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Abstract

Fast synaptic inhibition shapes cellular responses and network activity in the
mammalian cortex. This inhibition is principally mediated by the activation of
ionotropic GABA-A receptors (GABAARs), which are permeable to chloride (CI'). For
this reason, GABAAR function is intrinsically linked to processes that regulate the
distribution of CI" on either side of the neuronal membrane. Despite their fundamental
role, the manner by which synaptic GABARs function in the intact cortex has remained
unknown. In this thesis, I explore how GABA sR-mediated synaptic signalling operates
across different brain states and neuronal cell types in the mammalian cortex. To achieve
this aim, I establish in vivo gramicidin perforated patch-clamp recordings, which enable
me to study GABAAR function in the living rodent cortex, whilst preserving the
integrity of the transmembrane Cl° gradient. By combining this method with
pharmacological manipulations, I confirm that CI” co-transporter proteins play a key
role in establishing the equilibrium potential for GABAARs (Egapa,r) i vivo. I then use
in vivo gramicidin perforated patch-clamp recording to reveal that GABAAR synaptic
signalling is predominately shunting in the awake cortex. This results from relatively
depolarised Egapa,r Values, which arise due to the high levels of local network activity
in the awake state. I further show that the animal’s sleep-wake history also contributes
in setting Ecapa,r in the awake cortex, consistent with evidence that sleep-wake history
can modulate the activity of Cl" co-transporter proteins. To extend my studies into
different neuronal cell types, I then establish a novel optogenetic method for probing
intracellular Cl” regulation. By using a light-activated CI" channel, I reveal differences in
both the steady-state Cl” levels and CI" extrusion capacities of two genetically-defined
neuronal populations in the cortex, pyramidal neurons and parvalbumin-expressing
interneurons. Taken together, the findings of this thesis support the idea that the
‘landscape’ within which GABA zRs function is highly dynamic, depending on both the
cortical state and neuronal cell type. This has important implications for how GABAAR

function should be conceptualised within the cortex.
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Chapter 1

Introduction

The overall aim of this thesis is to investigate cortical synaptic inhibition under in vivo
conditions and, in particular, the dynamic regulation of intracellular chloride CI levels
that determine how inhibitory synapses influence neuronal activity. In order to set the
context, I, therefore, need to first introduce a series of principles that underpin the
experimental work. This includes introducing basic principles of cortical organisation,
how in vivo cortex exhibits different ‘states’ that are characterised by different patterns
of network activity, and how this is thought to impact the behaviour of individual
neurons within the cortical network. I will then turn my attention to the principles that
underpin synaptic inhibition in cortical neurons and the central role that is played by CI’
regulatory mechanisms. I will introduce the biophysical principles that link CI°
regulation to synaptic inhibition and will then review what the field has learned,
primarily from in vitro studies, about Cl” regulatory processes in neurons. Finally, I will
introduce the key experimental techniques that the field has used to investigate CI°

regulatory mechanisms.

1.1 Cortical network states and the impact of neuronal activity

The mammalian cortex is the pinnacle of evolutionary design. The complex
microarchitecture of this grey matter is able to generate enormous computational power.
At its core, the cortex is made up of interconnected neural circuits that are comprised of

a series of different neuronal cell types (Cajal, 1911; Zeng and Sanes, 2017). This general



Chapter 1

architecture is replicated across the cortex and, owing to its biological success, has
largely been conserved between multiple mammalian species (Harris and Shepherd,
2015; Hodge et al., 2019). The computational prowess of the cortex is a feature of its
hierarchical design (Douglas and Martin, 2007). Neurons are arranged into neural
circuits, which are then interconnected to form cortical networks (Douglas and Martin,
2004). At each of these levels, information is received, processed and distributed, with

the end result being expressed as a response in the form of action.

Cortical circuits are further defined by their precise patterns of connections, which occur
at synapses (Shepard, 2004). These electrochemical junctions can be either excitatory or
inhibitory, depending on whether they initiate or repress a neuron’s ability to generate
action potentials. A single excitatory neuron in the visual cortex of the adult mouse
brain can receive anywhere between 5220 and 6472 synaptic inputs, with the majority
of these inputs coming from neurons in the immediate surroundings (Wildenberg et al.,
2021). The activation of synapses varies across temporal and spatial dimensions, and the
integration of these synaptic inputs ultimately determines whether the neuron reaches
the threshold to generate an action potential and thus provide an output to the rest of the

network.

1.1.1 Cortical networks exhibit different “states’

The ability of the cortex to perform different computational tasks depends on the
operational mode that the cortical networks occupy. These modes, or ‘states’, reflect
global cortical dynamics and often correlate with different behavioural states in the
animal. For example, sleep and wakefulness are considered two highly distinct states,
which occur physiologically and are associated with very different behaviours (Brown
et al., 2012; Hobson and Pace-Schott, 2002; Jones, 2005). While asleep, an animal will not
respond to incoming stimuli and will be motionless with its eyes closed. By contrast,
during wakefulness, an animal will have its eyes open to allow it to actively engage with
its environment through movement and by responding to incoming stimuli. However,
cortical states are not always physiological, but can also be induced. Anaesthesia for
example, forces an animal into a sleep-like state, during which the animal cannot engage

with its local environment or respond to incoming stimuli (Brown et al., 2010).

©2022 RJ] Burman 2



Chapter 1

Cortical states can be distinguished based on differences in the amplitude, frequency
and synchronicity of the predominant electrical activity (Harris and Thiele, 2011;
Hobson and Pace-Schott, 2002). For example, in the awake brain, the activity within
cortical networks is typically low-amplitude, high-frequency and appears globally
desynchronised (Destexhe et al., 1999; Moruzzi and Magoun, 1949; Rheinberger and
Jasper, 1937; Steriade, McCormick and Sejnowski, 1993). By contrast, as the cortex
transitions towards a sleep state, cortical networks become increasingly more
synchronised with activity decreasing in frequency and increasing in amplitude (Jouvet,

1967; Loomis et al., 1935; Steriade, 2000; Steriade, McCormick and Sejnowski, 1993).

The patterns of activity within each cortical state are not static and can further vary
across shorter timescales (Harris and Thiele, 2011). For example, as the cortex
progresses through the sleep cycle, each stage is defined by distinct changes in cortical
activity (Brown et al., 2012; Steriade et al., 2001). During non-rapid eye movement
(NREM) sleep, there is the emergence of slow-wave activity (0.5-4Hz) in which cortical
networks fluctuate between periods of increased neuronal spiking and silence (Crunelli
and Hughes, 2010; Nir et al., 2011; Steriade et al., 2001; Timofeev et al., 2001). Such
highly synchronised activity, consisting of so-called up states and down states, can also
be reproduced through various anaesthetic agents (Steriade, Nunez and Amzica, 1993).
However, upon entering the rapid-eye movement (REM) stage of the sleep cycle,
cortical networks become less synchronised and generate electrical activity that is lower
in amplitude and higher in frequency, similar to what is observed in the awake cortex
(Aserinsky and Kleitman, 1953; Park and Weber, 2020; Steriade et al., 1996, 1990, 2001).
During wakefulness, the level of electrical activity depends on whether the cortical
network is activated during periods of arousal (lower amplitude, higher frequency of
~20-100Hz) or deactivated during periods of quiescence (higher amplitude, lower
frequency of ~1-10Hz) (Ayaz et al., 2019; Fernandez et al., 2017; McGinley et al., 2015;
Nestvogel and McCormick, 2022; Poulet and Crochet, 2019; Poulet and Petersen, 2008;
Zagha et al., 2013). Furthermore, during periods of increased arousal and attention, as
seen during performing a specific task, high frequency activity (between 30-90Hz) can
become highly synchronised across cortical regions (Destexhe et al., 1999; Engel and

Singer, 2001; Steriade et al., 1996).

©2022 RJ] Burman 3
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The transition between cortical states, specifically sleep and wakefulness, is controlled
through an interaction between environmental cues, such as light, and the activity of
subcortical brain areas that oscillate across different time scales (Hobson and
Pace-Schott, 2002; Jones, 2005; Lin, 2000; Pace-Schott and Hobson, 2002; Schwartz and
Klerman, 2019). Circadian rhythms are mediated by the suprachiasmatic nucleus (SCN),
the so-called ‘Master Clock’, which lies within the hypothalamus and are responsible for
influencing the tendency to sleep at specific times of day according to the light-dark
cycle (Klein et al., 1991; Reppert and Weaver, 2001). The activity of neurons in the SCN
are genetically controlled by so-called ‘clock genes” whose expression oscillates across a
diurnal or 24-hour cycle (Albrecht, 2002; Reppert and Weaver, 2001). This central
circadian influence then interacts with the homeostatic need for sleep, or sleep pressure,
which is determined by the period that the animal has been awake (Aeschbach et al.,
2001; Dijk et al., 1987). The need for sleep is driven by an activity-dependent
accumulation of endogenous substrates, or ‘somnogens’ (Pace-Schott and Hobson,
2002). These sleep-driving substrates include, but are not limited to, an accumulation of
adenosine, which is thought to be responsible for disinhibiting neurons in the
venterolateral preoptic nucleus of the hypothalamus and to facilitate the transition into

sleep (Porkka-Heiskanen et al., 1997; Strecker et al., 2000).

The interaction between circadian rhythms (also known as ‘Process C’) and sleep
homeostasis (also known as ‘Process S’) are part of Borbély’s two-process model of sleep
regulation (Borbély, 1982; Borbély et al., 2016). The combined output of these processes
is a coordinated activation of various neuromodulatory systems that either promote
wakefulness or sleep (Jones, 2005). For example, during wakefulness there is increased
firing of serotonergic (Jacobs and Fornal, 1999), cholinergic (Steriade et al., 1990),
dopaminergic (Maloney et al., 2002) and noradrenergic (Aston-Jones and Bloom, 1981)
neurons from different nuclei within the brainstem. The activity of thalamus is another
important contributor in determining the activity of local cortical networks across
different states (Hobson and Pace-Schott, 2002; Poulet and Crochet, 2019). This is
especially evident during NREM sleep, when the thalamus acts in unison with cortex to
generate slow-wave activity that consists of cortical up and down states (Steriade, 2000;
Steriade, McCormick and Sejnowski, 1993). In addition, thalamic inputs during

wakefulness contribute towards the cortex becoming activated during periods of
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arousal (Poulet et al., 2012). In summary, whilst I have only been able to introduce
general concepts, the above examples illustrate the diversity of cortical states, the fact
that they emerge from interactions between subcortical and cortical circuits, and that all
ultimately expressed through the activity of the individual neurons that comprise

cortical networks.

1.1.2 Cortical neurons reflect different network states

The bioelectric potential of a neuron comes from the distribution of ions on either side of
the neuron’s selectively-permeable membrane (Hille, 2001c; Johnson and Wu, 1995b).
This creates a potential difference in charge across extracellular and intracellular
compartments. As ion-selective channels in the membrane open and close, the
distribution of charge changes and, in doing so, alters the membrane potential of the
neuron. The amount of ionic flux that can occur is determined by the number of open
channels in the membrane. This is more commonly referred to as total membrane

conductance (gm), which is the inverse of the membrane resistance (Ry,) (Equation 1.1).

Im = 55— (1.1)

Embedded within the neuronal membrane are different channels that are selectively
permeable to different ions. Leak channels are constitutively active and largely reflect
the membrane permeability to potassium ions (K*). Beyond the contribution of leak
channels, the opening of membrane channels is determined by incoming synaptic
inputs. At the synapse, neurotransmitters are released from the presynaptic terminal
and bind to receptors on the postsynaptic membrane, which modulate a specific ion
channel either directly (i.e. ionotropic receptors) or indirectly by first binding to a
G-protein coupled receptor (i.e. metabotropic receptors). Through this binding process,
the channel opens and permits ionic flux and the resulting flow of charge, or current,
affects the electrical activity of the postsynaptic neuron. Following Ohm’s law, a
neuron’s response to an incoming synaptic current (Isy,), measured as a change in its

membrane potential (AV), is controlled by the state of its Ry, (Equation 1.2).
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AV = Isyn X B (1.2)

The level of synaptic conductance also directly affects the resting membrane potential
(V). This is evident in the conductance-based model of the neuronal membrane, which
relates the conductance and reversal potential of different channels (Hille, 2001a;
Hodgkin and Huxley, 1952; Johnson and Wu, 19954). The reversal potential or
equilibrium of the leak (Ereak) and synaptic (Esy,) channels is a specific voltage at which
there is no flow of charge. Using the chord conductance equation (Equation 1.3), it is
possible to estimate the neuron’s Vy, at any instant by combining the conductances from
both the leak (greax) and synapse-activated channels (gsyn), multiplied by their

respective equilibrium potentials (Destexhe et al., 2003).

(9Leak X ErLeak) + (gSyn X ESyn)
(9Leak + gSyn)

Vi = (1.3)

As the leak conductance (greax) is unlikely to change across cortical states, the varying
levels of synaptic conductance (gsyn) are more likely to dynamically alter Vy,. This
biophysical property plays an important role in setting the function of different

channels, as will be explained below.

The amount of synaptic input that a neuron is receiving has a direct role in determining
the conductance of the neuronal membrane (Destexhe et al., 2003). As most of the
synaptic input that a cortical neuron receives comes from its immediate network, when
the activity of the local population increases, the neuron will receive a bombardment of
synaptic inputs (Tsodyks et al., 1999). In this way, the activity that varies across cortical
states sets the conductance of individual neurons within the cortical network (Figure
1.1). In the awake cortex, in which there is a high level of background synaptic activity,
cortical neurons have a large number of open membrane channels. This causes a lower
Ry and means that the neuron operates with a higher membrane conductance gm

(Destexhe and Paré, 1999; Woody and Gruen, 1978).
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Figure 1.1: Synaptic activity sets the conductance state of the neuronal membrane. A, During
periods of decreased synaptic activity, fewer membrane channels are open, which limits the
movement of charge across the neuronal membrane. This leads to a state characterised by low
membrane conductance (gn) and high membrane resistance (Rn). B, When synaptic activity
increases, gm also increases as there are more channels open to permit the flow of charge (low
Rum).

1.1.3 Network activity consists of balanced excitatory and inhibitory synaptic

conductances

Different synaptic inputs have opposing effects on the electrical activity of the
postsynaptic membrane.  Excitatory synapses facilitate the generation of action
potentials whilst their inhibitory counterparts repress them. These excitatory and
inhibitory processes are mediated through specific ion channels, each with its own
conductance and reversal potential. By incorporating this into the conductance-based
model (Equation 1.3), it is evident that the amount of both excitation and inhibition a

neuron receives contributes towards setting V, (Equation 1.4).

