recording of a neighbouring pyramidal neurons intracellular pH
(lower trace), reveals that the intracellular pH reaches its minimum (red dashed line) 23
s before the seizure ends and returns to baseline (green dashed line) approximately 105
s after the end of the seizure episode. c) The time to reach maximum membrane depolarisation as a percentage of seizure duration was significantly longer for 0 Mg2+ as
opposed to 0 Cl- induced seizures (***P < 0.0001, t test). d) The time to reach maximum
intracellular pH shift as a percentage of seizure duration was also significantly longer for
0 Mg2+ as opposed to 0 Cl- induced seizures (**P = 0.0031, t test). e) Similarly, the time
of pH recovery as a percentage of seizure duration was significantly longer for 0 Mg2+ as
compared to 0 Cl- induced seizures (***P < 0.0001, t test).
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focal imaging of this cell revealed that seizure episodes were reliably associated with
synchronous intracellular alkaline transients (Fig. 5.6a). Astrocytic intracellular pH was
found to increase immediately following seizure onset, and to return to baseline shortly
after the end of an epileptiform episode (Fig. 5.6a and Fig. 5.7a,b). In order to confirm
the identity of the cell shown in Fig. 5.6a,b it was targeted for whole cell patch recording
and its astrocytic phenotype confirmed electrophysiologically. Consistent with previous
reports (Kang et al., 1998) the cell exhibited a low resting membrane potential (-81.2
mV), low membrane resistance (41.3 mΩ) and inability to spike in response to large current injection (Fig. 5.6c). To further confirm the accuracy of the identification of astrocytes
from morphological criteria, a subset of these cells were whole cell patched and characterised electrophysiologically. In all cases (n = 5 out of 5 cells), a low resting membrane
potential (-77 ± 2.9 mV), low membrane resistance (28.8 ± 4.9 mΩ) and inability to fire
action potentials was confirmed.

Having confirmed the experimental setup I conducted a population study of hippocampal astrocytes in order to quantify the absolute pH changes that occur during two different
seizure models. I found that astrocytes undergo a highly significant positive shift in pH
during 0 Mg2+ induced epileptiform activity (P < 0.0001, n = 25, t test, pooled data using
E2 GFP and deGFP4). Similarly, 0 Cl- induced epileptiform activity was also associated
with a highly significant alkaline shift in astrocytic pH (P < 0.0001, n = 63, t test, pooled
data using deGFP4 and Cl-sensor). As Fig. 5.7a and 5.7b demonstrate, the intracellular
pH of hippocampal astrocytes increased from baseline following the onset of epileptiform
activity, then re-acidified to pre-seizure levels, at or shortly after, seizure cessation. The
mean maximum pH shift in response to 0 Mg2+ induced epileptiform activity was 0.19 pH
± 0.022 units (n = 25, Fig. 5.7e). Similarly, the mean maximum pH change in response
to 0 Cl- seizures was 0.16 ± 0.012 pH units (n = 63, Fig. 5.7c). The astrocytic alkaline
transients elicited by epileptiform activity were not significantly different between the two
seizure models used (P = 0.1881, t test).
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Figure 5.6: Genetic reporters of pH reveal seizure induced intracellular alkaline transients
in hippocampal astrocytes. a) Dynamic intracellular pH measurements imaged from the
astrocyte shown in ‘b’ (lower trace). A neuron in close proximity was whole cell patched
and the membrane potential recorded over time in current clamp mode (upper trace).
Perfusion of the slice with 0 Mg2+ induced periods of epileptiform activity characterised
by membrane depolarisation and high frequency firing, the onset of which is depicted by
dashed lines. Note the marked alkaline shifts in pH that are associated with epileptiform
activity. (b) A confocal image of the hippocampal astrocyte in ‘a’ expressing the pH indicator E2 GFP. The dashed rectangle demarcates the region of interest used to estimate
intracellular pH. c) A whole cell patch clamp of the astrocyte in ‘b’. Consistent with an
astrocytic electrophysiological phenotype, the cell had a low membrane resistance (Rm =
41.3 mΩ), low resting membrane potential (-91.2 mV) and did not exhibit voltage-gated
conductances in response to current injection.
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Figure 5.7: The 0 Mg2+ and 0 Cl- seizure models induce alkaline transients in hippocampal astrocytes. a) The intracellular pH of a hippocampal astrocyte transfected with
deGFP4 (bottom) recorded during an episode of 0 Mg2+ induced epileptiform activity. The
onset of epileptiform activity (dashed line) was correlated with the start of an increase in
intracellular pH. The pH continued to increase during the seizure, reached a plateau and
then recovered to baseline around the time of seizure termination (seizure duration is
depicted by the horizontal grey bar). b) Seizure-associated alkaline transients of a similar
amplitude were recorded from an astrocyte expressing the pH reporter Cl-sensor (bottom) using the 0 Cl- model of epileptiform activity. c) Maximum pH shifts across both
seizure models had an average amplitude of 0.16 ± 0.01 pH units. This was not different
between the two separate seizure models (P = 0.19, t test).
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Seizure induced intracellular pH transients differ between
hippocampal astrocytes and neurons

The data reported above reveal that epileptiform activity results in very different pH
changes in hippocampal neurons and astrocytes. In this section I was keen to further
examine the differences between neurons and astrocytes. The maximum pH shifts generated by 0 Mg2+ seizures in hippocampal astrocytes, as compared to pyramidal neurons,
were opposite in direction and highly statistically different (Fig. 5.8a, P< 0.0001, t test).
The same was true for intracellular pH responses recorded during 0 Cl- induced epileptiform activity (Fig. 5.8a, P< 0.0001, t test). The examples in Fig 5.8b and Fig. 5.8c
depict imaging of intracellular pH dynamics in response to epileptiform activity in a neuron and then an astrocyte within the same hippocampal brain slice. During similar seizure
episodes (Fig 5.8b,c, top), the astrocyte (red) became alkaline whilst the neuron (blue)
acidified. This was true for seizures generated in 0 Mg2+ (Fig. 5.8b left) or 0 Cl- (Fig.
5.8c right). In order to characterise these different pH responses at a population level,
seizures between 15 s and 35 s were selected for pH and membrane voltage averaging.
The data for astrocytic and neuronal pH responses for 0 Mg2+ (d) and 0 Cl- (e) seizures
is displayed in Fig. 5.8. This population data reveals that for very similar seizure events,
the pH shifts are not only opposite in direction for astrocytes and neurons, but they also
have different kinetics. Astrocytic pH transients appear to return to baseline more quickly
than neuronal pH shifts.
In order to compare the kinetics between the cell types I defined the point of maximum
pH change. The point of maximum pH change (pink dashed line in Fig. 5.9a and b) was
considerably later in neurons than in astrocytes. During 0 Mg2+ seizures, the peak pH
shift in astrocytes occurred at 71.27 ± 5.18% (n = 25) of seizure duration as compared
to 134.5 ± 7.68% (n = 30) in neurons (Fig. 5.9c, P < 0.0001, t test). This difference was
similar in 0 Cl- seizures where astrocytic pH had shifted maximally by 62.42 ± 2.707%
(n = 63) of seizure length compared to 111.4 ± 3.15% (n = 85) in neurons (Fig. 5.9c, P
< 0.0001, t test). In summary, while astrocytes reached maximal alkalinity approximately
halfway during the seizure, neurons appeared to be most acidic at, or shortly following,
the cessation of seizure activity.