(gLeak X ELeak) + (ge X Ee) + (gi X Ei)
(gLeak + ge + gi)

V. — (1.4)

Experimental studies have shown that periods of intense synaptic activity in the cortex
involves coincident excitatory and inhibitory synaptic inputs (Callaway, 1998, 2004;
Felleman and Van Essen, 1991; Isaacson and Scanziani, 2011; Rockland and Pandya,
1979). In feed-forward circuits, activation of excitatory neurons drives inhibitory
neurons that then suppress a distant population of excitatory neurons. In this way
feed-forward inhibition helps refine the temporal fidelity and expand the dynamic

range of cortical networks (Pouille et al., 2009; Pouille and Scanziani, 2001). By contrast,
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in feedback circuits, excitatory neurons activate inhibitory neurons that then directly
inhibit the same population of excitatory neurons and thereby prevent runaway
excitation (Isaacson and Scanziani, 2011). The interplay between these two ‘inhibitory
motifs” demonstrate how excitation and inhibition are tightly linked to one another,
whereby excitatory actions generate corresponding inhibitory actions (van Vreeswijk
and Sompolinsky, 1996). However, whilst these opposing processes occur at the same
time, their relative contribution to membrane conductance varies across different
cortical states (Figure 1.2). This is especially evident during highly active states such as
seen during wakefulness, where inhibitory conductances are dominant (Anderson,
Carandini and Ferster, 2000; Borg-Graham et al., 1998; Galarreta and Hestrin, 1998;
Rudolph et al., 2007).

Low conductance state (Low g_| High R ) Il Inhibit. channel
W Excit. channel

A
888@88@88@88@88@88@88@8888 i i i

High conductance state (High g | Low R )

B
Bo0d nood aoo fou aon [ noo 100 oo Y)()() 1
oo (IODWMWWWDW(IWW IQWW(@\MWO

Figure 1.2: High conductance states are dominated by synaptic inhibition. A, Channels linked
to excitatory (‘Excit. Channel’, red) and inhibitory (‘Inhibit. Channel’, blue) channels coexist
on the neuronal membrane. B, During high conductance states the contribution of inhibitory
conductances predominate over excitatory conductances (at a ratio of 5:1 according to Destexhe
and Paré (2003))

The dominance of inhibition reflects its role in optimising cortical processing (Cardin,
2018; Herstel and Wierenga, 2021; Isaacson and Scanziani, 2011). Inhibition modulates
neuronal gain and, in doing so, is able to refine responses to external stimuli
(Grienberger et al., 2017; Haider et al., 2013; Liu et al., 2011; Poo and Isaacson, 2009;
Wehr and Zador, 2003). In addition to modulating neuronal responsiveness, inhibition
has also been implicated in driving oscillatory activity and establishing network
connectivity within the cortex (Atallah et al., 2012; Cardin et al., 2009; Sohal et al., 2009).
The manner in which synaptic inhibition is able to perform these important functions is

closely related to the function of the receptor through which its effects are deployed.
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1.2 Synapticinhibition depends upon the dynamic regulation of

chloride

1.2.1 Fast synaptic inhibition is mediated via the GABA-A receptor

The principal mechanism by which synaptic inhibition operates in the brain is through
the binding of the neurotransmitter y-Aminobutyric acid (GABA) to its ligand-specific
receptors (Bormann, 2000). GABA’s prospective targets can either be the ionotropic
GABA-A receptor (GABAAR) or the metabotropic GABA-B receptor (GABAgR). A key
difference between these receptors is the speed of their inhibitory action, with the

GABA 4R being responsible for mediating fast synaptic inhibition in the cortex.

The GABA4R is a pentameric membrane channel that can exist in different forms
according to its constitutive subunits (Figure 1.3). Each of these different configurations
of the GABAAR has important implications for its positioning within the synapse, as
well as its sensitivity to different endogenous and exogenous modulators (Olsen and
Sieghart, 2009). The most common form of the GABA4R consists of two «; subunits,
two [, subunits and a v, subunit. This configuration of the GABAAR is expressed

within the synaptic cleft and facilitates phasic inhibition (Brickley et al., 1999; Farrant

and Nusser, 2005).
[CI],~ 123mM
Presynaptic = 24mM
GABA
»:
09 4

[CI]=5mM

=15mM

Figure 1.3: The GABA-A receptor is primarily permeable to chloride. The GABA4R is made
up of five different protein subunits and is expressed on the postsynaptic membrane. After
being activated by GABA, the channel opens and allows CI" and HCO3™ ions to flow down their
respective transmembrane gradients. Figure is adapted from Burman and colleagues (2022).

The function of the GABAJR is determined by the opposing flux of chloride (CI") and

bicarbonate (HCOj3") ions (Bormann et al., 1987; Constanti and Nistri, 1976; Kaila and
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Voipio, 1987; Takeuchi and Takeuchi, 1967). The permeability of the channel to these ions
is not proportional as it has a strong bias for CI" over HCOj3" in a ratio of 4:1 (Kaila, 1994).
Due to this bias, GABA R function is largely determined by CI" flux.

Upon the binding of GABA, the GABAAR opens and permits a flow of charge across the
neuronal membrane. This generates a current (Igapaar) where the magnitude is
determined by the amount of charge allowed to travel through the channel, or
conductance (gcapa,r), and the driving force (DFgapa,r)- This is highlighted in

Equation 1.5.

IGABAAR = 9GABAAR X DFGABAAR (1.5)

The DFgapa,r describes the net electromotive force acting on the ions passing through
the GABAAR. The size and direction of the DFgapa ,r is determined by the relationship
between the Vi, and the equilibrium potential of the GABAAR (Egapa,r, Equation 1.6).
As aneuron’s Vp, is continuously varying, there are continual variations in the DFgaga ,r-
Alternatively, the DFgapa,r can also be calculated by using the Ej ., which is reflective

of the resting membrane potential (RMP, Equation 1.7).

DFgaBa,R = Vm — EGABALR (1.6)

DFGABAAR = Ereak(0rRM P) — EGABALR (1.7)

The equilibrium potential for the GABAAR (Ecapa,r) is the voltage of the neuronal
membrane at which there is no net flux of ions through the GABAsR (Hille, 2001b;
Johnson and Wu, 1995b). It is also known as the reversal potential because it is the
membrane voltage at which the direction of ion flow changes, or reverses, through the
GABAAR. At the Egapa,r, the diffusion force set by the transmembrane ionic gradient is

balanced by the opposing electrostatic forces between CI” ions (Figure 1.4).
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Figure 1.4: The equilibrium potential for the GABAAR is determined by opposing
thermodynamic forces. The equilibrium potential for the GABAAR (Egapa,r) is largely
determined by the receptors high permeability for Cl". These ions are subject to opposing forces.
The transmembrane Cl gradient favours the inward flux due to the diffusion force. However, in
the intracellular compartment, the electrostatic forces between ClI" ions repel each other forcing
some CI" ions to move outwards. The balance of these two forces sets the equilibrium potential
for CI" (E¢y), which closely resembles the Egapa,r-

The equilibrium potential for Cl" (E¢;) and HCO3™ (Epcos) through the GABAAR can be
calculated by the Nernst Equation. As the GABAAR is permeable to both CI" and
HCOj3", the Egapa,r is determined by combining Ec and Epcos through the
Goldman-Hodgkin-Katz (GHK) equation (Egapa,r, Equation 1.8), which includes the
Universal gas constant (R), the Faraday constant (F) and absolute temperature (T). The
GHK equation is derived from the Nernst equation and can accommodate the different
ions the channel is permeable to. As the permeability for Cl is four times greater than

HCOs’, the Egaga,r is considered mostly equivalent to the E¢;.

RT ( (O] + 0.25[HCO3']e> L8)

E = ——
GABAAR 7 [Cl]i + 0.25[HCO37];

1.2.2 The neuronal transmembrane chloride gradient is set by membrane co-

transporters

The Egapa,r is a key parameter that sets the operating mode of the GABAsR. As
explained in Equation 1.7, the Egapa,r is intrinsically linked to the state of the
transmembrane CI” gradient. Therefore the systems that regulate intracellular CI" are

directly responsible for setting the Egapa,r and, by extension, the manner in which the
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GABAR deploys its effects. CI” homeostasis is maintained through interacting active
and passive processes occurring at the neuronal membrane. These include both
transporters and channels that operate in concert to transport CI" in and out of the
intracellular space (Figure 1.5). In doing so, these mechanisms establish the

transmembrane Cl” gradient, which is responsible for setting the Egapa ,r-

Of the different cation-chloride co-transporters (CCCs) active on the neuronal
membrane, two have a standout role in setting the transmembrane CI~ (Blaesse et al.,
2009; Doyon, Vinay, Prescott and De Koninck, 2016; Kaila et al., 2014). The first is
sodium-potassium-chloride transporter (NKCC1), which transports CI" into the
intracellular space. The main opposition to this CI" influx is the potassium-chloride
co-transporter (KCC2), which extrudes Cl” back into the extracellular compartment.
Together, the relative activity of NKCC1 and KCC2 can either increase or decrease

intracellular CI" and, therefore, move the Egapa ,r in either direction.

The relative activity of NKCC1 and KCC2 can vary over the lifetime of a neuron
(Ben-Ari, 2002; Blaesse et al., 2009; Kaila et al., 2014). Early in brain development, high
NKCC1 leads cortical neurons to operate with high intracellular CI'- (Ben-Ari et al.,
1989; LoTurco et al., 1995; Yamada et al., 2004). This causes GABAergic signalling to be
depolarising, which has an important function in forming synaptic connections
(Akerman and Cline, 2006; Leinekugel et al.,, 1997; Pfeffer et al., 2009, Wang and
Kriegstein, 2011). However, as the brain matures, NKCC1 is downregulated and KCC2
expression increases to shift the neurons into a lower CI” state leading Egapa,r to
become more hyperpolarised (Rivera et al.,, 1999). In this way, KCC2 becomes the
principal CI" extrusion mechanism and therefore sets the driving force (Blaesse et al.,

2009; Doyon, Vinay, Prescott and De Koninck, 2016; Kaila et al., 2014).

As a secondary transporter, KCC2 utilises the cell’s energy ‘indirectly” in the form of
transmembrane gradients that are established by other mechanisms and membrane
proteins. Specifically, KCC2 relies on the co-transport of potassium (K*) to remove CI°
from the intracellular space. In this way KCC2 is dependent on the transmembrane K*
gradient (Viitanen et al., 2010). The sodium-potassium ATPase (Na*/K* ATPase) is the
central mechanism that sets the K* gradient by actively transporting K* ions into the

intracellular space. As the majority of neuronal energy expenditure is dedicated
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Figure 1.5: Neuronal chloride homeostasis is maintained by multiple membrane transporters and
channels. Cation-chloride co-transporters (CCCs) use the gradients of other ions to transport CI°
in opposing directions. CI is extruded through the potassium-chloride co-transporter (KCC2)
and the sodium-chloride-bicarbonate exchanger (NCBE). The sodium-potassium cotransporter
(NKCC1) and anion exchanger (AE3) transport CI" into the intracellular space. The GABA-A
receptor (GABAAR) and glycine receptor (GlyR) are ligand-gated channels that permit CI" to flow
when the receptors are activated by their respective neurotransmitters, GABA and glycine. The
voltage-gated CIC-2 and SLC26A11 channels also permit CI” flux. The sodium-potassium ATPase
(Na*/K* ATPase) consumes significant amounts of energy to establish Na* and K* gradients that
are utilised by the CCCs. Select transporters (i.e. NCBE, AE3) and channels (i.e. GABAAR, GlyR)
transport bicarbonate ions (HCOj3") and therefore have a function in modulating neuronal pH.
This is mainly achieved through the buffering of intracellular HCOj3™ by the carbonic anhydrase
(CA). Figure is based on illustrations from Doyon and colleagues (2016), Rahmati and colleagues
(2018) and Kilb (2021).
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towards the Na*/K* ATPase, by association, maintaining the function of KCC2 requires
significant energy consumption (Doyon, Vinay, Prescott and De Koninck, 2016; Harris

etal., 2012).

In addition to the CCCs, it has been proposed that large charged molecules (e.g. proteins)
on either side of the neuronal membrane are responsible for setting the transmembrane
Cl" gradient (Delpire and Staley, 2014; Glykys et al., 2014; Rahmati et al., 2021). This
is due to these impermeant anions exerting an electrostatic force by causing unequal
distribution of negative charge across cellular compartments by establishing a Gibbs-
Donnan effect (Donnan, 1995). Whilst it has been suggested that impermeant anions are
involved in volume control and implicated in setting the distribution of CI" across the
membrane (Glykys et al., 2014; Rahmati et al., 2021), the driving force of CI" through the
GABAR is exclusively controlled by the function of the CCCs (Diisterwald et al., 2018;
Hille, 2001b; Otsu et al., 2020; Rivera et al., 1999; Voipio et al., 2014).

1.2.3 The equilibrium potential of the GABA-A receptor determines the
strength of synaptic inhibition

The polarity of DFgaga,r determines the direction in which CI” ions will flow through
an open GABAAR. An influx or efflux of negative charge can affect Vy, in different ways
(Figure 1.6A). When Egapa,r is more negative than Ej,, DFgaga,r is positive and
therefore represents a driving force that promotes CI' influx and membrane
hyperpolarisation. The opposite is true in that if Egapa,r is more positive than Ejea,
DFcaBa,r is negative and CI” will flow out of an open GABA4R, with this efflux of
negative charge depolarising the membrane. In the case where Egapa,r is equal to
Ereak, DFcaBa,rR Will be zero and there will be no net electrochemical driving force to

move CI in either direction.

The effect of GABAAR activation on the neuronal membrane is determined by the
DFcaBa,r- When Egapa,r is hyperpolarised relative to Vy,, inhibition is enacted by
pushing Vy, further away from the action potential (AP) threshold (Eccles, 1961; Farrant
and Kaila, 2007; Kaila, 1994; Rivera et al., 1999). Another form of preventing action
potential generation is by reducing the local Ry, so that the effects of incoming

excitatory currents are diminished and summation is prevented. This “shunting”
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Figure 1.6: The the equilibrium potential of the GABA-A receptor determines the strength and
nature of synaptic inhibition. A, The relationship between the reversal potential (Egapa,r) and
resting membrane potential (Vy,) determines the driving force (DFgaga,r) and in doing so sets
the direction that chloride ions (CI') will flow through the GABAAR. When Egaga,r is more
negative than Vy,, GABAR activation permits CI” influx, which hyperpolarises the Vy,, pushing
the neuron further away from the action potential (AP) threshold. If Egaga,r equals Vi, opening
GABAAR decreases the local membrane resistance but does not permit CI” flux. When Egapa,r is
above Vy, but below the AP threshold, activation of the GABAAR will depolarise the membrane.
When this occurs, GABAR activation can either repress or facilitate incoming synaptic inputs
through shunting or summation. If Egapa,r goes beyond the AP threshold, GABAAR action will
trigger APs, and so can be considered to be excitatory. B, A plot of the relationship between
Ecapa,r and Vi, showing where the different responses described are likely to occur. Part A is
adapted from Burman and colleagues (2022).
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inhibition occurs whenever the GABAAR is opened, however as DFgaga,r approaches
zero, it becomes the predominant function of the GABAAR. When Egaga,r is above Vp,,
it depolarises the membrane. The effect of GABAsR-mediated depolarisation varies
depending on the timing of incoming excitatory synaptic inputs, as well as their location
on the neuron (Alger and Nicoll, 1979; Andersen et al., 1980; Gulledge and Stuart, 2003;
Jean-Xavier et al., 2007; Kilb, 2021; Staley and Mody, 1992). For example, at the dendrite,
depolarising GABAAR responses are exclusively excitatory and can facilitate action
potential generation (Gulledge and Stuart, 2003). However, at the soma, if the
depolarising GABAAR response occurs at the same time as an excitatory input, it will
have an inhibitory effect by shunting the incoming synaptic current (Gulledge and
Stuart, 2003). By contrast, if the somatic GABAAR response occurs before the excitatory
input, it can have an excitatory effect (Gulledge and Stuart, 2003). In the most
exaggerated situation, if Egapa,r is allowed to equal or go beyond the AP threshold,
subsequent activation of the GABAAR becomes exclusively excitatory as it is able to
elicit action potentials regardless of its temporal or spatial proximity to other incoming
excitatory synaptic inputs (Staley et al., 1995). In this way, GABAAR function can be

plotted by relating Egapa,r t0 Vi (Figure 1.6B).

1.2.4 Different types of synaptic inhibition have distinct computational

properties

Hyperpolarising and shunting inhibition have different effects on neural computation.
This is largely due to the temporal kinetics with which these two forms of synaptic
inhibition exert their effects (Figure 1.7). Hyperpolarising inhibition has a longer time
course as the recovery of the membrane potential is set by the decay constant of the
membrane, which is a feature of the neuron’s cable properties (Alvarez-Leefmans and
Delpire, 2009; Eccles, 1961). In this way, the voltage effect will last beyond the closure of
the GABAAR (Pavlov et al,, 2011). By contrast, as shunting operates via conductance
effects, this type of inhibition is more temporally-locked to when the GABAJR is open
(Staley and Mody, 1992).

Both hyperpolarising and shunting inhibition have been shown to affect synaptic
integration and, in doing so, modify coincidence detection. Hyperpolarising inhibition

has a long tail of effect that prohibits summation of incoming depolarising currents
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Figure 1.7: Hyperpolarising and shunting inhibition differ in their duration of effect on the
membrane potential. Hyperpolarising inhibition has a prolonged effect on the membrane
potential (Vy,) as the inhibitiory effect (cyan line) outlasts the duration of the GABAAR
conductance (gcapa,r), Which is set when the GABAAR is in an open or closed state. By contrast,
shunting inhibition has a narrower duration of inhibitory effect as it is only active when the
GABAAjR is open. Even when GABA 4R activation is depolarising, it can have an inhibitory effect
through shunting incoming excitatory inputs. Figure is adapted from (Gonzalez-Burgos et al.,
2011).

(Pavlov et al., 2011). However, shunting inhibition has a much shorter duration of effect,
such that only the excitatory synaptic inputs that occur at the same time as local
GABA}R activation are attenuated (Gulledge and Stuart, 2003). Furthermore, previous
computational studies have linked shunting inhibition to key optimisations in network
function. For example, shunting inhibition has been implicated in allowing neuronal
networks to generate high-frequency gamma oscillations (Tikidji-Hamburyan and
Canavier, 2020; Vida et al., 2006). However, these computational predictions have been
based on features of networks of interneurons operating in the hippocampus. It is,
therefore, unknown how different modes of inhibition may affect cortical networks in

vIvO0.

1.2.5 A common view is that the GABA-A receptors provide hyperpolarising

synaptic inhibition

Over the past three decades there have been numerous computational studies that have

modelled synaptic inhibition. In most studies, the mode of inhibition is predefined by
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setting a fixed value for Ej. and equilibrium potential for synaptic inhibition
(Emnhibition), Which can be considered equivalent to Egapa,,r- A small scale review of this
literature reveals that there is a clear tendency to define synaptic inhibition as having a
hyperpolarising effect (Figure 1.8 and Table 1.1), even though these parameters are

largely based on observations made from in vitro studies.
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Figure 1.8: Current bias towards hyperpolarising inhibition in computational studies modelling
synaptic inhibition. A small scale review was conducted of computational studies that explicitly
state the parameters used to establish synaptic inhibition in their models (1 = 34 studies).
The equilibrium potential for inhibition (Enibition, taken to be equivalent to Egapa,r) and the
equilibrium potential for the leak conductances (Ep..x) were plotted to determine the mode of
synaptic inhibition that was deployed. The line of equivalence (dashed line) reflects where
Emnhibition is equal to Epe.x and therefore where inhibition would be purely shunting (blue points).
‘4’ and ‘3’ refer to the number of studies that used the same values. To the left of the line are
studies that used hyperpolarising inhibition (green). Two studies used depolarising inhibitory
conductances (purple). Overall, the majority of studies used hyperpolarising inhibition (inset).
Figure plotted from data in Table 1.1.

Insights into GABAAR synaptic signalling under conditions of undisturbed CI
gradients have been almost exclusively based upon in vitro studies performed in either
acute or cultured brain slices. Whilst these experimental preparations provide excellent
experimental access for studying synaptic signalling, recordings in brain slices are likely
to distort synaptic inhibitory function (Doyon, Vinay, Prescott and De Koninck, 2016).
The slicing process itself is thought to cause a traumatic insult that may alter
intracellular CI” (Berglund et al., 2008; Dzhala et al., 2012; Glykys and Staley, 2016). In
addition, in vitro slices show significantly reduced levels of spontaneous synaptic
activity and notably lower numbers of GABAergic synaptic inputs compared to that

observed in vivo (Bindman et al., 1988; Destexhe et al., 2003; Steriade, 2001). As local
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Author Year | Epnibition | ELeak | DFinnibition | Polarity
To et al (2022) | -80 -65 15 Hyperpol.
Jinetal (2021) | -70 -60 10 Hyperpol.
Currin et al (2021) | -77.41 -65 12.41 Hyperpol.
Liou et al (2020) | -77.84 -57 20.84 Hyperpol.
Currin et al (2020) | -77.41 -71.35 | 6.06 Hyperpol.
Agnes et al (2020) | -80 -65 15 Hyperpol.
Guet-Mcceight et al | (2019) | -70 -60 10 Hyperpol.
Latimer et al (2019) | -80 -60 20 Hyperpol.
Bukoski et al (2018) | -70 -63.56 | 6.44 Hyperpol.
Diisterwald (2018) | -85.06 -72.6 | 12.49 Hyperpol.
Symmonds et al (2018) | -70 -70 0 Shunt.
Muthukum. et al (2015) | -90 -70 20 Hyperpol.
Pouille et al (2013) | -72 -74 -2 Depol.
Sidiropoulou etal | (2012) | -80 -65 15 Hyperpol.
Vogels et al (2011) | -80 -60 20 Hyperpol.
Moran et al (2011) | -90 -70 20 Hyperpol.
Akam et al (2010) | -80 -60 20 Hyperpol.
Vattikuti et al (2010) | -70 -60 10 Hyperpol.
Rothman et al (2009) | -75 -75 0 Shunt.
Vogels et al (2009) | -80 -60 20 Hyperpol.
Ayaz et al (2009) | -80 -65.3 | 14.7 Hyperpol.
Morita et al (2005) | -64 -75 11 Depol.
Mo et al (2004) | -60 -60 0 Shunt.
Murphy et al (2003) | -70 -70 0 Shunt.
Mitchell et al (2003) | -75 -75 0 Shunt.
Prescott et al (2003) | -70 -70 0 Shunt.
Chance et al (2002) | -80 -65 15 Hyperpol.
Destexhe et al (1999) | -80 -75 5 Hyperpol.
Wilson et al (1999) | -75 -75 0 Shunt.
Destexhe et al (1997) | -80 -70 10 Hyperpol.
Holt et al (1997) | -70 -70 0 Shunt.
Wang et al (1996) | -75 -70 5 Hyperpol.
Gabbiani et al (1994) | -65 -62 3 Hyperpol.
Bernander et al (1991) | -70 -65 5 Hyperpol.

Table 1.1: Parameters used in modelling synaptic inhibition. Data plotted in Figure 1.7. Studies
were selected if they explicitly stated both the equilibrium potential for inhibition (Epnibition)
and the equilibrium potential for membrane leak conductances (Ejcak). Only studies simulating
pyramidal neurons were analysed. Polarity was defined by the value of the driving force for
inhibition (DFmnibition). Hyperpolarising ("Hyperpol.”) was defined as DF > 0, pure shunting
('Shunt.”) as DF = 0, and depolarising ('Depol.”) as DF < 0. ‘"Muthukum.’, Muthukumaraswamy.
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network activity has a profound impact on the levels of synaptic connectivity and
activity, it has been predicted that the conductance of cortical neurons in the in vivo
brain will have important implications for how GABA poR-mediated signalling operates
(Doyon et al., 2011; Doyon, Vinay, Prescott and De Koninck, 2016). For example, a low
membrane conductance is representative of low levels of coincident synaptic excitation
and inhibition (as illustrated in Figure 1.2). Here, a cortical neuron will receive few
inhibitory synaptic inputs, resulting in relatively low CI" influx through GABARs, that
is adequately managed by KCC2 extrusion (Figure 1.9A). In this situation, the [CI']; will
be kept low and result in a hyperpolarising DFgapa,r. As the level of synaptic activity
increases, a neuron will receive a greater number of inhibitory synaptic inputs that will
lead to increased activation of the GABAAR. Now the amount of CI influx can
overwhelm the immediate extrusion capacity of KCC2 leading to an increased [Cl']; and
a depolarising DFgapa,r (Figure 1.9B). These theoretical predictions of the impact of
high GABAAR activity on intracellular Cl" have been supported by in vitro experiments

(Yelhekar et al., 2017), but have not been explored in the context of the intact brain.

1.2.6 Short-term ionic plasticity at GABA-A receptors

The strength of GABA sR-mediated synaptic inhibition can be regulated in multiple ways
in order to accommodate high levels of synaptic activity. These include changes to the
number of GABAARs (Goodkin, 2005; Kapur and Coulter, 1995), their location (Feng
et al., 2008; Goodkin et al., 2008; Terunuma et al., 2008), and the receptor’s sensitivity to
activation by GABA (Frosch et al., 1992; Jones and Westbrook, 1995; McCarren and Alger,
1985; Overstreet et al., 2000). Synaptic activity can also affect the transmembrane CI°
gradient that shapes the function of GABAARs (Doyon, Vinay, Prescott and De Koninck,
2016; Kaila et al., 2014; Raimondo et al., 2017; Wright et al., 2011). These activity-driven
alterations to the transmembrane CI” gradient can be long-lasting and due to changes to
CCC function (Kaila et al., 2014; Rivera et al., 2004). Alternatively, these changes to the
transmembrane CI” gradient can also be transient and caused by intense activation of the
GABAAR, a process referred to as short-term ionic plasticity (Raimondo, Markram and

Akerman, 2012; Wright et al., 2011).

Transient changes in intracellular CI, lasting milliseconds to minutes, can occur as a

result of strong GABAAR activity (Figure 1.10A). This was first noticed in early electrical
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Figure 1.9: High GABA-A receptor conductance is predicted to depolarise the equilibrium
potential of the GABA-A receptor. A, During periods of low GABA-A receptor (GABAAR)
conductance, there is limited entry of chloride (CI') into the cell. The potassium-chloride co-
transporter (KCC2) is able to effectively manage the load and the intracellular concentration of CI
([CI'];) remains low. This sets a hyperpolarised equilibrium potential for the GABAAR (Egapa,r)
and a positive driving force for the GABAAR (DFgapa,r)- B, During states of high GABAAR
activity, Cl" influx via the GABAR is increased. Under such conditions, KCC2’s capacity to
deal with the large amounts of Cl" entering the cell can become overwhelmed and therefore
intracellular CI starts to accumulate. The elevated [Cl']; leads to a more depolaried Egaga,r
and a negative DFgaga,r. Figure is based on a review by Doyon et al (2016).
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Figure 1.10: Activity-dependent mechanisms of ionic plasticity at GABA-A receptors. A, Short-
term ionic plasticity is caused by strong activation of GABAsRs, which causes a large influx of CI".
This initiates increased K* extrusion via KCC2, which elevates [K*],, thereby reducing KCC2’s
ability to deal with the large CI" load. B, Long-term ionic plasticity is mediated by decreased
function of KCC2 (e.g. via phosphorylation), increased contribution of NKCC1 or a combination
of both. Together this creates a higher [Cl'];. C, Ionic plasticity at different time scales can cause
an excitatory shift in GABAergic signalling.