130

CHAPTER 5. ACTIVITY-DEPENDENT INTRACELLULAR PH TRANSIENTS

5.9. A NA+ / HCO3 - COTRANSPORTER MEDIATES THE ALKALINE TRANSIENT 131
The kinetics of pH recovery following epileptiform activity was also found to be delayed
in neurons compared to astrocytes (Fig. 5.9). Whilst astrocytes returned to baseline
shortly after the end of a seizure, (138.8 ± 7.47%, n = 25, and 136.1 ± 3.95%, n = 62, of
seizure duration in 0 Mg2+ and 0 Cl- seizures respectively), the intracellular pH of neurons
took markedly longer to recover (369.0 ± 22.75%, n = 21, and 311.5 ± 14.10%, n = 39).
This difference was highly statistically significant for both of the seizure models employed
(P < 0.0001, t test, Fig. 5.9d). This data shows that the kinetics of seizure associated
pH transients are different between astrocytes and neurons.

5.9

The astrocytic alkaline transient is mediated by a Na+ /
HCO3 - cotransporter

Previous work has suggested that the primary mediator of activity dependent alkalinisation in astrocytes is the Na+ /HCO3 - cotransporter NBCe1 (Bevensee et al., 1997; Chesler
and Kraig, 1989). This transporter is electrogenic, meaning that upon glial depolarisation
HCO3 - and Na+ influx is accelerated. Consistent with the idea that NBCe1 generated the
seizure induced alkaline shift, I found that removal of extracellular HCO3 - (by replacing
HCO3 - with HEPES in the aCSF and bubbling the solution with 100% O2 ) resulted in a
significant reduction in the magnitude of the astrocytic alkalinisation (P = 0.0135, t test,
Fig. 5.10a-c). Interestingly, blockade of the astrocytic alkalinisation appeared to reveal
an underlying acid transient in the astrocytes similar to that seen in neurons (Fig. 5.10b).

Figure 5.8 (facing page): Seizure induced intracellular pH transients differ between hippocampal astrocytes and neurons. a) Maximal seizure associated pH shifts were in the
opposite direction for these two cell types. Whilst intracellular pH became more acidic in
neurons in response to epileptiform activity, it became more alkaline in astrocytes. This
difference was highly statistically significant regardless of the seizure model employed,
***P < 0.0001 for both, t test. b) Sequential imaging of intracellular pH dynamics in response to epileptiform activity in a CA3 pyramidal neuron (bottom, blue) and an astrocyte
(bottom, red) within the same slice. The neuron acidifies, whilst the astrocyte became
more alkaline, despite responding to similar 0 Mg2+ induced seizure episodes (top). The
neuronal membrane potential changes are colour coded depending on the cell type that
was imaged concurrently. c) A similar pattern of cell type specific intracellular pH shifts
was observed in a different slice where epileptiform activity was induced using 0 Cl- aCSF.
Population data from seizures between 15 s and 35 s duration for 0 Mg2+ d) and 0 Cle) seizures confirms the difference between astrocytic and neuronal activity dependent
intracellular pH transients.
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Figure 5.9: The kinetics of seizure induced pH transients differ between hippocampal
astrocytes and neurons. a) The membrane potential (upper trace) of a hippocampal CA3
pyramidal neuron during a 0 Mg2+ induced seizure episode (seizure duration of 39 s, indicated by the grey bar). Simultaneous recording of a neighbouring pyramidal neuron’s
intracellular pH (lower trace) revealed that this reached its minimum (pink dashed line) 2
s after the seizure terminated and recovered (green dashed line) approximately 150 s following the end of the seizure. b) The membrane potential (upper trace) of a hippocampal
neuron during a separate 0 Mg2+ induced seizure episode (seizure duration of 71 s, indicated by the grey bar). Simultaneous recording of a neighbouring astrocyte’s intracellular
pH (lower trace), reveals that the intracellular pH reaches its maximum (pink dashed line)
43 s before the seizure ends and returns to baseline (green dashed line) approximately
13 s after the end of the seizure episode. c) The time to reach maximum intracellular
pH shift as a percentage of seizure duration was significantly shorter for astrocytes than
for neurons during both 0 Mg2+ and 0 Cl- induced epileptiform activity (***P < 0.0001 for
both seizure models, t test). d) Similarly, the time for pH to recover to baseline was significantly shorter for astrocytes than for neurons in both seizure models (***P < 0.0001
for both 0 Mg2+ and 0 Cl- induced seizures, t test).
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Figure 5.10: The seizure induced alkaline transient in astrocytes depends on HCO3 - . a)
The membrane potential (upper traces) of a hippocampal neuron recorded during a 0 Clinduced seizure episode (blue) and the same neuron recorded during a seizure episode
with nominal extracellular HCO3 - (red). Simultaneous recording of a neighbouring astrocyte’s intracellular pH (lower traces) revealed that removal of HCO3 - abolished the seizure
induced astrocytic alkaline transient. b) Population data from multiple seizures and cells
demonstrates the effect of HCO3 - removal (lower red trace in ‘b’) on the magnitude and
time course of seizure induced alkaline transients in astrocytes. HCO3 - removal also appeared to reveal an apparent activity-dependent acidic transient in astrocytes. c) HCO3 removal caused a statistically significant reduction in the size of the seizure induced alkaline transient (‘c’, *P = 0.0135, t test).
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Recent work has shown that the N-cyanosulphonamide compound, S0859, selectively inhibits Na+ / HCO3 - cotransport within cardiac tissue (Ch’en, Villafuerte, Swietach,
Cobden and Vaughan-Jones, 2008). To test whether this compound has any effect upon
astrocytic alkaline transients and / or epileptiform activity within the central nervous system, a full inhibitory concentration of S0859 (50 µM) was added to the slice perfusate
following the induction of 0 Cl- induced seizures. S0859 was found to significantly reduce the magnitude of 0 Cl- seizure induced alkalinisation in hippocampal astrocytes (P
= 0.0012, t test, Fig. 5.11a,c,e) and this was associated with a marked alteration in 0
Cl- seizure morphology. As Fig. 5.11b and Fig. 5.11d demonstrate, S0859 reduced the
amplitude and length of 0 Cl- induced epileptiform activity, as measured by membrane
potential fluctuations in hippocampal pyramidal neurons.

5.10

Discussion

In this chapter I investigated the potential for genetically encoded pH reporters to measure
neuronal and astrocytic intracellular pH transients associated with periods of elevated activity. I then used these reporters to quantify the pH dynamics in neurons and astrocytes
during seizure activity.
Using a combination of patch clamp recordings and two-photon or single-photon confocal imaging in hippocampal brain slices, I assessed the performance of three different pH-sensitive fluorescent proteins. All three pH sensors were able to report acidic
shifts associated with epileptiform activity, although there were differences in terms of
their sensitivity, signal-to-noise and utility for activity-dependent studies. For this work, I
chose three ratiometric reporters of pH: E2 GFP, deGFP4 and Cl-sensor (Bizzarri et al.,
2006; Hanson et al., 2002; Markova et al., 2008). While a number of non-ratiometric
GFP-derived pH indicators exist, these are susceptible to measurement artefacts caused
by variations in excitation path length, indicator concentration, illumination stability, cell
thickness and indicator distribution (Hanson et al., 2002). In addition, non-ratiometric
reporters cannot accurately record absolute pH without laborious within cell calibration.
In contrast, ratiometric reporters overcome many of these issues. The genetically encoded ratiometric reporters can be classified into two groups, those that are constituted
by a single GFP mutant and those that are a fusion of the pH-sensitive YFP with a less
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Figure 5.11: S0859 affects astrocytic alkaline transients and 0 Cl- induced seizures. a)
The membrane potential (upper traces) of a hippocampal neuron during 0 Cl- induced
seizures before (blue), during (red) and after (green) application of 50 µM S0859. Simultaneous recording of a neighbouring astrocyte’s intracellular pH (lower trace) revealed
that S0859 reversibly inhibits seizure induced astrocytic alkalinisation. Population data
from multiple seizures and cells demonstrates the effect of S0859 (lower red trace in ‘b’)
on the magnitude and time course of seizure induced alkaline transients in astrocytes.
However, S0859 also considerably reduced seizure associated membrane depolarisation, particularly during the later stages of epileptiform activity (top traces in ‘a’ and ‘b’).
c) S0859 application caused a statistically significant reduction in the size of the seizure
induced alkaline transient (‘c’, *P = 0.0012, t test).
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pH-sensitive GFP variant such as CFP (Bizzarri et al., 2009). The former group includes
ratiometric pHlourin (RaGFP), deGFP4 and E2 GFP (Miesenböck, 1998; Hanson et al.,
2002; Bizzarri et al., 2006). I utilised deGFP4 as it is the only ratiometric pH indicator that
has been convincingly established for two-photon use (Hanson et al., 2002). E2 GFP was
selected because it is optimally excited with wavelengths that are common to Argon-ion
lasers, which facilitates its use with confocal microscopy. Under my imaging conditions I
found that deGFP4 and E2 GFP could report intracellular pH with a similar pKa . However,
data gathered using deGFP4 was considerably noisier, most likely due to the weak fluorescence emitted by deGFP4 in the blue wavelength range (Hanson et al., 2002). E2 GFP
proved to be an excellent ratiometric indicator by excitation although, as is common to
indicators used in this fashion, accurate intracellular pH recordings required correction
for independent power fluctuations associated with the two excitation laser lines (see
Materials and Methods) (Arosio et al., 2010).

Reporters based upon YFP fusions include YFpH, pHlameleon, clomeleon and Clsensor (Awaji and Hirasawa, 2001; Esposito et al., 2008; Kuner and Augustine, 2000;
Markova et al., 2008). YFP fluorescence is quenched by both Cl- and H+ ions and, as
a result, YFP fusion proteins are sensitive to both intracellular pH and Cl- concentration
Jayaraman et al. (2000). This dual sensitivity complicates the interpretation of in vivo
measurements using these probes, particularly as neuronal processes often involve either the related, or independent, flux of both Cl- and H+ ions (Tabb et al., 1992; Doyon
et al., 2011). Attempts to reduce the Cl- sensitivity of YFP by inducing mutations in the
Cl- binding pocket produced mutants with a low pKa , that is less suited for physiological
pH measurements (Griesbeck et al., 2001). I circumvented the issue of dual sensitivity
by utilising a Cl- free model of epilepsy in order to test the pH sensitivity of the YFP fusion
protein, Cl-sensor. This ensured that the activity-dependent fluctuations in fluorescence
ratio were more likely to be attributable to changes in intracellular H+ ion concentration.
Under these specific conditions, Cl-sensor proved to be an excellent ratiometric pH indicator by emission, with a signal to noise ratio comparable to that of E2 GFP. This shows
that Cl-sensor can be used as a reporter of intracellular pH dynamics and equally that
the dual ion-sensitivity of this reporter (and presumably that of closely-related YFP fusion proteins such as Clomeleon; (Kuner and Augustine, 2000), should be considered
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when examining activity-dependent changes. One additional point is that despite employing two-photon excitation, pH measurements using Cl-sensor sometimes exhibited
slow baseline drift, presumably as a result of the differential bleaching rates experienced
by the YFP as opposed to the CFP fluorophore Tramier et al. (2006); Bregestovski et al.
(2009).
Previous studies investigating activity-dependent intracellular pH transients have employed either pH-sensitive microelectrodes or pH-sensitive dyes (Rose and Deitmer, 1995;
Xiong et al., 2000). Due to their size, the use of microelectrodes to measure pH has been
mostly confined to large neurons. pH-sensitive dyes meanwhile are widely used to report
intracellular pH and several classes exist including fluoresceins, benzoxanthenes, rhodols
and pyrenes. The fluorescein derivatives, 2’-7’-bis(carboxyethyl)-5(6)-carboxyfluorescein
(BCECF) and carboxyseminaphthorhodafluor- I (carboxy-SNARF-1) are by far the most
popular. These two dyes are suitable for use as ratiometric pH indicators and have desirable optical properties. In addition, both dyes are available as acetoxymethyl (AM) esters,
which facilitates intracellular loading without the use of micropipettes. However, fluorescein dyes have a potentially significant disadvantage, which may be particularly relevant
to studies of activity-dependent proton fluxes within the nervous system. Fluorescein
analogues have been shown to inhibit the Ca2+ /H+ ATPase Gatto and Milanick (1993);
Chesler (2003). This ATP dependent transporter extrudes Ca2+ in exchange for H+ . As
Ca2+ influx is a primary feature of neuronal membrane depolarisation, the restoration of
low Ca2+ via this exchanger is thought to be an important mechanism by which protons
accumulate during network activity (Schwiening et al., 1993; Svichar et al., 2011).
Employing three different genetically encoded pH indicators and two separate models
of epilepsy I have shown that epileptiform activity lasting on the order of 30 s generates
intracellular acidic shifts of between 0.1 and 0.3 pH units. This is an order of magnitude
larger than previous estimates (Xiong et al., 2000), and there are several possible explanations for this difference. Firstly, in contrast to Xiong et al. (2000), who employed a
non-synaptic Ca2+ free model of epileptiform activity, we utilised models that left the majority of synaptic transmission intact and either elevated synaptic excitation (0 Mg2+ ) or
reduced synaptic inhibition (0 Cl- ). As Ca2+ is known to accompany neuronal activity, the
role of H+ import via the Ca2+ / H+ ATPase (see above) may contribute to the observed
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difference in acidic transient magnitude observed. Another factor is likely to be the differences in imaging methods. Xiong and colleagues averaged fluorescence changes
across regions of tissue, which presumably included different cell types (e.g. neurons
and glial cells) and fluorescence from dye that is not exposed to pH changes. By restricting our imaging to individual hippocampal pyramidal neurons, the data from the genetic
reporters should more accurately reflect the magnitude of seizure induced intracellular
acidic transients, at least in this cell type. These observations suggest that the degree of
acidification in neurons is more pronounced than previously appreciated and this should
be considered in future studies of network activity and epilepsy.
Simultaneous electrophysiological recordings also enabled me to assess the temporal properties of seizure induced acidic transients in hippocampal pyramidal neurons.
Consistent with previous work, I found that the time of maximum acidity correlated with
seizure termination (Xiong et al., 2000). This is consistent with the idea that activitydependent intracellular acidification may serve as a local feedback signal that dampens
network excitability (Chesler, 2003). I was also able to detect differences in the temporal properties of pH shifts induced by the two separate seizure models. The 0 Mg2+
seizure model resulted in maximum pH shifts and recovery times that occurred relatively
later than those induced by the 0 Cl- seizure model. This most likely reflects the fact
that following seizure onset, 0 Mg2+ seizures typically displayed a progressive increase
in seizure intensity, whilst the 0 Cl- seizures reached maximum depolarization almost immediately after the start of the seizure. These observations suggest that the pattern of
neural activity is linked to the kinetics of pH changes and it will be interesting to explore
this relationship in future studies.
These experiments did not investigate the molecular mechanisms underlying seizure
induced acidification. However, at least three major processes are likely to be involved.
Firstly, as described earlier, a fall in pH is linked to the activity induced entry of Ca2+ due
to the function of Ca2+ /H+ ATPases located in the plasma membrane and endoplasmic
reticulum (Schwiening et al., 1993; Makani and Chesler, 2010a). Secondly, prolonged
neural activity will increase the production of metabolic acids such as CO2 and lactate
(Wang et al., 1994). And thirdly, the intense GABAA R activation that accompanies seizure
activity has been shown to result in considerable HCO3 - efflux and a resulting intracellular