GABAAR

stimulation studies, which observed that repetitive activation of the GABA4R can erode
the receptor’s ability to generate hyperpolarising potentials, and can even lead to
GABAergic currents flipping polarity to become depolarising (Alger and Nicoll, 1979;
Andersen et al., 1980; Thompson and Gahwiler, 1989). This shift in GABAAR polarity is
mediated by a rapid influx of CI" that exceeds the immediate extrusion capacity of KCC2
(Isomura et al., 2003; Kaila et al., 1997; Staley and Proctor, 1999; Staley et al., 1995).
Indeed, in trying to compensate for the increased CI load, the elevated KCC2 activity
can cause a greater efflux of K*, which further reduces the capacity of the transporter to
transport CI” (Viitanen et al., 2010). Together, the collapse of the transmembrane CI” and
K* gradients causes Egapa,r to depolarise to an extent that it may even go beyond the
AP threshold and become excitatory (Staley et al., 1995). This short-term ionic plasticity
resolves soon after GABAR activation is discontinued and the intracellular Cl- returns
to its resting level (Lamsa and Taira, 2003; Staley and Proctor, 1999). This activity-driven
excitatory shift in GABAergic signalling is most exaggerated during the
hypersynchronous hyperexcitability associated with seizures. In this context, excitatory
GABAergic signalling has been implicated in both facilitating the propagation of this
pathological state, and making neuronal networks resistant to GABAaR-targeting
antiseizure medications such as benzodiazepines (Burman et al., 2020, 2022, 2019;
Dubanet et al., 2021; Ellender et al., 2014; Fujiwara-Tsukamoto et al., 2010; Magloire
et al., 2018).
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1.2.7 Neuronal activity determines the setpoint for chloride homeostatic

mechanisms

Activity-dependent plasticity at GABAergic synapses can be sustained and,
consequently, completely reset the neuronal CI" setpoint (Figure 1.10B). This can have
either a physiological or pathological effect depending on the state of network activity
in which it occurs. For example, in the strengthening of synaptic connections during
development or learning processes in the brain, repeated activation of GABAergic
synapses can cause Cl” extrusion via KCC2 to be reduced at feed-forward inhibitory
synapses (Fiumelli and Woodin, 2007; Lamsa et al., 2010; Ormond and Woodin, 2011,
2009; Woodin et al., 2003). As a consequence, the [Cl']; will increase and depolarise
EcaBa,r- This positive shift in Egapa,r Will reduce the hyperpolarising effect of
GABA sR-mediated inhibition and in effect weaken postsynaptic inhibition. It is thought
that this form of inhibitory synaptic plasticity is necessary to ‘disinhibit’ postsynaptic
pyramidal cells, which further potentiate glutamatergic synaptic inputs and lead to a

sustained increase in pyramidal cell firing (Ormond and Woodin, 2011, 2009).

Similarly, neurons that have participated in prolonged or recurrent seizure activity have
been shown to have significantly lower levels of KCC2 expression and function in both
animal and human studies (Burman et al., 2019; Huberfeld et al., 2007; Lee et al., 2010;
Rivera et al., 2004; Silayeva et al., 2015). Concurrently, seizure activity has also been
shown to increase NKCC1 expression (Barmashenko et al., 2011; Li et al.,, 2008).
Collectively, these changes to the CCC revert the neuron’s ClI" homeostasis back to its
development state, where GABAergic signalling is excitatory (Ben-Ari, 2002). During
seizures, this excitatory shift in GABAR-mediated synaptic signalling may further
contribute to the initiation and propagation of seizure activity (Alfonsa et al., 2015;

Burman et al., 2019; Kelley et al., 2016).

In both the context of synaptic plasticity and seizures, these enduring changes in CI°
homeostasis appear to be mediated by secondary messenger pathways (Doyon, Vinay,
Prescott and De Koninck, 2016) . The initiation of this process occurs as a result of
calcium influx through co-incident activation of glutamatergic N-methyl-D-aspartate
(NMDA) receptors (Lee et al., 2011) and L-type calcium (Ca®*) channels (Ormond and

Woodin, 2009). Alternatively, activation of neuromodulatory systems can also affect CI-
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homeostasis (Doyon, Vinay, Prescott and De Koninck, 2016; Kaila et al.,, 2014;
Mahadevan and Woodin, 2016; Rivera et al., 2004). These effects can be mediated
through G-protein coupled receptors (GPCRs), such as serotonergic (Bos et al., 2013) and
adenosine receptors (Ford et al., 2015; Ilie et al., 2012), and tyrosine kinase receptors,
such as the brain-derived neurotrophic factor (BDNF) (Coull et al., 2005). In addition,
GABAgRs, which are also GPCRs, have also been implicated in modulating KCC2

function and influencing the driving force for GABAARs (Wright et al., 2017).

1.2.8 Cell-type specific differences in inhibitory signalling and chloride

regulation

Most of our understanding on GABAergic signalling has come from in vitro studies in
excitatory pyramidal neurons. However, there is limited evidence suggesting that
somatic GABA pR-mediated inhibition can differ in interneurons. Across brain regions,
EcaBa,r in fast-spiking interneurons has been found to be more depolarised compared
to regular spiking pyramidal neurons (Banke and McBain, 2006; Gulécsi et al., 2003;
Martina et al., 2001; Otsu et al., 2020; Vida et al., 2006). The higher interneuron somatic
EcaBa,r, particularly in parvalbumin (PV) basket cells, facilitates a preference for
shunting inhibition. Computational data suggests that these interneurons require this
mode of synaptic inhibition in order to facilitate network connectivity through

generating high-frequency oscillations (Vida et al., 2006).

The underlying mechanisms for these cell-type-specific differences in GABAergic
signalling are unclear as there is conflicting evidence on the role of CCCs. Early work by
Martina and colleagues (2001) had shown through pharmacological studies that somatic
CI regulation in interneurons is mediated by increased NKCC1 function, whereas KCC2
function predominates in pyramidal neurons. However, another more recent in vitro
study by Otsu and colleagues (2020) has suggested that somatic KCC2-mediated CI°
extrusion is more efficient in interneurons. Despite this discrepancy in the underlying
mechanisms, the finding that intracellular CI" between pyramidal cells and PV cells is

different suggests that CI" homeostasis is likely to be heterogeneous across neuronal cell

types.
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1.3 Current approaches to probe GABA-A receptor synaptic
signalling

In the previous section, I presented current knowledge on how intracellular CI" is
regulated and its effects upon GABAsR-mediated synaptic signalling. These insights
are largely based on experimental investigations that have used different electrical and
optical methodologies to study GABAAR function in vitro and in vivo. Here I will
elaborate on the approaches used to study GABAergic signalling, whilst highlighting

important technical caveats that need to be considered.

1.3.1 Electrophysiological and optical methods for measuring GABA-A

receptor function

In order to accurately study the function of the GABAJR, it is imperative to use an
approach that causes minimal disruption to the [Cl];.  Over time, different
electrophysiological and optical strategies have been adopted to address this challenge
by either studying GABAAR function directly, or by inferring GABAAR function by
monitoring intracellular CI". Each method varies in its spatial and temporal resolution,
the different/particular parameters that are measured, as well as in the amount of

disruption that the method causes to intracellular CI'.

Optical methods have included using Cl sensitive dyes or genetically-encoded
biosensors to directly measure Cl" levels across intracellular compartments (Arosio and
Ratto, 2014; Bregestovski et al., 2009; Lodovichi et al., 2022). A major advantage of this
approach is that it can measure intracellular CI" across a large number of cells both in
vitro and in vivo, whilst preserving their native ionic state (Boffi et al., 2018; Glykys et al.,
2014; Grimley et al., 2013; Kuner and Augustine, 2000; Pracucci et al., 2021; Rahmati
et al., 2021; Sulis Sato et al., 2017). CI" imaging can be used to study long acting changes
in intracellular CI" state (over minutes and longer) such as during seizure activity
(Burman et al., 2019; Raimondo et al., 2013; Sulis Sato et al., 2017) and diurnal changes

(Klett and Allen, 2017; Klett et al., 2022; Pracucci et al., 2021).

A limitation of CI" imaging is that it does not reveal the state of DFgapa,r, Which is

arguably the most important metric when investigating GABA AR-mediated synaptic
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transmission. Furthermore, CI" reporters have a relatively low signal-to-noise ratio,
which reflects the lower driving force for Cl- compared other ions such as Ca** (Zajac
et al., 2020). This makes it very hard to detect synaptic Cl" fluxes and therefore most CI°
imaging studies either report resting intracellular CI" (Arosio et al., 2010; Boffi et al,,
2018; Pracucci et al., 2021) or the result of intense periods of CI” influxes, such as during
seizure-like activity (Burman et al., 2019; Dzhala et al., 2010; Lillis et al., 2012; Sulis Sato
etal., 2017).

Electrophysiological approaches are able to overcome the limitations of Cl° imaging
approaches by directly probing synaptic GABAAR function and can monitor how the
receptor changes over much shorter time scales (down to the millisecond range).
Different electrophysiology strategies have included cell-attached recordings to isolate
GABAAR channels (Tyzio et al.,, 2006, 2008) and extracellular recordings whilst
activating GABAAR conductances (Dubanet et al., 2021). However, the gold standard is
considered to be gramicidin perforated patch-clamp recordings, which are able to
provide access to intracellular physiology and GABAAR dynamics without disrupting
the transmembrane CI" gradient (Abe et al., 1994; Ebihara et al., 1995; Kyrozis and
Reichling, 1995). Gramicidin perforated patch-clamp recordings have been used to
study physiological and pathological changes in GABAAR, including during synaptic
plasticity (Woodin et al., 2003), over the sleep-wake cycle (Alfonsa et al., 2021) and
during seizures (Burman et al., 2019; Ellender et al., 2014; Ilie et al., 2012). In addition,
this technique can also study near instantaneous changes in GABAAR driving force as a

result of preceding synaptic activity (Raimondo, Kay, Ellender and Akerman, 2012).

Despite its unrivalled ability to measure GABAjR-mediated synaptic inhibition,
perforated patch-clamp recordings have been limited almost exclusively to in vitro
preparations. This is because of the technical challenges associated with achieving and
maintaining the perforation with cation-selective ionophores such as the antibiotic
gramicidin, which does not disrupt transmembrane CI" gradients. There have been
attempts at performing perforated recordings in vivo using amphotericin, an antifungal,
but this perforating agent creates larger pores that do not preserve the integrity of the
CI" gradient (Wang et al., 2016). Therefore, there remains an unmet need to be able to

perform gramicidin perforated patch-clamp recordings in the living brain in order to
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study GABAR function.

1.3.2 Different strategies of activating neuronal chloride flux

A key component of studying intracellular CI" dynamics is being able to assess the
driving force for CI". In order for this to be achieved, Cl-permeable channels, like the
GABAAR, need to be activated in order to permit the flux of CI" ions. Postsynaptic
GABAAR conductances can be activated in different ways (Figure 1.11). These include
focal application of an exogenous GABA or a GABAjR-selective agonist such as
muscimol. This can be performed in vitro (Alger and Nicoll, 1979; Ellender et al., 2014;
Ilie et al., 2012; Yelhekar et al., 2017) or in vivo (Kirmse et al., 2015). However, this
exogenous modulation does not represent physiological GABAergic signalling. This is
because the large amounts of GABA released can quickly saturate the GABAAR, and it

can be difficult to contain the locality of the effect.

An alternate approach is to stimulate endogenous presynaptic GABA release by
activating local interneuron populations. Traditionally, this was done by electrical
stimulation of presynaptic GABA-releasing axons and pharmacologically isolating the
post-synaptic GABA response (Staley and Mody, 1992). The modern approach to do this
is to use optogenetics, which involves expressing light-activated actuators in
GABAergic interneurons (Kétzel et al.,, 2011; Zhao et al., 2011). A major advantage of
this optogenetic approach is that it can be applied to different interneuron
subpopulations, such as PV and somatostatin (SST)-expressing interneurons, and
thereby make it possible to stratify the effects of GABA s R-mediated synaptic inhibition
across neuronal compartments (Pan-Vazquez et al.,, 2020; Udakis et al.,, 2020). In
addition, this optogenetic approach can be used to probe synaptic inhibition in vivo
(Dubanet et al., 2021; Valeeva et al.,, 2016). However, this approach has two major
caveats. First, the optogenetic approach complicates how one can study GABAsR
signalling in different cell types as it relies on initiating GABA release from local
interneurons. Second, changes in the presynaptic release of GABA can affect the

postsynaptic measurements (Kullmann et al., 2005).

With the arrival of optogenetic technologies (Boyden et al., 2005; Nagel et al., 2002, 2003;

Zemelman et al., 2002), new opportunities are being afforded by the development of
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Figure 1.11: Different approaches for activating neuronal chloride fluxes. Exogenous GABA-
A receptor (GABAAR) agonists can be delivered to the neuron. Optogenetic or electrical
stimulation of presynaptic GABAergic interneurons can evoke endogenous GABA release. An
anion channelrhodopsin (ACR) is a light-activated chloride (Cl") channel and, therefore, similar
to the GABA4R in its dependence on the state of the transmembrane Cl” gradient. This means
that upon activation, CI" flux can occur in either direction. Halorhodopsin (eNpHR3.0) is a light-
activated CI" pump that moves CI" into the intracellular space in a manner that is independent
of the state of the transmembrane Cl gradient. As a result, activation of halorhodopsin will only
permit CI” influx.

different optogenetic tools that offer a more direct way of activating CI" fluxes in
neurons. Optogenetic silencing strategies often rely on Cl-mediated mechanisms
(Wiegert et al., 2017). Halorhodopsin, was among the first tools used to inhibit specific
neurons by causing Cl'-mediated membrane hyperpolarisation (Gradinaru et al., 2010;
Zhang et al, 2007).  However, as this light-activated Cl° transporter works
independently of the transmembrane CI" gradient, it can shift the [CI']; and, in doing so,
can distort measurements of the CI” driving force (Alfonsa et al., 2015; Raimondo, Kay,
Ellender and Akerman, 2012) . A more viable optogenetic approach is to use a
light-activated CI" channel, such as an anion channel rhodopsins (ACR), as the function
of this channel would reflect the state of the transmembrane CI” gradient (Berndt et al.,
2016; Govorunova et al.,, 2015; Mahn et al., 2018, Wietek et al., 2015, 2014). This
optogenetic tool offers the potential to study Cl” driving force directly and can be

expressed in genetically-defined neuron populations.

©2022 RJ] Burman 28



Chapter 1

1.4 Aims and Objectives

The overall aim of this thesis was to explore how GABA pR-mediated synaptic signalling
operates across different states of cortical network activity and neuronal cell types. In
pursuing this aim, I addressed the aforementioned gaps in current knowledge in order
to advance our understanding of GABAergic signalling in the intact mammalian cortex.

To achieve this aim, I laid out the following experimental objectives:

The first objective was to establish a method of measuring the biophysical parameters
that set GABAergic signalling in vivo. In Chapter 3, I present a new approach to
performing gramicidin perforated patch-clamp recordings along with the first in vivo

measurements of EGaga ,r-

The second objective was to use this novel electrophysiological method to study how
GABAergic signalling operates in different induced and physiological cortical states. I
address this in Chapter 4 where I compare differences in local network activity and
GABAR-mediated synaptic signalling in the anaesthetised and awake cortex. Here I
also explored how local network activity affects GABAergic signalling by monitoring

changes in GABAR function after excitatory signalling had been shut down.

The third objective was to further explore the relationship between local network
activity and GABAAR function in the awake cortex. In Chapter 5, I investigate how an
animal’s sleep-wake history affects cortical activity and GABAergic signalling. I further
expand on the contribution of local network activity in setting the biophysical

parameters of GABA AR function.

The fourth objective was to establish a direct method for studying neuronal CI
dynamics which does not require the activation of GABAARs. In Chapter 6, I present a
novel optogenetic approach that can be used to determine the resting and dynamic
[CI']e. I further highlight the utility of this novel approach by measuring CI" dynamics

in the intact rodent brain, as well as within different genetically-defined neuronal cell

types.
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Methodology

2.1 Experimental model

For experiments investigating synaptic GABAergic signalling, mice with homozygous
expression of Gad2 fused to Cre recombinase (Gad2tm2(Cre)Zh/] - Gad2-IRES-Cre) were
crossed with mice with homozygous expression for the light-activated Na* channel,
channelrhodopsin 2 (B6;129S-Gt(ROSA )2650rtm32(CAG-COPHHISAR/EYFP)Hze/T  A§3D  line).
This produced a heterozygous colony expressing channelrhodopsin 2 (ChR2,
ChR2(H134R)-YFP) in Gad2-positive neurons, which includes the main subclasses of
GABAergic interneurons (Abe et al., 1994; Kétzel et al., 2011; Ledri et al., 2014; Valeeva
et al., 2016). For experiments investigating Cl" dynamics across excitatory and inhibitory
neuronal subtypes, mice homozygous for CaMKIla-Cre (Tg(Camk2a-Cre)™>15t) or
PV-Cre (B6; 129P2-Pvalb™1(Cre)Arbr) were used, which express Cre recombinase in either
pyramidal neurons (Tsien et al., 1996) or parvalbumin interneurons (Hippenmeyer et al.,
2005), respectively. All transgenic mice were purchased from Jackson Laboratory
(Maine, USA). For in utero electroporation experiments, C57 black 6 (C57/BL6)
wild-type mice were used (purchased from Charles River Laboratories). Husbandry
was provided to all mouse colonies by the Oxford Biomedical Services Unit. In all
experiments, both male and female mice were used at specific ages, as required. Mice
were maintained under a 12-h:12-h light-dark cycle and fed ad libitum. All mice were
bred, housed and used in accordance with the United Kingdom Animals (Scientific

Procedures) Act (1986).
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2.2 Experimental preparations

2.21 Anaesthetised recordings

The preparation for anaesthetised recordings was adapted from previously published
protocols (Jordan, 2021; Jouhanneau and Poulet, 2019; Margrie et al., 2002; Wang et al.,
2016). Mice (6-8 weeks, P36-P48) were anaesthetised with an intraperitoneal (IP)
injection of 25 % urethane (1g/kg, diluted in sterile PBS). To counteract adverse events
caused by urethane, a bolus of the anticholinergic agent, Glycopyrronium Bromide (0.01
mg/kg) was administered subcutaneously (SC). Local anaesthetic (Marcain 2 mg/kg)
was applied intradermally in the scalp and topically in the ears prior to mounting the
mouse into the head holding apparatus (Narishige) under a surgical stereoscope
(Olympus). The mouse’s body temperature was maintained at 37°C using a heating mat
and rectal probe. The animal’s head was shaved and eye-protecting ointment
(Viscotears) was applied to both eyes. The scalp was then removed using surgical
scissors and the area expanded with blunt dissection to expose the skull. The site of the
craniotomy over primary visual cortex was marked. Tissue adhesive (Vetbond) was
applied to fix the surrounding scalp to the skull and to secure cranial sutures. Multiple
layers of dental cement (Simplex Rapid) were applied to create a chamber on top of the
skull. A 0.5 mm craniotomy was drilled over the marked region using a dental drill
(Foredom). The craniotomy was submerged in cortex buffer (containing, in mM: 125
NaCl, 5 KCl, 10 HEPES, 2 MgS0,4-7H20, 2 CaCl,-2H20, 10 Glucose). The bone flap and
dura were removed. The animal was then relocated onto the recording apparatus.
Recording sessions would last a maximum of six hours, after which the animal was

culled.

2.2.2 Awake recordings

The preparation for awake recordings consisted of three phases based on published
protocols (Jordan, 2021; Margrie et al., 2002). The first phase was the fixation of the head
plate. Mice (4 weeks, P28) were anaesthetised with isoflurane (Zoetis) and mounted into
a stereotaxic frame (Kopf).  Subcutaneous analgesia (meloxicam 5mg/kg and
buprenorphine 0.1mg/kg) was administered along with intradermal local analgesic

(marcain 2mg/kg) into the scalp. The scalp was shaved (Wahl) and cleaned (Hibiscrub).

©2022 RJ] Burman 31



Chapter 2

Eye-protecting ointment (Viscotears) was applied. The scalp was then removed and the
site was washed with sterile cortex buffer (containing, in mM: 125 NaCl, 5 KCl, 10
HEPES, 2 MgSO,4-7H20, 2 CaCl,-2H20, 10 Glucose). After drying the skull with
adsorbent swabs (Haag-Streit), the periosteum was removed using a micro curette (Fine
Science Tools). Tissue adhesive (Vetbond) was applied to secure cranial sutures and to
fix surround scalp onto the underlying bone. A custom-designed aluminium headplate
with a 7 mm well was bonded to the skull first with adhesive glue (Loctite) followed by
serial layers of dental cement (Super-Bond). The well was then covered with silicone
sealant (Kwik-Cast). The animal was then singly housed and allowed to recover. From
day three after head plate fixation, the animal was habituated to head-fixation for
increasing time intervals up to 60 minutes, over a period of 5-7 days. On the day of
recording, the animal was first anaesthetised with isoflurane and mounted onto a
stereotaxic frame. The silicone sealant was removed and the area washed with sterile
cortex buffer. A 0.5 mm craniotomy was created using a dental drill (Foredom) and the
bone flap removed. A durectomy was performed and the site was covered with a soft
dressing soaked in cortex buffer. To minimise the effects of anaesthesia, this procedure
was limited to 20 minutes. The animal was then remounted onto the head-fixation setup
and placed onto the recording apparatus. The mouse was allowed to fully recover for at
least 30 minutes before recording was commenced. Recording sessions would last a

maximum of 3 hours, after which the animal was culled.

2.2.3 Postnatal intracerebral viral injection

To selectively express the light-activated stGtACR2 Cl° channel in excitatory or
inhibitory neurons in cortex, the floxed construct hSyn1-stGtACR2-FusionRed packaged
in an adeno-associated virus (AAV1, #105677-AAV1, Addgene) was injected into the
cortex of mice homozygous for either CaMKIla-Cre (to target pyramidal neurons) or
PV-Cre (to target PV interneurons). Briefly, mice (4 weeks, P28) were anaesthetised with
isoflurane (Zoetis) and placed in a stereotaxic frame (Kopf). Analgesic management
included intravenous meloxicam (5 mg/kg) and buprenorphine (0.1 mg/kg) as well as
intradermal marcain (2 mg/kg) injected into the scalp. The cornea were protected with
eye-protecting ointment (Viscotears) and the animal’s temperature was monitored

throughout the procedure. The scalp was shaved (Wahl) and cleaned with a
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chlorhexidine-based solution (Hibiscrub). A midline incision was made that extended
from the interpupillary line to the interaural line. Careful dissection was performed to
expose the underlying cranium. The location of the craniotomy was positioned over the
left primary somatosensory cortex (coordinates in relation to bregma: 3 mm lateral, 1.2
mm posterior). A craniotomy (diameter less than 1 mm) was performed with a dental
drill (Foredom). A bevelled glass micropipette (Blaubrand IntraMARK) preloaded with
undiluted virus was inserted 300 um below the surface of the cortex. A total volume of
500 nL was injected at a rate of 33 nL/min. After every 100 nL, the micropipette was
raised in 50 pm increments. Following completion of the injection, the micropipette was
left in situ for an additional 5 minutes before it was removed. The scalp was sutured (6-0
Vicryl, Ethicon) and the animal recovered before being returned to its home cage.
Following injections, mice were maintained for at least 2 weeks to allow for adequate

expression of the stGtACR2 in the respective Cre-expressing cell types.

2.2.4 In utero electroporation

Breeding pairs from the C57/B6 colony were setup and females checked daily. The day
on which plugging was observed was defined as embryonic day 0.5 (E0.5). In utero
electroporation was performed at E15.5 to maximise targeting of cortical pyramidal
neurons in layer 2/3 (Bitzenhofer et al., 2017; Briz et al., 2017; Langevin et al., 2007;
Tabata and Nakajima, 2001). On the day of the procedure, pregnant dams were
anaesthetised with isoflurane (Zoetis) and given subcutaneous analgesia (5 mg/kg
meloxicam and 0.1 mg/kg buprenorphine). A midline laparotomy was performed and
the uterine horns were exposed. DNA plasmids were loaded into a micropipette made
from borosilicate glass capillaries (Harvard Apparatus) using a horizontal puller
(Sutter). The DNA plasmids consisted of: Cre recombinase under the Chicken [-actin
(CAG) promoter (#13775, Addgene), floxed stGtACR2 under the hSynl promoter
(#105677, Addgene) and the reporter tandem tomato (Tdtomato) under the CAG
promotor (#83029, Addgene). The plasmids were combined in the following amounts:
7 uL of CAG-Cre (3 pg/pL), 7 uL of stGtACR2 (2.6 ug/uL) and 5 uL of CAG-TdTomato
(3.7 ng/pL). 1 uL of 0.03 % fast green dye (Sigma) was added to make a total volume of
20 umL. For each embryo, 1.5 uL of the plasmid-containing mixture was injected

intraventricularly. The anode of a 5 mm Platinum Tweezertrode (BTX) was then

©2022 RJ] Burman 33


https://www.addgene.org/13775/
https://www.addgene.org/105677/
https://www.addgene.org/83029/

Chapter 2

positioned over the dorsal telencephalon external to the uterine muscle and five pulses
of 36 V (each pulse 50 ms separated by a 950 ms interval) was delivered using a pulse
generator (BTX). After all embryos had been electroporated, the uterine horn was
returned to the abdominal cavity which was filled with warm sterile saline solution. The
abdominal wall was sutured closed with Vicryl (Ethicon) and the skin closed with
Prolene sutures (Ethicon). Dams were closely monitored during the recovery period.
Pups were screened for successful electroporation on the third postnatal day (P3), by
illuminating the head with a custom-built light-emitting diode (LED, 525 nm, 30 W) to
detect TdTomato florescence. The pups were weaned at three weeks of age (P21) and

maintained until 6-8 weeks for experiments.

2.2.5 Acute slice preparation

In vitro electrophysiological experiments were performed in left primary somatosensory
cortex (S1) of adult mice (6-8 weeks postnatal), 2-3 weeks after intracerebral viral
injection (Section 2.2.3). Mice were first anaesthetised with isoflurane (Zoetis) and
decapitated. The brain was then sliced into 350 um coronal sections using a microtome
(HM650 V, Thermo Scientific) in carbonated high-sucrose solution maintained at 4°C
and consisting of: 185 mM sucrose, 1.2 mM NaH2PO4, 25 mM NaHCO3, 2.5 mM KCl,
25 mM glucose, 2 mM CaCl, and 2 mM MgCl, (all purchased from Merck). The pH was
adjusted to 7.3-7.4 (520, Mettler Toledo) and osmolarity to 300-310 mOsm (5520 Vapro,
Wescor). Brain slices were recovered in an incubation chamber maintained at 37°C and
containing artificial cerebrospinal fluid (ACSF) consisting of: 120 mM NaCl, 3 mM KCl,
1.2 mM NaH2PO4, 23 mM NaHCO3, 11 mM D-Glucose, 2 mM CaCl, and 2 mM MgCl,
(pH 7.3-7.4, mOsm 300-310 mOsM). Slices were recovered for at least 60 minutes before

starting electrophysiological recordings.

2.3 Immunohistochemistry

2.3.1 Preparation of fixed brain slices

For all whole brain histology, mouse brains were fixed via transcardial perfusion of
phosphate buffered solution (PBS, 0.1 M, Sigma) and 4 % paraformaldehyde solution
(PFA, Sigma). Brains were stored for 24 hours at 4°C in 4 % PFA and then washed and
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stored in PBS containing 0.05 % sodium-azide (Merck). Within a week of perfusion,
brains were washed in PBS and mounted onto a microtome (HM650V, Thermo

Scientific) before being sectioned into 100 um thick coronal slices whilst bathed in PBS.

2.3.2 Antibody staining

Thereafter, slices were washed with fresh phosphate buffered saline (PBS) before being
washed with PBS containing 0.3 % triton (Sigma; 0.3 % PBST). Slices were then blocked
in a solution containing 20 % normal goat serum (NGS) in 0.3 % PBST for 2 hours. The
slices were washed with 0.3 % PBST after blocking and then primary antibody incubation
setup in a solution containing 10 % NGS, 0.3 % PBST plus the relevant primary antibodies
(Table 2.1). For biocytin labelling, only the primary antibody incubation was performed

with an anti-streptavidin antibody linked to fluorophore.

Antibody ‘ Host ‘ Conc. ‘ Supplier ‘ Code
Gad67 Mouse 1:100 | Merck Millipore | MAB5406
Cux1 Rabbit 1:300 | Santa Cruz SC-13024
PV Guinea pig | 1:1000 | Synaptic Systems | 195004
Streptavidin-Cy3 | - 1:1000 | Thermo Fisher 438315

Table 2.1: Primary antibodies. “Conc.’, concentration of antibody used.

Primary incubation was completed at 4°C. After 24 hours, slices were again washed in
0.3 % PBST before incubation with the secondary antibody in a solution containing 5 %
NGS, 0.3 % PBST and a fluorophore-linked secondary antibody specific for the relevant
primary antibody (Table 2.2). Secondary antibody incubations were completed at room
temperature ( 25°C) for 2 hours before slices were washed in fresh PBS. Slices were

mounted on glass cover slips with VectaShield (Vectorlabs).

Antibody ‘ Alexa Fluor ‘ Host ‘ Conc. ‘ Supplier ‘ Code

Anti-mouse 594 Goat | 1:1000 | Thermo Fisher | A-21135
Anti-rabbit 635 Rabbit | 1:300 | Thermo Fisher | A-31577
Anti-guinea pig | 488 Goat | 1:1000 | Thermo Fisher | A-11073

Table 2.2: Secondary antibodies. ‘Conc.’, concentration of antibody used.