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acidification (Pasternack et al., 1993; Trapp et al., 1996).
In contrast to the acidic intracellular pH responses seen in neurons, astrocytes have
been shown to become more alkaline during membrane depolarisation (Bevensee et al.,
1997; Grichtchenko and Chesler, 1994; Pappas and Ransom, 1994; Chesler, 2003). For
the first time however, I have shown alkaline pH shifts in astrocytes in response to epileptiform activity. In addition, by leveraging my ability to monitor pH transients in two separate
cell types in the same preparation, I have been able to show that neurons and astrocytes
display markedly different seizure induced pH kinetics.
Both the 0 Mg2+ and 0 Cl- seizure models elicited alkaline pH shifts in astrocytes on
the order of 0.2 pH units. This is similar in magnitude to the depolarisation induced positive pH shifts seen in cultured astrocytes (Grichtchenko and Chesler, 1994; Pappas and
Ransom, 1994) and astrocytes recorded in vivo during episodes of spreading depression
(Chesler and Kraig, 1989). A recent methodological paper has suggested that biolistic
transfection of GFP in organotypic slice cultures represents the optimal way of identifying
astrocytes morphologically (Benediktsson et al., 2005). This is because sparse labelling
of cells and uniform expression of the fluorophore throughout the cytoplasm allow the fine
processes typical of astrocytes to be resolved. Taking advantage of this approach, biolistic transfection of GFP-based pH reporters allowed both reliable astrocyte identification
and subsequent measurement of intracellular pH dynamics. One concern was that certain interneurons in the stratum radiatum could be mistaken for putative astrocytes (Kang
et al., 1998). Therefore, a subset of putative astrocytes were electrophysiologically characterised and in all cases the functional properties were consistent with the astrocytic
phenotype.
In addition to the opposite polarity of seizure induced pH responses, the kinetics of pH
dynamics were also markedly different between astrocytes and neurons. As described
above, peak neuronal acidification correlated well with the termination of seizure episodes
before recovering thereafter. In contrast, astrocytic alkaline transients were markedly
faster and appeared to track the period of seizure induced membrane depolarisation
more closely. Ultimately, this must reflect differences in the mechanisms underlying these
two respective pH responses. As described above, neuronal acidification is thought to
arise from metabolic processes, the extrusion of Ca2+ and GABAA R activation. The first
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two, and possibly the third of these processes are predicted to outlast the seizure. In
contrast, astrocytic alkalinisation is thought to arise via a single mechanism; the activity
of the electrogenic Na+/HCO3 - cotransporter NBCe1, which may be more closely linked
to membrane depolarisation.
Immunohistochemistry and in situ hybridisation studies have found widespread expression of NBCe1 throughout the brain with especially high expression in astrocytes
(Giffard et al., 2000; Schmitt et al., 2000). The stochiometry of NBCe1, at least in
hippocampal astrocytes, is two HCO3 - per Na+ ion for each transport cycle (Bevensee
et al., 1997; O’Connor and Sontheimer, 1994). The electrogenic nature of this transporter means that upon membrane depolarisation HCO3 - and Na+ influx is accelerated,
which leads to intracellular alkalinisation. Seizure episodes cause extracellular K+ and
glutamate accumulation, which both serve to depolarise astrocytes (Bowman and Kimelberg, 1984; Kaila et al., 1997) and would be predicted to accelerate NBCe1 activity. This
is the most likely explanation for why the alkaline shifts in astrocytes demonstrated in this
work track the period of seizure induced depolarisation so tightly.
Consistent with the idea that NBCe1 is the primary mediator of the observed seizure
induced alkaline transients, removal of HCO3 - markedly reduced the magnitude of positive pH transients. It should be noted however, that it is impossible to completely remove
HCO3 - from the brain slice preparation as metabolic activity will always produce CO2 ,
which is rapidly converted to HCO3 - . Interestingly, by reducing the HCO3 - dependent alkaline transient, an apparent seizure induced acidic transient in astrocytes was revealed.
This might suggest that under normal conditions seizure associated astrocytic proton
production, which may be related to increased metabolism, glutamic acid synthesis and
Ca2+ extrusion is masked by NBCe1 mediated HCO3 - import.
Finally to further test the role of Na+ / HCO3 - transporters in astrocytes I determined the effects of a generic NBC inhibitor (S0859). S0859 has previously been shown
to reversibly inhibit NBCs in cardiac tissue (Ch’en, Villafuerte, Swietach, Cobden and
Vaughan-Jones, 2008). Consistent with a role for NBC’s in the astrocytic pH transient,
S0859 was found to significantly reduce seizure dependent alkalinisation. However, it
also had a marked effect on the seizures themselves. It is therefore unclear as to the
precise chain of causal events. Does a reduction in astrocytic alkalinisation reduce the
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length and strength of seizures, or does S0859 have a direct effect upon neural activity
and therefore seizure intensity, which results in reduced alkaline transients in astrocytes?
For instance, the electroneutral Na+ / HCO3 - transporter (NBCn1) is strongly expressed
in neurons where it is closely associated with extracellular carbonic anhydrase. These
two proteins form what is known as a ’transport metabolon’, which greatly facilitates the
replenishment of intraneural HCO3 - in the face of ongoing activity (Alvarez et al., 2003).
In neurons, HCO3 - efflux via GABAA Rs is a major contributor to ongoing depolarisation
(Ruusuvuori et al., 2004). If S0859 inhibits NBCn1 in neurons, this would diminish the
regeneration of intracellular HCO3 - and consequently HCO3 - dependent depolarisation.
Consistent with this possibility, seizures recorded in S0859 were shorter and lacked the
late stage depolarisation that is most likely mediated by HCO3 - efflux through GABAA Rs.
In summary, this chapter has demonstrated the utility of employing GFP-derived, genetically encoded pH reporters for quantifying intracellular proton fluxes in the context
of changing neuronal activity. This has been used to accurately quantify the magnitude
and kinetics of seizure associated pH changes in hippocampal neurons and astrocytes.
Epileptiform activity was found to induce acidic transients in neurons but alkaline shifts in
astrocytes. The astrocytic alkaline shifts were likely to be mediated by the Na+ / HCO3 cotransporter NBCe1. In the next chapter I discuss the wider implications of these findings and of the other work presented within this thesis.
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Chapter 6