2.3.3 Imaging

Confocal imaging was performed using a LSM 880 microscope (Zeiss) equipped with

488 nm, 561 nm and 633 nm lasers. All images were captured using a 20x
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water-immersion objective (W Plan-Apochromat NA 1.0) through the ZEN software

(Zeiss). Image processing was performed in Image] software (NIH).

2.4 Electrophysiology

All electrophysiological recordings were performed using an Axopatch 700A amplifier
with data acquired using Clampex software (Molecular Devices). A HumBug noise

eliminator (Digitimer) was used to remove 50 Hz noise.

2.4.1 Whole-cell patch-clamp recordings

For in vivo experiments, micropipettes were prepared from borosilicate glass capillaries
(Harvard Aparatus) using a vertical puller (Narishige) to obtain a long shaft and tip size
of 5-8 M (Jouhanneau and Poulet, 2019). Pipettes were filled with K*
methanesulfonate internal solution (containing in mM: 110 KMeSO3;, 6 NaOH, 3
MgCl,-6H20, 0.02 CaCl,, 40 HEPES, 0.05 EGTA, 2 Na,ATP, 0.5 NaGTP, 2 MgATP, 10
Biocytin), mounted into an ‘Optopatcher’ pipette holder 7 (A-M Systems) on a
micro-manipulator (Sutter) and lowered onto the brain surface. A silver ground
electrode (Multichannel Systems) was lowered onto the surface of the nearby skull. The
recording site was submerged in cortex buffer. Positive pressure was applied to the
pipette and the pipette was then inserted into the brain at a 45 degree angle from lateral
to medial, to a depth of 200-300 pm from the surface of the brain. Blind patching of
cortical neurons was performed as described previously (Jordan, 2021; Margrie et al.,
2002; Wang et al., 2016). Briefly, neurons were identified by consistent changes in
electrode resistance, at which point positive pressure was removed to allow for the
formation of gigaseal and a holding potential of -70 mV was applied to the pipette.

Whole-cell configuration was achieved by applying brief and gentle suction pulses.

For in vitro experiments, micropipettes (2-5 M(2) with a short shaft were prepared from
borosilicate glass capillaries (Harvard Aparatus) using a horizontal puller (Sutter) and
filled with a K* gluconate based internal solution, which contained (in mM): 126
K-Gluconate, 4 KCl, 4 NapATP, 0.3 NaGTP, 10 Nay-PhosphoCreatine, 10 HEPES, 0.05
EGTA. For experiments in which intracellular CI" was varied (20 mM and 70 mM), this

was achieved by adjusting the amount of K* gluconate and K* chloride. For the 20 mM
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CI internal solution, 110 mM of K-Gluconate and 20 mM KCI were used. For the 70 mM
CI" internal solution, 60 mM K-Glu and 70 KCl were used. All other reagents were
maintained the same. For all internal solutions, pH was adjusted to 7.3 using KOH
(Mettler Toledo) and osmolarity was adjusted to 287-293 mOsm (Wescor). Neurons were

visualised using Dodt contrast and a 60x objective (LUMPlanFI/IR, NA 0.90, Olympus).

2.4.2 Perforated patch-clamp recordings

To perform perforated patch-clamp recordings, the internal pipette solution was
prepared immediately prior to recording by combining a high chloride (150 mM)
solution (in mM: 141 KClI, 9 NaCl, 10 HEPES) heated to 37°C with a stock solution of
gramicidin A (4 mg/ml - dissolved in dimethyl sulfoxide, DMSO, Merck) to achieve a
final concentration of 80 pg/mL gramicidin (Kyrozis and Reichling, 1995). The solution
was then vortexed (40 seconds) and sonicated (20 seconds). The pipette was then
back-filled with the gramicidin solution before being lowered onto the brain surface and
blind patching commenced, as described above. Once the gigaseal had formed,
perforation was then monitored by observing changes in series resistance. Recording
protocols were started once the series resistance had stabilised at <50 MS) for in vitro
recordings and <100 MQ2 for in vivo recordings. Rupture or break through of the
perforation into the whole-cell configuration was detected by sudden and persistent
depolarisation of the measured Egapa, consistent with dialysis of the neuron with the
high CI" pipette solution. The same procedure was followed for in vitro perforated
patch-clamp recordings, except that neurons were visualised using dot contrast and a

60x objective (LUMPlanFI/IR, NA 0.90, Olympus).

2.4.3 Two-photon guided patch-clamp recordings

In vivo targeted patch-clamp recordings were performed in mice (6-8 weeks) following
the protocol described by Jouhanneau and Poulet (Jouhanneau and Poulet, 2019).
Briefly, mice were anaesthetised and the cortex exposed as described in Section 2.2.1.
Patch pipettes were filled with same internal solution described for either whole-cell
(Section 2.4.1) or perforated (Section 2.4.2) patch-clamp recordings, with the addition of
15 mM Alexa Fluor 594 dye (Thermo Fisher). Pipettes with positive pressure (200-300

mBar) were lowered onto the brain surface under 4x magnification (Plan N, NA 0.10,
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Olympus). The pipette was then visualised under 40x magnification (LUMPlanFI/IR
NA 0.80, Olympus), inserted into the brain (200-300 um from the surface), and the
positive pressure lowered to 20-30 mBar. The pipette was then located using a
custom-built two-photon microscope, which consisted of a modified confocal scan unit
(Olympus FV300) coupled to a Ti:Sapphire laser (Newport Spectra-Physics Mai Tai HP;
wavelength 820 nm, power 50 mW). The positive pressure released the Alexa dye into
the extracellular space, revealing the ‘shadows’ of neuronal cell bodies (Kitamura et al.,
2008). A neuron was approached and, when consistent changes in electrode resistance
appeared, the positive pressure was released and the holding potential clamped at -70
mV in voltage-clamp mode to assist gigaseal formation. Targeted patch-clamp
recordings of labelled neurons were performed in mice that had undergone IUE
(Section 2.2.4). In these recordings the craniotomy was placed over the area of
maximum tdTomato expression detected using a custom-built LED (525 nm, 30 W).
Before pipettes were inserted into the cortex, neurons were first visualised using the
two-photon microscope (930 nm) and images were acquired using FluoView software

(Olympus).

2.5 Manipulations

2.5.1 Activation of synaptic GABA signalling

To probe synaptic GABA responses in vivo, presynaptic GABA release was evoked by
activating channelrhodopsin-expressing Gad2+ interneurons via a 50 um fibre
(Thorlabs) embedded in the Optopatcher pipette holder (A-M Sytems) and connected to
a 473 nm laser (MBL-FN-473-150 mW, CNI Laser). For in vitro studies, focal GABA (100
uM, Torcis Biosciences) was applied in the vicinity of the soma via a micropipette

attached to a picospritzer (5 psi, 10 ms, General Valve).

2.5.2 Blocking intraneuronal chloride extrusion

KCC2 function was blocked using the selective antagonist, VU0463271 (Delpire et al.,
2012). First, a 0.5 mM stock solution was made by dissolving VU0463271 (Torcis) in
DMSO. For in vivo experiments, a working solution of 100 uM VU was used by diluting

the VU stock in cortex buffer and this solution was injected directly into the cortex using
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a micropipette at a rate of 33 nL/min to a total volume of 200 nL. For in vitro experiments,

VU was added to the circulating ACSEF solution to achieve a final concentration of 10 uM.

2.5.3 Altering extracellular anions

Negatively charged extracellular glycosaminoglycans were lysed using the proteolytic
enzyme chondrotinase ABC (ChABC, Merck) following the same protocol outlined by
Glykys and colleagues (2014). ChABC was first reconstituted in 0.01 % bovine serum
albumin (BSA) aqueous solution. On the day of the experiment, the reconstituted
ChABC was diluted in a buffer (50 mM Tris, 60 mM sodium acetate and 0.02 % BSA, pH
8.0) to create a working solution of 2 U/mL before being applied to the cortex. ChABC
experiments were performed after adding a glutamatergic receptor blocker (see Section
2.5.4) to eliminate the potential for ChABC to affect the recorded neuron indirectly via

changes to local network activity (Glykys et al., 2014).

2.5.4 Shutting down cortical network activity

To reduce network activity, the a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA) receptor blocker, 2,3-dihydroxy-6-nitro-7-sulfamoylbenzo (F) quinoxaline
(NBQX) was used (Sheardown et al., 1990). A stock solution of 1 mM was created by
dissolving NBQX (Torcis) in DMSO. On the day of recording, a working solution of 100
uM was made by diluting the stock solution in ACSF. This solution was then injected

directly into the cortex (250 nL total at a rate of 33 nL/min).

2.5.5 Acute sleep deprivation

Acute sleep deprivation was performed following the same protocol described by Alonsa
and colleagues (2021). During habituation, animals were exposed to novel objects to
encourage them to engage in exploratory behaviour. On the day of recording, animals
were sleep deprived for three hours starting from the onset of the light cycle. Animals
were kept awake by presenting novel objects whilst being under continuous observation.
As soon as the animal appeared to lose interest in the object, it was replaced with an
alternative object. Immediately following the three hour sleep deprivation, a craniotomy
and durectomy was performed prior to starting the patch-clamp recordings (as described

in Section 2.2.2).
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2.5.6 Blocking GABA-B receptor activation

During in vitro experiments, focal application of exogenous GABA non-selectively
activates both GABAARs and GABAgRs. Therefore, to isolate GABAAR function,
GABAgRs were blocked with the selective antagonist, CGP 55845 (Cunningham and
Enna, 1996). A stock solution of 100 mM was made by dissolving CGP 55845
hydrochloride (Torcis) in DMSO. On the day of recording, stock solution was added to

circulating ACSF to give a working concentration of 10 uM.

2.5.7 Activation of stGtACR2

During in vitro experiments, stGtACR2 was activated via a 1000 pm fibre connected to
a 405 nm laser (MDL-III-405-300 mW, CNI Laser). Light was delivered to brain slices
through the 60x objective (LUMPlanFI/IR, NA 0.90, Olympus). For in vivo experiments,
stGtACR2 was activated using a 50 um fibre (Thorlabs) embedded in the Optopatcher
pipette holder (A-M Sytems) and connected to a 473 nm laser (MBL-FN-473-150 mW,
CNI Laser)

2.6 Recording protocols and data analysis

Recording protocols were configured on Clampex (Molecular Devices). Data was
analysed offline using custom-made Python scripts, unless otherwise stated. All raw
data is securely stored on the Akerman laboratory internal server managed by the

University of Oxford Medical Science Division IT support staff.

2.6.1 Offline corrections

Whole-cell patch-clamp recording measurements were corrected for liquid junction
potential (Barry and Lynch, 1991; Marty and Neher, 1995). The liquid junction potential
(LJP) was calculated using the stationary Nernst-Planck equation (Marino et al., 2014)
using the open-source L]Pcalc software package. For the K methanesulfonate internal
solution the LJP was -8.6 mV and for the K* gluconate internal solution the LJP was
-13.5 mV. For perforated patch-clamp recordings, the effect of the liquid junction
potential is believed to be negligible. This is because the lack of anion permeability

means that the negative charge is balanced on either side of the neuronal membrane
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(Kyrozis and Reichling, 1995).

Furthermore, the concentration of K*, which is the main permeant cation, eventually
reaches an equilibrium which leads to a balance of charge between the intracellular and
pipette compartments. For both whole-cell and perforated recordings, the pipette offset
(mV) was measured at the end of each recording and subtracted from the current-clamp

recordings (Marty and Neher, 1995).

During perforated patch-clamp experiments, online series resistance compensation was
not used. The high amount of activity in the in vivo brain would cause large fluctuations
in required input current, which is known to increase the rate of perforation rupture
(Lundbeek et al., 1997; Staley and Proctor, 1999). However, to correct for series resistance
effects, offline correction was performed (Traynelis, 1998). The voltage drop (Vp) caused
by the series resistance (Rs) was calculated by multiplying the measured current response
(I) with 90 % of the Rs. The Vp is then subtracted from the command voltage (V¢) to
calculate the estimated voltage (Vi) of the neuronal membrane (see Equation 2.1 and

Equation 2.2).

Vb =1 x0.9x Rs 2.1)

VE=Vc—Vp (2.2)

2.6.2 Measurements of membrane properties

Input resistance (R;) was calculated from measuring the steady-state change in current in
response to a -10 mV step during voltage-clamp recordings (Equation 2.3 and Equation

2.4).

AT = I pfter -10mv step — Tgefore -10mv step (2.3)
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_ —10mV

N (2.4)

To calculate series resistance (Rs; also known as access resistance), a combination of two
methods were used. First, the peak current in response to a -10mV voltage step was used

to calculate the Rs (peak method, Equation 2.5).

VStep

Rs, . = (2.5)

I Peak measured

Second, an exponential was fitted to the decay of the transient current in response to a

-10mV step to estimate the peak (exponential method, Equation 2.6 and Equation 2.7).

—t

I Peak estimated — I Peak measured X €$p( ) — Al (26)
TDecay
VSte
_ P
SExponential ~ —1x T ] (27)
Peak estimated

Where the t describes the time required for the current to return to baseline and the decay
time constant (Tpecay) is measured from the peak of the transient current to the resting
current. These two methods gave very similar values and so the numerical average of

both methods was used as a final estimate of Rs (Equation 2.8).

_ RsPeak + RsExponential
s =
2

(2.8)

To isolate the Ry, Rswas subtracted from the measured R; (Equation 2.9).

Rm = R; — Ry (2.9)
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2.6.3 Estimating the intracellular concentration of chloride

To estimate [CI']; from Egapa,r, the GHK equation (Equation 2.10, based on Equation

1.7 from Section 1.2.1) was used:

[Cl); = exp<W) x([Cl]e + 0.25[HCO3]e) — 0.25[HCO57); (2.10)

Where the extracellular concentration of CI" ([Cl']e) was 137 mM (based on the cortex
buffer recipe for in vivo recordings, see Section 2.2.1, and adjusted to 131 mM for the
ACSF used during in vitro recordings, see Section 2.2.5). The extracellular concentration
for bicarbonate ([HCOj3]e) was 15 mM and intracellular concentration for bicarbonate
([HCOs57];i) as 24 mM (derived from typical extra- and intracellular pH values presented
by Raimondo and colleagues (2015) based on pH measurements by Casper and
colleagues (1972) and Raimondo and colleagues (2012)). Constants used were the
universal gas constant (R = 8.3144598), the Faraday constant (F = 96.485 C/mol) and

absolute temperature (T = 310.55 K).