General Discussion
In the final chapter of this thesis I recapitulate some of my major experimental findings.
These are placed within a broader theoretical framework and their functional implications
for basic brain function and pathology are discussed. Lastly, where appropriate, methodological shortcomings are raised and opportunities for future experiments are outlined.

6.1

Cl- accumulation causes transient changes in the driving
force for GABAA Rs

In Chapter 3 of this thesis I demonstrated that large fluxes of Cl- are able to overwhelm
a neuron’s ability to maintain a stable transmembrane Cl- concentration gradient. I confirmed previous reports (Staley and Proctor, 1999; Jin et al., 2005) that intense exogenous
activation of GABAA Rs is sufficient to cause considerable Cl- accumulation and hence a
depolarising shift in the reversal potential for GABAA receptors (E GABAA ).
In principle, any factor that affects the rate of Cl- accumulation during GABAA R activation will affect how rapidly and by how much E GABAA shifts. For example, one would
expect that the greater the Cl- extruding capability of a neuron, the more resistant it would
be to activity induced Cl- accumulation. Several mechanisms have been identified to play
a role in Cl- efflux. These include the Cl- cotransporter KCC2 (Gamba et al., 2005), the
Cl- /HCO3 - exchanger (Sterling and Casey, 1999), ATP-driven Cl- pumps (Inoue et al.,
1991) and voltage-sensitive Cl- channels (Rinke et al., 2010). Despite this wide array of
possible Cl- extruding pathways, my own electrophysiological experiments (see Fig. 3.2
143
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and Fig. 3.9) and those of others have shown that following a Cl- load, it is possible to
fit the recovery of [Cl- ]i with a single exponent (Staley and Proctor, 1999). This suggests
that a single transporter, described by a single exponential process, must play a dominant role in the recovery from Cl- accumulation. In most adult neurons, KCC2 has been
identified as the major player in this process (Blaesse et al., 2009). As one would expect,
reducing KCC2 activity within the context of a computational model (Doyon et al., 2011)
or experimentally, by genetic knock down or pharmacological inhibition (Zhu et al., 2005;
Rivera et al., 1999; Thompson and Gahwiler, 1989b; Jarolimek et al., 1999; Doyon et al.,
2011), causes a depolarising shift in resting E GABAA . In addition, computational modelling
and experimental data suggest that reduced KCC2 activity will hamper a neurons ability
to deal with an accumulation of intracellular Cl- (Jin et al., 2005; Doyon et al., 2011).
What may be under appreciated however, is that KCC2, like all co-transporters, has
a limited Cl- transport capacity (Blaesse et al., 2009). This means that during the short
time periods accompanying intense GABAA R activation, the co-transporter can become
saturated. The volume of the compartment into which Cl- flows and the rate of diffusion
into other areas therefore become the most important parameters in governing the extent
to which the Cl- concentration increases intracellularly (Staley and Proctor, 1999). In line
with this, I have demonstrated that a given Cl- load causes a greater depolarising shift of
E GABAA within cell dendrites as compared to the cell soma (see Fig. 3.4). This effect was
simulated using a biophysically realistic computer model and could be explained by the
difference in volume between the two compartments.
These findings are consistent with computational models developed by other groups
Doyon et al. (2011); Jedlicka et al. (2011); Staley and Proctor (1999); Qian and Sejnowski
(1990), which also predict that for a given amount of synaptic GABAA R stimulation and
its accompanying Cl- influx, smaller post-synaptic volumes will result in relatively larger
increases in [Cl- ]i and hence depolarising shifts in E GABAA . In a theoretical paper, Qian
and Sejnowski (1990) employed this reasoning to suggest that GABAA R-mediated inhibition is likely to be ineffective on dendritic spines. Due to their minute volume, even
small amounts of Cl- influx are predicted to cause a local increase in [Cl- ]i that would
rapidly depolarise E GABAA . Consistent with this idea, it has since been confirmed that
most GABAergic synapses are localised to dendritic shafts as opposed to spines (Megı́as
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et al., 2001; Freund and Buzsáki, 1996). In a similar vein, distal dendrites and apical tufts
are also predicted to be prone to Cl- accumulation effects (Doyon et al., 2011). In addition to their small volume, the narrow diameter of these processes means that longitudinal
diffusion of Cl- to other parts of the cell is severely restricted. This implies that multiple
GABAergic connections originating from a single cell would have a larger inhibitory effect
if the corresponding synapses are distributed throughout the dendritic tree, as opposed
to being clustered along a single branch. Once again, such a morphological arrangement
appears to be evident in different systems (Doyon et al., 2011; Jedlicka et al., 2011).
An important consideration for multi-compartment models of Cl- regulation, including
those described in this thesis, is the value assigned to the diffusion coefficient of Cl- . This
is a critically important parameter as it determines to what extent Cl- is able to diffuse between compartments. As a result, it is arguably the most important variable in governing
the extent of Cl- accumulation in small compartments such as dendrites. Published models (Doyon et al., 2011; Jedlicka et al., 2011), as well as my own model, have used a value
for Cl- diffusion based on this ion’s diffusion through water (2 - 10 µm/ms). However, it is
quite likely that these values of intracellular Cl- diffusion are significant overestimates. It is
more likely that Cl- moves more slowly within the confines of a densely packed neuronal
cytoplasm. Experimentally deriving a value for intracellular Cl- diffusion is extremely difficult and will likely rely on accurate optical measurements of Cl- concentration changes in
response to a spatially restricted Cl- load. Future experiments utilising ClopHensor2 will
hopefully be able to shed light on this important cellular parameter.

6.1.1

Optogenetics offer a novel approach for modulating intracellular Cl-

As part of Chapter 3, I showed that one of the latest generation of optogenetic silencers,
eNpHR3.0 (eNpHR), can be used to deliver different amounts of Cl- intracellularly. Indeed
I was able to use this approach to investigate how cellular Cl- homoeostasis mechanisms
respond to a Cl- load. This demonstration of eNpHR as an ‘ion modulator’ is a significant
technical advance for scientists studying Cl- regulation and synaptic inhibition. Previous
mechanisms to challenge cells with Cl- have relied upon activating GABAA Rs, which
has several limitations. Firstly, GABAA R currents are not purely mediated by Cl- . The
permeability of these receptors is roughly 4 to 1 in favour of Cl- over HCO3 - (Kaila, 1994).
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As such, the proportion of any GABAA R current that is attributable to Cl- is a complex
function of the relative electrochemical gradients for both Cl- and HCO3 - (Staley and
Proctor, 1999). In contrast, the current generated by optically activating eNpHR is purely
mediated by Cl- (Seki et al., 2007). This allows the experimenter to precisely quantify the
amount of Cl- delivered to the cell in question. Secondly, delivering large and extended Clloads using activated GABAA Rs is challenging as these receptors rapidly desensitise with
continued use (Farrant and Kaila, 2007). In contrast, eNpHR currents can be maintained
for minutes or even hours without major attenuation. Lastly, in contrast to methods that
employ pharmacological activation of GABAA Rs, light-activated pumps offer the potential
to deliver precise quantities of Cl- by using eNpHR precise quantities of Cl- to genetically
defined cell types or subcellular compartments.

6.2

Optogenetic silencers differ in their effects on inhibitory
synaptic transmission

In this thesis I have demonstrated that an eNpHR induced Cl- load can significantly increase the probability of spike generation in the period following laser offset. eNpHR’s
affect on intracellular Cl- , GABAergic synaptic transmission and hence cellular excitability
is particularly relevant for those investigators who wish to use eNpHR as an optogenetic
tool to silence neurons. It is likely that enhanced network excitability immediately following the termination of eNpHR photoactivation could have unintended repercussions
relevant to a wide array of experimental manipulations (Witten et al., 2010; Goshen et al.,
2011). I therefore compared the effect of eNpHR on GABAergic transmission with that of
an alternative neural silencer, Arch. Arch causes hyperpolarisation and an inhibition of
neural activity by pumping protons out of a cell when activated with light. As such, this
optogenetic tool would not be predicted to have as marked an effect on inhibitory synaptic transmission as eNpHR. Indeed, I did not detect a difference in synaptically evoked
spike probability before and after laser activation of Arch. In addition, induced Arch photocurrents appeared to have no appreciable effect on E GABAA in organotypic or acute
hippocampal slices.
It is theoretically possible that Arch induced proton fluxes could affect network ex-
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citability. Extracellular acidic transients are predicted to reduce excitability. For instance,
NMDA receptor conductances are reduced by acidity, whilst the opposite is true of GABAA Rs
(Pasternack et al., 1996; Tang et al., 1990). And the fact that I did not observe a reduction in stimulus evoked spike probability following extended periods of Arch activation
(Fig. 3.11) may be because biolistic transfection results in sparse expression (typically
3-10 Arch expressing cells per slice). It remains a possibility that extracellular changes
in pH and their consequent effects upon excitability would be greater under conditions of
widespread expression of Arch, such as might be achieved using viral delivery. Therefore, to settle this issue completely, the same experiment would need to be repeated
using acute slices containing tissue-wide expression of Arch. That said, the predicted
change in network excitability following extended periods of Arch activation would still be
the opposite (extended inhibition of network excitability) to that observed using eNpHR (a
period of increased excitation).
This caveat aside, my observations establish an important difference between optical
silencing strategies, which are relevant to ex vivo and in vitro experiments, and may be
helpful in interpreting in vivo experiments. These findings also highlight the usefulness of
light-activated proteins as ion modulators, which will be invaluable for exploring the role
of ion species in synaptic transmission, development and pathology.

6.3

Steady-state Cl- regulatory mechanisms

In order to better understand how Cl- fluxes affect intracellular Cl- homoeostasis, in Chapter 3 of this thesis I created a single compartment model of a cell with realistic Cl- transport
mechanisms (see Fig. 3.10). Various insights were gained from this approach. The first
relates to the mechanisms that control resting Cl- levels in neurons. It is well known that
the activity of Cl- transporters such as the K+ -Cl- cotransporter KCC2 play a pivotal role
in setting steady state E Cl- (Blaesse et al., 2009). However, it is perhaps less appreciated
that additional Cl- currents, in particular tonic GABA must play an equally important role
in this regard. For instance, in a hypothetical neuron with no tonic GABAA R currents but
intact KCC2 transport, E Cl- would rapidly approximate E K+ . This is because as a K+ Cl- cotransporter, the thermodynamic drive on KCC2 is to equilibrate E Cl- and E K+ . If this
scheme is correct, an experimental prediction would be that under conditions of complete
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pharmacological blockade of GABAA Rs, E Cl- (measured optically with a genetic reporter
of Cl- ) should approximate E K+ . Conversely, without KCC2 activity and in the presence
of tonic GABAA R activity, E Cl- is predicted to tend toward the resting membrane potential
of the neuron. Considering that the properties of tonic GABAA R currents are known to
change as a function of developmental age (Vithlani et al., 2011), it is an intriguing question for future research as to whether changes in this cell parameter are an important
variable in setting steady state E GABAA .
The second insight gained from the single compartment model of Cl- homoeostasis relates to how the intracellular Cl- concentration of a cell changes in response to
a prolonged, steady influx of Cl- . One might predict that prolonged periods of exogenously introduced Cl- , such as might result from sustained activation of a light-activated
Cl- pump, would flood a cell with Cl- and ultimately lead to cell swelling via osmotic processes. However, my model revealed that as long as the rate of Cl- influx is less than
the cell’s maximum Cl- extrusion rate, a new stable intracellular Cl- concentration will be
reached within 30 to 50 s (see Fig. 3.10). This new plateau value of [Cl- ]i is dependent
on both the kinetics of Cl- transport within the cell and the size of the Cl- influx. Following
the termination of the Cl- load, [Cl- ]i is predicted to return to resting levels within a minute.

6.4

Short-term alterations in E GABAA

The modelling approach has provided important insights into the conditions under which
shifts in Cl- might occur. However, it still remains to be shown under what physiologically
relevant network states changes in E GABAA might occur. Nevertheless, it is interesting to
consider what functional effects short-term alterations in E GABAA might have in the context
of evolving pathological and physiological network activity. As described above, large depolarising shifts in E GABAA have been shown to play a role in exacerbating and sustaining
epileptic seizures (Fujiwara-Tsukamoto, 2006; Fujiwara-Tsukamoto et al., 2003; Lamsa
and Kaila, 1997). In addition, it has been observed that high frequency stimulation, of
the sort used to induce classic long term potentiation (LTP) at glutamatergic synapses, is
sufficient to induce GABAA R mediated depolarisation (Thompson and Gahwiler, 1989a).
This has led to the suggestion that one function of an activity induced depolarising shift in
E GABAA is to modulate the Mg2+ block on NMDA receptors. This would suggest that the
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short-term GABAergic plasticity described above may play an important role in regulating
NMDAR-dependent mechanisms of synaptic plasticity (Staley and Soldo, 1995).
Such functional effects have been demonstrated with large shits in E GABAA , which
require induction with patterns of activity of questionable physiological significance. What
effect then could smaller shifts in E GABAA (e.g. less than 10 mV), which are more likely
to be generated by physiological activity, have on network function? By artificially setting
the E GABAA of a neuron, one may investigate how alterations to the ionic driving force
for GABAA Rs may impact activity. Previously, this has been performed experimentally
either by dialysing neurons during whole-cell recordings with internal solutions of set
[Cl- ]i , or by using dynamic clamp to simulate GABAergic inputs with different E GABAA
values. Studies performed in this manner have demonstrated that shifting E GABAA to
moderately depolarising values can result in enhanced spiking probability and reduced
spike latencies in response to GABAergic inputs (Akerman and Cline, 2006; Saraga et al.,
2008; Valeeva et al., 2010; Wang et al., 2006). As part of this thesis I have been able to
advance these findings by using optogenetic methods to modulate E GABAA intracellularly.
By stimulating a hippocampal neuron before and after laser activation of eNpHR, I have
demonstrated that an eNpHR induced Cl- load can significantly increase the probability
of spike generation in the period following laser offset.
Developing computational models is also a useful strategy for studying the impact that
modest changes in E GABAA might have upon neural signalling. For instance, in Chapter 3
I demonstrated that a multi-compartment model of a pyramidal cell with realistic Cl- transport mechanisms and biologically relevant glutamatergic and GABAergic synaptic inputs
showed changes in spike timing that were dependent upon intracellular Cl- dynamics. In
a similar fashion, Saraga et al. (2008) showed that shifting the E GABAA in a model of a
mature CA1 pyramidal neuron from -75 mV to -70 mV results in an increase in action potential firing frequency by approximately 40 percent. And depolarising shifts in inhibitory
reversal potentials by as little as 10 mV can considerably shorten the duration of inhibitory
inputs at the soma (Jean-Xavier et al., 2007). Small changes to E GABAA are more likely to
be functionally significant when a fine balance exists between GABAergic inhibition and
excitation. For instance, in neocortical layer 5 neurons and dentate granule cells, E GABAA
has been reported to lie at values more depolarised than the resting membrane poten-
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tial, but below the action potential threshold (Chiang et al., 2012, Gulledge and Stuart,
2003). This means that small changes in E GABAA can bidirectionally modulate neuronal
firing rates and spike times (Chiang et al., 2012; Morita et al., 2006), which could have
important consequences for information coding and plasticity (Richards et al., 2010)
An intriguing possibility is that physiological Cl- accumulation might adjust the processing capacity of a neurons dendritic tree, depending on the amount of information
flowing through a particular brain network (Viitanen, 2010). The mechanism would operate as follows. If E GABAA is more negative than the resting membrane potential, then
hyperpolarising GABAergic inputs will spread further in time and space than their underlying conductances (Gulledge and Stuart, 2003). During periods of enhanced activity
however, synaptic inputs to dendrites would be predicted to cause modest Cl- accumulation such that E GABAA becomes roughly equal to the resting membrane potential and
GABAergic inputs generate an exclusively shunting effect (Jedlicka et al., 2011; Doyon
et al., 2011). Such a transition would serve to increase the spatial and temporal precision
for integrating synaptic inputs, changing the fidelity of spike generation and effectively
increasing the processing capacity of the dendritic compartment (Viitanen, 2010; London
and Häusser, 2005). As such, short-term GABAergic plasticity involving shifts in E GABAA
could allow a neuron to adjust the information processing capacity of its dendritic tree ‘on
the fly’, to meet the varied computational demands of changing levels of neural activity.

6.5

Cl- accumulation in pathological states of network activity
including epilepsy.