2.6.4 Membrane potential measurements from current-clamp recordings

To measure the resting membrane potential from current-clamp recordings,
spontaneous activity was recorded for five minutes in current-clamp mode. During
analysis, membrane potential values greater than -40 mV were removed to avoid
distortions caused by action potentials. Average distribution plots were created by
concatenating all membrane potential values across all neurons in each group, to which

a Gaussian kernel-density estimate was then fitted.

2.6.5 Background synaptic activity

The level of background subthreshold synaptic activity was determined by measuring
the rate of change in the membrane potential over time, after excluding action potentials
and transitions between states. The rate of change in the membrane potential was

calculated by taking the first derivative (Vi dV/dt in mV/ms). To remove distortions
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caused by large fluctuations in membrane potential (i.e. during the transition between
cortical up and down states), the derivative value was first winsorised before calculating

the mean of the modulus of the V,, dV/dt for each neuron.

2.6.6 Polarity of GABAergic responses

GABA responses were evoked with a 10 ms light stimulation, presented during one
second sweeps. The average of 15 sweeps was then calculated and normalised to mean
voltage across the 100 ms preceding the light stimulation. The effect of the GABA
response was determined by calculating the mean normalised membrane potential for
100 ms from the start of the light stimulation. If the mean value was greater than zero,
responses were classified as depolarising, whereas values below zero were classified as
hyperpolarising. To test for differences in the polarity of responses, proportions were
compared between groups using a Fisher-exact test with an alpha value of 0.05 (i.e. the

threshold for statistical significance was defined as p < 0.05).

2.6.7 GABA-A receptor equilibrium potential

As described in Section 1.2.1, the Egaga ,r is the voltage across the neuronal membrane
at which point there is no net ion flux through the GABAAR. To measure Egapa,r, the
voltage where the current through the activated receptor is equal to zero was measured
using two types of voltage-clamp protocol: a ramp protocol and a step protocol. The
ramp protocol was used most often to calculate Egaga,r and involved clamping the
neuron at -70mV, and then imposing two consecutive voltage ramps, each lasting 150
ms, which extended from 60 mV below the holding voltage to 40 mV above the holding
voltage (i.e. from -130 mV to -30 mV, at a rate of 0.7 mV/ms). The first ramp (‘baseline
ramp’) served as a control for the neuron’s intrinsic membrane currents and the second
ramp (‘light ramp’) included a GABA conductance that was initiated 30 ms prior to the

start of the ramp, to ensure the evoked GABA current was at its peak during the ramp.

During analysis, the first and last 15 ms of each ramp were excluded to avoid large
transient currents caused by the discharge of pipette capacitance. The currents from
both ramps were then superimposed on a current-voltage (IV) plot using the series

corrected voltage (see Section 2.6.1) and to avoid action potentials and capacitance
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transients distorting measurements, the current responses were cropped to only include
regions that were clear of these sources of contamination. A straight line was fitted to
both currents. The current from the baseline ramp was used to infer the reversal
potential of the leak current, defined as the membrane potential at which the fitted line
was equal to zero. The point at which the fitted lines for the two ramps intersected is
EcaBa,r- This can also be calculated by subtracting the current response of the baseline
ramp from the light ramp. The voltage at which a fitted line to this subtracted current is
equal to zero, is equivalent to Egapa,r- The driving force can then be calculated by
subtracting the measured Egapa,r from the Ep.,x which is reflective of the resting
membrane potential (RMP) (Equation 1.6). In addition, the slope of the subtracted

current is equal to the GABA conductance.

The step protocol involved estimating Egapa,r from a voltage-clamp protocol in which
the neuron was exposed to a series of voltage steps, whilst eliciting a GABA response
at each step. The voltage was stepped in 10 mV increments from -130 mV to -30 mV.
Each step lasted 500 ms, with 10 s between steps. The GABA conductance was activated
100 ms after the start of the step, using a 100 ms pulse of blue light to optically release
presynaptic GABA. Current measurements were made before and 30 ms after activation
of the GABA conductance. The two currents were then analysed in a similar way to that
described for the ramp protocol. In experiments on stGtACR2-expressing neurons, the
reversal potential for stGtACR2 (EgGtacre) was calculated using the same voltage ramp

and step protocols, except that the CI” flux was generated by activating stGtACR2.

2.6.8 KCC2-mediated chloride extrusion kinetics

To measure Cl° extrusion kinetics, voltage-clamp recordings were performed in
stGtACR2-expressing neurons, where CI” fluxes could be activated optically. During the
baseline period, the holding current was measured by performing a ramp protocol (as
described in Section 2.6.7). Thereafter, neurons were loaded with Cl” by prolonged (1 s)
activation of stGtACR2, whilst concurrently increasing the CI” driving force by clamping
the membrane potential at +20 mV. Immediately following this 1 s loading period,
sequential measurements of Egciacry Were made by performing voltage ramps whilst
activating stGtACR2 (starting 100 ms after loading and then at 5 s intervals). The

changes in Egciacro were then plotted over time and a single exponential curve was
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then fitted to the data to calculate the one phase decay constant for Eqgiacre (TstGtacr?2)

using Equation 2.11.

ESthACRz(OO) )

2.11)
SthACRZ(ﬂ) - ESthACRZ(OO)

1
= —_—— l
TstGtACR2 K X n< E

Where EgGiacro) is the Eggiacro measured immediately after the loading period,
EsiGtaCR2(c0) 18 the Egcracro during steady state, and K is the rate constant (expressed as
the inverse second, s). The time constant, tau (TgGiacre), is the reciprocal of the rate
constant (reported in s) and reflects the time taken for the Egciacry to reach a steady
state. The TyGtacre therefore captures how quickly the neuron is able to extrude the CI°

introduced during the loading period.

2.6.9 Biostatistics

The majority of the statistical analyses was performed using the Python SciPy library.
The only exception was the analysis of time constants which was performed using the
one phase decay analysis tool in the GraphPad Prism software package (v8.0.0,
Dotmatics). In all analyses, an alpha value (p-value, p) of < 0.05 was considered
significant. All data is reported as mean + standard error of the mean (SEM). For
comparative statistics, the distribution of the continuous data was first established using
the Shapiro-Wilk test for normality, which guided the subsequent use of appropriate

parametric and non-parametric tests.
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Investigating GABA-A receptor

signalling in vivo

3.1 Introduction

Fast synaptic inhibition is principally mediated by CI" permeable GABAR. In order to
accurately study the function of these receptors, we require methods that preserve the
transmembrane CI” gradient, whilst also affording the opportunity to activate synaptic
GABARs. Gramicidin perforated patch-clamp recordings remain the gold standard for
studying GABAAR dynamics, as they afford the ability to study the driving force on the
receptor under conditions where the transmembrane CI" gradient is left intact (Abe
et al., 1994; Ebihara et al., 1995; Kyrozis and Reichling, 1995). This method is technically
challenging due to the long recording times and requirement for pipette stability, and
for these reasons have been performed using in vitro preparations such as dissociated
neuronal cultures (Abe et al.,, 1994; Ebihara et al., 1995; Kyrozis and Reichling, 1995),
organotypic brain slice cultures (Mohajerani and Cherubini, 2005) and acute brain slice
preparations (Tanaka et al., 1997). However, while in vitro studies offer excellent access
for studying inhibitory synaptic signalling, they are limited in that they are not
representative of the activity and connectivity of the intact brain (Bindman et al., 1988).
Imaging with genetically-encoded fluorescent reporters has offered an alternative
approach to estimate intracellular CI" in vivo (Boffi et al., 2018; Glykys et al., 2014;

Pracucci et al., 2021; Rahmati et al., 2021; Sulis Sato et al., 2017). However, these
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reporters do not provide information on a cell’s membrane potential and lack the
sensitivity to reveal synaptic CI fluxes, and therefore cannot capture the electrochemical
driving force for CI" at GABAergic synapses. For this reason, there remains a compelling
case for developing a method that preserves native transmembrane CI” gradients in the
intact brain and is also able to provide information on both the membrane potential and

ion flux through synaptic GABARs.

The first objective of this Chapter was to establish a method for selectively evoking
synaptic GABAergic signalling in vivo. This involved replicating previous work in
which an optogenetic approach was used to elicit presynaptic GABA release in order to

activate postsynaptic GABA signalling (Valeeva et al., 2016). The second objective was

to measure the driving force for GABAJR currents in vivo. To achieve this, I modified
established methods for performing in vivo whole-cell patch-clamp recordings (Margrie
et al., 2002), in such a way that the transmembrane CI" gradient remains unperturbed.
Having established a method of recording the driving force for GABA4R currents, I then
focussed on the mechanisms that establish the driving force for this receptor in vivo.
There is strong in vitro evidence demonstrating the importance of the CI” cotransporter,
KCC2, in setting the CI" driving force (Blaesse et al., 2009; Rivera et al., 1999), but this
has not been demonstrated in the intact brain. Therefore, the third objective was to test
whether blocking KCC2 modulates DFgaga,r in vivo. Finally, previous controversial
work has proposed that impermeant anions are responsible for setting the
transmembrane CI” gradient in neurons (Glykys et al., 2014; Luhmann et al., 2014; Voipio
et al., 2014). Subsequent computational and in vitro experimental data have suggested
that this mechanism cannot account for the driving force for GABAsR currents
(Diisterwald et al., 2018), although it remains unknown how impermeant anions operate
in the intact brain. The final objective of this Chapter was therefore to investigate how

manipulating extracellular impermeant anions affect GABA AR signalling in vivo.

3.2 Optical activation of interneurons elicits postsynaptic

GABA-A receptor responses in vivo

As described in Section 1.3.2, there are different methods for activating GABAARs in

order to study the receptor’s equilibrium potential. Traditionally this has been
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performed by focal application of exogenous GABA. However, as this approach requires
positioning a micropipette in close proximity to the recorded neuron, it is not feasible in
vivo, especially when the patch-clamp recordings are performed blind. Furthermore,
exogenous GABA is likely to activate extrasynaptic receptors on the recorded neuron,
rather than those that are restricted to GABAergic synapses. To overcome these
limitations, an optogenetic approach was adopted here. This involved producing a
transgenic mouse in which the light-activated cation channel, Channelrhodopsin-2
(ChR2), was expressed in all Glutamate Decarboxylase (Gad) expressing
GABA-releasing interneurons (Kétzel et al., 2011). When these interneurons are exposed
to blue light, ChR2 is activated, allowing cation influx and suprathreshold neuronal
excitation (Boyden et al., 2005). This results in the release of presynaptic GABA and
activation of postsynaptic GABAARs. This approach is amenable to in vivo recordings as
it does not require the insertion of an additional pipette or cell targeting. In addition, the
blue light can be delivered via a customised pipette holder, an ‘Optopatcher’, which

delivers the light close to the tip of the recording pipette (Katz et al., 2013).

The first experiment focused on reproducing this optogenetic approach to study
synaptic GABAAR signalling in vivo. A transgenic colony was generated by crossing
homozygous Gad2-Cre mice with homozygous ChR2-EYFP mice (as explained in
Section 2.1), to produce heterozygous Gad2-Cre-ChR2-EYFP mice. To confirm that light
pulses could indeed evoke post-synaptic inhibitory potentials in this mouse, I
performed in vivo whole-cell patch-clamp recordings in juvenile mice (postnatal age 4-8
weeks) anaesthetised with urethane (Figure 3.1A). Using a blind approach in which
neurons are identified by monitoring current deflections (Margrie et al.,, 2002), I
performed current-clamp recordings from either pyramidal neurons or ChR2-expressing
interneurons (Figure 3.1B). Upon activation of the ChR2 with blue laser light (470nm),
the membrane potential of the pyramidal neuron exhibited a hyperpolarising deflection,
indicative of post-synaptic inhibition (Figure 3.1C). Meanwhile, blue light caused the
rapid firing of presynaptic action potentials in a ChR2-expressing interneuron (Figure

3.1C).
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Figure 3.1: Optical activation of Gad2-positive interneurons evokes post-synaptic GABA receptor
responses in cortical pyramidal neurons in vivo. A, Schematic of whole-cell patch-clamp recording
in visual area 1 (V1) of a transgenic mouse expressing channelrhodopsin-2 fused to enhanced
yellow fluorescent protein (ChR2-EYFP) in Gad2* interneurons. The Gad2+ interneurons express
Cre-recombinase and are therefore able to remove loxP sites controlling ChR2-YFP expression.
Using this system, it is possible to selectively express ChR2-YFP only in Gad* GABA-releasing
interneurons. To activate ChR2, blue laser light pulses were delivered through a 50 um optical
fibre that is positioned close to the pipette tip. This allows for the activation of ChR2-expressing
pre-synaptic neurons that synapse onto the recorded neuron. Inset shows the whole-cell
recording configuration, where the concentration of chloride (CI') in the pipette solution is able
to dialyse and influence the intracellular Cl" level. B, Confocal images of a biocytin-filled layer
2/3 pyramidal neuron stained with streptavidin-fluorophore conjugate, streptavidin-CY3 (top)
and a layer 2/3 Gad2* interneuron stained with a Gad67 antibody (bottom). C, Current-clamp
recordings (‘IC’) of a light-evoked response (100ms blue light illumination) from a pyramidal
neuron (top) and a Gad2* interneuron (bottom).
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3.3 Gramicidin perforated patch-clamp recordings in vivo

Having successfully reproduced an optical method of eliciting post-synaptic GABA
receptor responses in vivo, I next focussed on establishing perforated patch-clamp
recordings in vivo. A major limitation of the whole-cell recording technique is that the
contents of the pipette dialyse the neuronal cytosol and thereby affect transmembrane
ion gradients (Marty and Neher, 1983). This can be avoided by creating ion-specific
pores in the membrane that provide electrical access to the neuron, thereby avoiding the
need to create a large, non-specific hole in the membrane. The antibiotic gramicidin
creates cation-specific pores in the membrane that only permits Na* and K* ionic flux
(Hladky and Haydon, 1984; Myers and Haydon, 1972). This allows for the electrical
activity of the neuron to be measured without disrupting the transmembrane CI°
gradient, thereby preserving the native function of GABAARs (Abe et al., 1994; Ebihara
et al., 1995; Kyrozis and Reichling, 1995).