It is well known that many hyperexcitability disorders, such as epilepsy and neuropathic
pain, are associated with long-term depolarising shifts in E GABA (Cohen et al., 2002;
Pathak et al., 2007; Coull et al., 2005; Lu et al., 2008). What is somewhat less appreciated however, is that short-term changes in E GABAA also play an important role in these
disorders. In this thesis I have used a variety of methods to demonstrate that epileptiform
activity causes significant Cl- accumulation and a depolarsing shift in E GABAA . This is
consistent with previous and recent reports of similar changes accompanying seizures
elicited using a wide-array of in vitro epilepsy models. (Lopantsev and Avoli, 1998;
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Fujiwara-Tsukamoto et al., 2003, 2010; Isomura et al., 2003; Ilie et al., 2012; Lamsa and
Kaila, 1997; Lillis et al., 2012). These shifts in the action of GABAA Rs are large enough
to convert fast synaptic inhibition from being inhibitory and hyperpolarising to depolarising and excitatory (see Fig. 4.1). The primary feature of epileptic activity is the failure
of inhibitory systems to contain the generation and spread of neuronal hyperexcitability
(McCormick and Contreras, 2001). Therefore, by weakening or even reversing the major source of inhibition within the brain, it is easy to appreciate how transient changes in
E GABAA would play an integral role in the pathogenesis of epileptic seizures. Epileptic
seizures may be divided into two broad phases; seizure onset, which includes propagation, and seizure termination. I will discuss the implications of Cl- accumulation for both
of these stages.

6.5.1

Cl- accumulation and seizure onset

The precise mechanisms that describe seizure onset are complex and a complete discussion is beyond the scope of this thesis. At a simplified level, we can consider seizure
onset as the high frequency, synchronised activity of a group of excitatory cells, which is
allowed to propagate and recruit surrounding neurons due to the failure of accompanying
inhibitory systems (Trevelyan et al., 2007). During periods of enhanced physiological network activity, such as ‘upstates’, runaway excitation is prevented by strong feed-forward
and feed-back inhibition. Indeed, upstates have been shown to consist of a dynamic balance between excitation and inhibition (Haider et al., 2006; Mann et al., 2009; SanchezVives and McCormick, 2000). Strong inhibitory input and the activation of GABAA Rs
concurrent with membrane depolarisation and excitatory conductances (as occur during
upstates) are precisely the conditions under which one would expect Cl- accumulation to
occur. As Cl- loading proceeds, a ‘tipping point’ would be reached, as defined by E GABAA
exceeding the threshold for action potential generation. This tipping point may represent
the moment physiologically controlled network activity switches into a pathological epileptiform state. In this scenario, not only do GABAA R mediated inhibitory mechanisms fail,
but they are also subverted to enhance the temporal and spatial propagation of ongoing
epileptic activity. As yet, there is limited evidence for this hypothesis of seizure onset.
For instance, Lasztóczi et al. (2011) have shown that immediately prior to seizure onset
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there is strong synchronisation of GABAergic inputs to CA3 hippocampal pyramidal cells
accompanied by Cl- accumulation. In addition my own work presented in this thesis and
a recent paper by Lillis et al. (2012), both using imaging methods, have demonstrated
that pyramidal cells accumulate Cl- at the onset of seizures. These observations are consistent with a Cl- accumulation induced breakdown in synaptic inhibition. However, future
studies are required to investigate the precise role Cl- accumulation might play during
seizure onset. In theoretical terms, E GABAA becoming excitatory could represent a bifurcation point between two stable states - ‘quiescent’ and ‘epileptic’. And just as one can
not predict the exact moment of an avalanche, similarly it may be difficult to predict the
exact moment of seizure onset - it is inherently a chaotic phenomenon. However, just as
the likelihood of avalanches correlates with the amount of snow on a slope, by monitoring
the average Cl- concentration within neurons during ongoing activity, it may be possible
to better predict the likelihood of seizure onset.

6.5.2

Mechanisms of seizure termination

It is unclear as to the exact role Cl- accumulation might play in triggering the onset of
an epileptic seizure. However, the intense activation of GABAA Rs in combination with
the concurrent membrane depolarisation that occurs during seizures is known to cause
rapid, extensive Cl- accumulation. This has been thoroughly demonstrated in the course
of this thesis (Chapter 4) and as part of published work (Lopantsev and Avoli, 1998;
Fujiwara-Tsukamoto et al., 2003, 2010; Isomura et al., 2003; Ilie et al., 2012; Lamsa and
Kaila, 1997; Lillis et al., 2012). If GABAA R mediated signalling is reinforcing (rather than
preventing) excitation during the latter part of a seizure, how then do epileptic seizures
terminate?
Although this is once again an extremely broad topic, I will briefly outline two possible
mechanisms that are likely to play an important role in this regard. Firstly, whilst Cl- conductances are rendered excitatory by continued epileptic activity, K+ conductances will
remain inhibitory. As such, signalling systems that derive their inhibitory effect by activating postsynaptic K+ channels are likely to play a critical role in terminating seizure activity.
The presynaptic inhibition of neurotransmitter release is another important mechanism
by which excessive activity may be curtailed. The GABAB R and adenosine signalling
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systems utilise both of these mechanisms in order to inhibit network activity and terminate epileptiform activity (Boison, 2009). Indeed, data from this thesis has contributed to
a recent paper (Ilie et al., 2012) demonstrating that adenosine release during seizures
attenuates GABAA receptor mediated depolarisation and hence contributes to seizure
termination.
A second cellular mechanism relevant to seizure termination relates to the control of
hydrogen ion concentration. As described in the introduction to this thesis, intra- and extracellular pH changes can have a marked effect on the excitability of neuronal network
activity. Indeed, progressive intracellular acidification has been suggested to be an important factor in arresting seizures (Xiong et al., 2000). This is consistent with my observations in Chapter 5, whereby maximal neuronal intracellular acidification was found to be
associated with seizure termination (Raimondo, Irkle, Wefelmeyer, Newey and Akerman,
2012). Seizure induced acidification, like adenosine receptor signalling, can also attenuate GABAA receptor mediated depolarisation, albeit via a very different mechanism. It is
perhaps under appreciated that HCO3 - ions provide a pivotal link between neuronal regulation of Cl- and pH. For instance, although the enzyme carbonic anhydrase is largely
able to regenerate HCO3 - intracellularly in the face of GABAA R induced HCO3 - efflux,
the generation of intracellular hydrogen that accompanies seizure activity will shift the
equilibrium set point of the carbonic anhydrase catalysed reaction of H2 0 and CO2 , to
HCO3 - and H+ . Therefore activity induced acidification is predicted to cause significant
reduction in intracellular HCO3 - and hence a hyperpolarisation of E HCO3 - . As E GABAA is a
product of both E HCO3 - and E Cl- , this progressive acidification would effectively reduce the
depolarising shift in E GABAA that could be activated during intense GABAA R activation.
These interactions confirm that both intracellular Cl- and pH are important for understanding how inhibitory synaptic transmission is altered during neuronal activity. As
such, a valuable technical contribution of this thesis has been to establish the suitability
of genetically encoded pH sensors for investigating activity-dependent pH changes at the
level of single cells. A further achievement has been the development of ClopHensor2, a
genetic H+ and Cl- ion sensor optimised for neuronal use. This reporter’s ability to simultaneously measure both of these dynamic variables makes it an exciting tool for future
research.
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Activity induced alkaline transients in astrocytes.

Previous sections of this discussion have addressed the implications of intracellular Cland pH changes in neurons during epileptiform activity. In the course of this thesis I
have also demonstrated an interesting intracellular pH shift in an alternative cell type,
astrocytes. Prior studies have demonstrated that astrocytes and neurons differ in their
pH responses to depolarisation (Bevensee et al., 1997; Grichtchenko and Chesler, 1994;
Pappas and Ransom, 1994; Chesler, 2003). Whilst neurons become acidic, astrocytes
are know to display marked alkaline transients. To my knowledge however, I am the first
to demonstrate astrocytic intracellular alkaline shifts in response to epileptiform activity.
Chapter 5 suggested that these can be explained by the action of NBCe1, an electrogenic
Na+ coupled HCO3 - transporter. In the following paragraphs I will attempt to discuss the
functional implications of this observed cell-type specific pH transient.

6.6.1

The intracellular effects of astrocytic alkalinisation

Astrocytes are widely known to play a critical role in providing neurons with energy substrates, particularly lactate. The astrocyte-neuron lactate shuttle model (ANLS) describes
a mechanism by which astrocytes respond to glutamate receptor activation by increasing
their rate of glucose utilisation and release of lactate into the extracellular space, which in
turn is used by neurons to sustain their energy requirements (Allaman et al., 2011). The
currently accepted mechanism for how this occurs operates as follows: During enhanced
network activity synaptic release of glutamate is increased. This glutamate is taken up by
glutamate transporters on the astrocytic membrane (EAAT1s/ EAAT2s), which transport a
glutamate molecule with 3 Na+ ions and a proton, in exchange for a K+ ion (Allaman et al.,
2011). In order to maintain the transmembrane Na+ and K+ gradients, increased activity
of the Na+ /K+ ATPase effectively reduces the ATP/(ADP+AMP) ratio, leading to allosteric
activation of glycolytic enzymes (such as phosphofructokinase - PFK) and an increased
production of lactate (Pellerin and Magistretti, 1994; Pellerin et al., 2007). A recent paper
by Ruminot et al. (2011) has proposed an interesting and important modification to this
canonical model of neurometabolic coupling performed by astrocytes.
PFK is known to be highly sensitive to pH, as such intracellular pH is an important
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regulator of glycolytic rate (Trivedi and Danforth, 1966; Ereciska et al., 1995). With this in
mind Ruminot et al. (2011) have convincingly demonstrated that depolarisation induced
alkaline transients in astrocytes, mediated by NBCe1, are sufficient to greatly accelerate
glycolysis and lactate production. An advantage of this proposed mechanism is that astrocytic depolarisation of any kind should be sufficient to accelerate glycolysis (not just
glutamate uptake). This is relevant as extracellular K+ , which is believed to accurately
‘encode’ the level of nearby neuronal activity directly depolarises astrocytes (Ransom,
2000). In addition, as I have demonstrated in this thesis (see Fig. 5.6) astrocytic alkalinisation happens extremely quickly in response to neuronal activity. Therefore, the activity
dependent astrocytic alkaline transients described in this thesis provide a rapid mechanism for ensuring neurons receive an increased supply of lactate in the face of enhanced
metabolic demand.
I would also like to highlight two further potential effects that could be mediated by
activity-dependent intracellular alkaline transients in astrocytes. Firstly, a primary function
of astrocytes is to clear released neurotransmitter from the synaptic cleft. As described
above glutamate (and GABA) are moved into astrocytes by transporters that utilise predominantly the transmembrane Na+ gradient, but also the H+ and K+ ion gradients to
import the relevant neurotransmitter (Zerangue and Kavanaugh, 1996). As such, intracellular alkalinisation, by enhancing the gradient of H+ across the astrocytic membrane,
should serve to increase the clearance of neurotransmitter during heightened network
activity. Secondly, astrocytes are known to be extensively gap junction coupled (Zhang,
2010). In addition, gap junction conductance is sensitive to pH with progressive alkalinity
enhancing conductance and acidity reducing coupling efficiency (Spray et al., 1981). As
a result, astrocytic alkaline shifts of the sort described in this thesis may well serve to enhance gap junction coupling of astrocytes during network activity. This may promote Ca+
signalling between cells or enhance the ability of astrocytes to spatially buffer extracellular
K+ (Wallraff et al., 2006).

6.6.2

The extracellular effects of astrocytic alkalinisation

In the early 1990’s Ransom (1992) proposed a hypothesis whereby astrocytes actually
modulate neuronal activity by controlling extracellular pH. In this hypothesis astrocytes re-
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spond to neuronal activity with intracellular alkaline transients, which necessarily result in
an acidification of the extracellular space. This extracellular acidification is then predicted
to serve as a negative feedback signal to reduce network excitability. Many elements
of this scheme have since been established. For instance, Na+ and HCO3 - dependent,
depolarisation-induced astrocytic alkalinisation (DIA) has been confirmed in a variety of
studies in addition to the evidence presented in this thesis (Pappas and Ransom, 1994;
O’Connor and Sontheimer, 1994; Grichtchenko and Chesler, 1994; Deitmer and Szatkowski, 1990; Chesler and Kraig, 1989). In turn, extracellular pH has been shown to
affect the conductance of NMDA receptors (Tang et al., 1990; Traynelis and Cull-Candy,
1990; Vyklicky et al., 1990), GABAA receptors (Pasternack et al., 1996; Smart and Constanti, 1982; Takeuchi and Takeuchi, 1967) and voltage gated Ca2+ channels (Barnes and
Bui, 1991; Iijima et al., 1986; Tombaugh, 1998; Tombaugh and Somjen, 1997). Whilst acidosis reduces NMDA receptor conductances, it has the opposite effect on GABAA Rs, the
net effect being that extracellular acidity serves to dampen network excitability.

You may also recall from Chapter 5 of this thesis, that neurons undergo profound
acidic shifts simultaneous with the astrocytic shifts described above. These neuronal
acidic shifts are predicted to have an opposite affect on the extracellular space, causing
extracellular alkalinisation. How the opposing proton fluxes in neurons and astrocytes
combine in the extracellular space is somewhat poorly understood. Previous work using pH sensitive micro-electordes has demonstrated that seizures and stimulated activity
are associated with an initial extracellular alkaline shift followed by a prolonged acidosis
(Caspers and Speckmann, 1972; Urbanics et al., 1978). A small number of studies using optical methods have also described a rapid extracellular acidic transient preceding
the biphasic response described above (Krishtal et al., 1987). The work in this thesis
is unique in that it provides the precise kinetics of intracellular pH transients in two separate tissue compartments (astrocytes and neurons) within the same preparation. This
allows a means to predict the kinetics of extracellar pH changes in response to seizure
activity. Given the rapid onset of the astrocytic intracellular alkaline shift it is likely that
the first extracellular manifestation of activity would be a rapid acidic transient. As neurons become more and more acidic with continued network activation one would expect
the extracellular space to shift from being acidic to alkaline. Finally, once seizure activ-
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ity has terminated and neurons begin to recover their intracellular pH by extruding acid,
extracellular alkalinisation is likely to be replaced by a prolonged acidosis. Indeed, this
sort of triphasic extracellular pH shift has been reported in response to seizure activity
(Krishtal et al., 1987). Future work would require developing techniques to observe extracellular pH transients, possibly by targeting genetic reporters to the membrane surface.
By measuring pH shifts in all three tissue compartments (neurons, astrocytes and the
extracellular space) we would be well placed to completely describe proton fluxes in our
preparation.
Although many aspects of Ransom (1992) hypothesis linking astrocytic pH transients
to the control of network activity have been confirmed, no direct demonstration of this
mechanism has yet been described. To investigate this further I would propose the use
of the light-activated H+ pump Arch. The idea would be to express this proton pump only
in hippocampal astrocytes using transgenic mouse technologies (Mori et al., 2006). By
activating Arch in astrocytes the aim would be to evoke intracellular astrocytic alkalinisation and consequently extracellular acidification. If such a manipulation is then able to
modulate epileptiform activity, this would provide direct functional evidence in support of
Ransom’s two decade old hypothesis.

6.7

Concluding remarks

In the course of this thesis I hope to have convinced the reader that the intracellular
concentrations of Cl- and H+ are dynamic variables that evolve across both time and
space in response to varied patterns of neural activity. This has significant implications
for understanding network activity and the balance of synaptic excitation and inhibition.
Indeed, I have been able to show that such ‘ionic plasticity’ is important within the context
of epileptiform activity. How these processes contribute to other physiologically important
patterns of network activity will provide fertile ground for future research.
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Wallraff, A., Köhling, R., Heinemann, U., Theis, M., Willecke, K. and Steinhäuser, C.
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