As with the whole-cell recordings described in Section 3.2, layer 2/3 cortical pyramidal
neurons in V1 were targeted using the same blind patching approach, but now with a
pipette containing gramicidin (Figure 3.2A). Once a gigaseal had been obtained (defined
as a total resistance 1 Gf2), membrane perforation was observed by monitoring changes
in the current deflection following a 10 mV step, also known as a ‘seal’ or ‘membrane’
test (Figure 3.2B). As the gramicidin pores became embedded in the neuronal
membrane, changes in the total resistance were observed. Total resistance is the sum
total of the membrane resistance (R.,) and the access or series resistance (R, defined as
the resistance to electric charge at the junction between the tip of the micropipette and
neuronal membrane). After 10 minutes from when the gigaseal had formed, I observed
a 20-fold change in the Ry (mean Ry gmin: 1126.9 + 35.8 MQ vs Rq_jgmin: 50.2 + 3.8 M(2),
indicating that the membrane patch had been perforated. In this state, I could record
spontaneous neural activity and optically-evoked synaptic GABA responses (Figure

3.2C and D).

The Rs limits the flow of charge between the neuronal membrane and the silver
electrode within the micropipette. This can compromise the ability to control the
neuron’s membrane potential when using voltage-clamp recordings, resulting in a

distortion between the voltages that are set by the amplifier (the holding potential) and
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Figure 3.2: In vivo gramicidin perforated patch-clamp recordings. A, Schematic of gramicidin
perforated patch-clamp recordings in primary visual cortex (V1). The inset shows how gramicidin
creates cation-selective pores on the neuronal membrane that avoid disruption of intracellular
chloride (CI') levels. B, A summary plot of series resistance (Rs) over time (black line indicates
mean, grey shading indicates standard error of the mean, n = 10 neurons, 7 mice). Inset
traces are from a voltage-clamp (VC) recording from a layer 2/3 pyramidal neuron showing
current responses to a 10 mV hyperpolarising pulse at gigaseal (0 min) and after perforation
(10 min). C, VC and current-clamp (IC) recordings of spontaneous pyramidal neuron activity.
D, Light-evoked post-synaptic GABA currents (in VC) and potentials (in IC) recorded from a
representative layer 2/3 pyramidal neuron. ‘Ry,’, membrane resistance; ‘Ry’, series resistance.

the actual voltage reached by the neuronal membrane. For this reason, I recorded the Rg
throughout all recordings and used this to estimate the actual voltage of the neuron, by
correcting for the voltage that is lost, or ‘dropped’, at the tip of the microelectrode (as

described in Section 2.6.1).

To validate the integrity of the perforation created by gramicidin, I conducted
perforated patch-clamp recordings under two-photon guidance (Figure 3.3A). By
including an AlexaFluor fluorescent dye in the pipette solution, I was able to visualise
the pipette in the cortex using two-photon microscopy (Margrie et al., 2003). Under
positive pressure, the dye is released into the extracellular space revealing the ‘shadow’

of cortical neurons, which do not take up the dye (Kitamura et al., 2008). Furthermore,
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Figure 3.3: Two-photon imaging confirms gramicidin perforated patch-clamp recording in vivo.
A, Schematic of experimental setup. A micropipette filled with gramicidin and AlexaFluor 594
(Alexa594) was visualised using two-photon microscopy at a wavelength of 820 nm. Inset shows
that in the perforated configuration, Alexa594 cannot pass through the gramicidin pores and
therefore cannot enter the intracellular space of the recorded neuron. B, Two-photon images
of a gramicidin perforated patch-clamp recording showing Alexa594 retained within the pipette
during the perforated stage (top) and then after breakthrough into the whole-cell configuration
when the neuron filled with Alexa594 (bottom).

as the AlexaFluor dye is a large molecule, it would not be able to pass through the
cation-selective pores created by the gramicidin. I confirmed this by observing that
when the perforation was intact, the dye remained in the pipette (Figure 3.3B).
However, when I broke through into the whole-cell configuration, the neuron filled with

the dye (Figure 3.3B).

3.4 The first in vivo measurements of the GABA-A receptor

equilibrium potential

To measure the equilibrium potential for light-evoked synaptic GABA responses, I
performed voltage-clamp recordings. This allowed the voltage of the neuron to be
controlled, whilst the current required to change the neuron’s membrane potential was
recorded. As described in Section 1.2.1, the equilibrium potential for GABA is the
voltage at which there is no net ion flux, or charge, through the GABA receptors, and
therefore the measured current will be zero. In line with previous studies (Garduno
et al., 2002; Ilie et al., 2012; Jin et al., 2005; Owens et al., 1996; Yelhekar et al., 2016), I used
a voltage ramp protocol in which the holding potential was varied from -130 mV to -30
mV (60 mV below the holding potential of -70 mV to 40 mV above the holding potential,

Figure 3.4A). The protocol consisted of two ramps, each 150 ms in duration with a
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change in the voltage (dV/dt) of ~0.7 mV/ms, and 500 ms between the two ramps. The
first ramp served as a control and the second ramp was timed to occur during the
light-evoked synaptic GABA conductance (started 30 ms before the start of the ramp).
The resulting ramp currents could then be superimposed on a current-voltage (IV) plot
(Figure 3.4B). The voltage at which the control ramp current equals zero can be
considered the RMP. The RMP can then be used to infer the equilibrium potential for the
neuron’s leak conductance (Epe,x). Meanwhile, the difference between the two ramp
currents represents the current-voltage relationship of the activated GABA conductance,
and the voltage at which the first and second ramp currents are equal provides an
estimate of Egapa. This can be more clearly seen by plotting the result of subtracting the

first ramp current from the second ramp current (Figure 3.4C).

To confirm the integrity of the perforation, the gramicidin pipette solution contained a
high concentration of CI" (~141 mM). The rationale was that if this solution were to
dialyse with the intracellular cytosol, there would be a significant increase in [C]]; and a
pronounced depolarizing shift in Egapa (Howard et al., 2007; Raimondo, Kay, Ellender
and Akerman, 2012; Staley, 1994). To illustrate this, equivalent data is shown during
perforation and after forcing breakthrough into a whole-cell mode (Figure 3.4A-C).
Finally, to confirm the stability of the perforated configuration, the RMP, Egapa, and
DFcapa were monitored over a 30-minute period in a subset of neurons (Figure 3.4D). I
repeated the ramp protocols to measure Egapa every one to three minutes. These
cellular parameters showed minimal fluctuation over a 30-minute recording, with the
driving force remaining consistently hyperpolarising before the forced breakthrough
was initiated (Egapa post-breakthrough: -35.22 + 3.7 mV, n = 6 from 6 mice, data not

shown in the figure).

To confirm that the ramp protocol provided an accurate estimate of Egapa,r, the results
were compared to measurements made with a voltage step protocol (Figure 3.5A-E).
This involved stepping the voltage in 10 mV intervals, each step lasting 500 ms, during
which a light-evoked post-synaptic GABA conductance was elicited. This approach
makes it possible to visually identify Egapa, but the protocol takes much longer to
complete as each voltage step is performed individually and with sufficiently long

intervals to avoid altering [Cl'];. However, one advantage of this step protocol is that it
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Figure 3.4: Measuring the GABA equilibrium potential in vivo. A, Ramp protocol performed in
the perforated recording configuration (top) and then following breakthrough into the whole-cell
configuration (middle) in the same neuron. The voltage protocol delivered to the neuron from the
amplifier (i.e. before series resistance correction) is also shown (bottom). The protocol consisted
of two ramps. The first ramp served as a control (‘baseline ramp’) and the second ramp was
timed to occur during the light-evoked synaptic GABA conductance (‘light ramp’). B, Current-
voltage (IV) plots for the baseline (black) and light (cyan) ramps performed under perforated
(top) and breakthrough (bottom) conditions. The resting membrane potential (RMP) and GABA
equilibrium potential (Egapa) are indicated with black and cyan circles, respectively. C, IV plot
of the subtracted current (light ramp current minus the baseline ramp current). D, Changes in
Ecaga(cyan), RMP (black) and driving force (DFgapa = RMP — Ecaga, dark blue) over time for an
individual recording. The DF;aga remains stable during perforated recording and shows a sharp
depolarising shift after forced breakthrough (red shaded area).
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allows for a closer assessment of the contribution of the GABAARs and the GABAgR.
Previous in vitro work by Davies and colleagues (1990) has shown that the early current
response to GABA activation predominantly reflects GABAAR activation (peak at ~29
ms from the start of the GABA current), whilst the later component predominantly
reflects GABAgR activation (peak at ~139 ms from the start of the GABA current).
Therefore, to test whether the measurements of Egaga from the ramp protocol are
reflective of Egaga,r, I compared the measurements of Egaga from the ramp protocol
with Egapa estimated at two different time points during the step protocol (Figure
3.5D). Egapa measurements from the ramp were significantly and strongly correlated
(R2 = 0.92, p < 0.0001) with the measurements of Egapa made using the early phase
(~20 ms) of the evoked GABA current during the step protocol. By contrast, there was
no correlation between Egapa from the ramp protocol, with Egapa measurements made
using the late phase (~220 ms) of the evoked GABA current. These data demonstrate

that Egapa measurements made using the ramp protocol reflect Egapa ,Rr-

Finally, to assess whether the amplitude of the evoked response introduced biases in
the estimates of Egapa, I inferred the amplitude of the light-evoked postsynaptic GABA
conductance from the slope of ramp current (see detailed explanation in Section 2.6.7).
Using predefined quality control inclusion criteria (see Sections 2.4.2 and 2.6, I found
no correlation between the conductance of the evoked GABA current and Egapa (Figure
3.5E). In addition, there was also no correlation between Egaga and Ry (within defined

quality control criteria, see detailed explanation in Section 2.6.1).
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Figure 3.5: The measurements of the equilibrium potential of GABA using the voltage ramp
protocol reflect the equilibrium potential of the GABA-A receptor. A, Raw trace of a ramp protocol
showing the holding voltage (bottom, grey), the estimated voltage after applying 90% series
resistance (Rs = 52.1 M2, middle, black), and the measured current response (top, black). During
the second ramp, light-evoked post-synaptic GABA currents were evoked with blue light pulses
('Light’; cyan shaded area). Defined sections of the ramps were analysed (between two pairs of
vertical dashed lines). B, Current-voltage (IV) plot from ramp protocols (top) where the baseline
(black) and light (cyan) current responses are plotted. The intersection of the two fitted lines is
Ecasa, while the point at which the baseline current response crosses zero is the resting membrane
potential (RMP). Subtracting the baseline current response from the light current response reveals
the GABA current (light ramp minus baseline ramp, bottom), which has a value of zero at the
Ecasa. C, A voltage step protocol can also be used to estimate Egaga in the same neuron as in
‘A’. The voltage step protocol (bottom, grey), estimated voltage (Rs = 50.8 M2, middle, black)
and current response (top, black) are shown. GABA currents were evoked using light pulses (470
nm, 100 ms, cyan shading). The black dashed line indicates where measurements were taken
to calculate Ej..c. The dark blue dashed line indicates where measurements were made from
the early phase of the GABA current (~20 ms from light onset), whereas the purple dashed line
indicates where measurements were made from the late phase of the GABA current (~220 ms
from the onset). D, IV plots (top panel) of baseline current (black) and light current during the
early light-evoked GABA response (cyan). The bottom panel shows the IV plot of the baseline
current and the total current using measurements taken later in the GABA response (purple).
E, Scatter plot showing the correlation between Egapa values calculated from the voltage step
and ramp protocols for each neuron (1 = 12 neurons, 6 mice). There is a significant and strong
correlation between Egapa measurements from the ramp protocol and the early GABA current in
the step protocol (cyan, R2 = 0.92, p < 0.0001) but not the late GABA current (purple, R2=0.01,p =
0.73). F, No correlation between Egapa and the conductance of the light-evoked GABA response
(pooled mean 10.62 + 0.6 nS, R2 = 0.01, p = 0.41). G, No correlation between Egaga measurements
and the R; (pooled mean 59.13 + 1.5 MQ), R2 = 0.02, p = 0.33).
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3.5 KCC2 sets the driving force for GABA-A receptor signalling
in vivo

Having acquired measurements of Egapa,r i vivo using the ramp protocol, the next
experiments tested whether these measurements were sensitive to changes in
intracellular CI'. KCC2 is thought to be the primary CI" extrusion system in the adult
brain (see Section 1.2.1). Evidence from in vitro studies have suggested that blocking
KCC2 with antagonists (e.g. furosemide or VU0463271) results in a depolarising shift in
EcaBa,r, consistent with an increase in [CI']; (Diisterwald et al., 2018; Jarolimek et al.,
1999; Otsu et al., 2020; Thompson and Gahwiler, 1989). As the RMP is not affected by
KCC2 blockade, the net result is a change in DFgapa,r. As the DFgapa,r is calculated
by using the RMP, this is a measurement of the resting DFgapa,r for the recorded
neuron, as per Equation 1.7. Whilst these observations have been well-established in
vitro, they have not been demonstrated in vivo. To address this, in vivo gramicidin
perforated patch-clamp recordings were performed from layer 2/3 pyramidal neurons
before and after delivering a selective KCC2 antagonist. VU0463271 (VU) was chosen as
it specifically targets KCC2 (Delpire et al., 2012), unlike furosemide which can affect
both KCC2 and NKCC1. After the baseline, Ecapa,r Was measured using the ramp
protocol (see Section 3.4), VU was slowly injected (100 puM, total volume ~250 nL
delivered at a rate of 66 nL/minute) into the area of cortex surrounding the recorded
neuron (Figure 3.6A). At least 10 minutes after the injection was completed, Egapa,r
measurements were repeated in the same neuron and compared to baseline (Figure

3.6B).

In vivo application of VU resulted in a significant depolarising shift in Egapa,r (Figure
3.6C), without affecting the RMP (Figure 3.6D). Consequently, there was a significant
depolarising shift in DFgapa,r (Figure 3.6E). Whereas DFgapa,r was strongly
hyperpolarising under baseline conditions (p = 0.008, one-sample t-test), after VU
application, DFgapa,r Was close to zero (p = 0.7, one-sample t-test). Thus, consistent with
in vitro evidence, KCC2 functions to establish a hyperpolarising driving force for

GABAR signalling in vivo.
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Figure 3.6: Blocking KCC2 causes a depolarising shift in the driving force of the GABA-A
receptor. A, Experimental schematic in which VU0463271 (VU, 100 uM) was injected into the
area of cortex surrounding the recorded neuron. B, IV plots showing Egaga,r and Epe.x under
baseline conditions before VU (-VU, cyan, top) and after VU application (+VU, purple, bottom).
C, Population data (n = 6 neurons, 6 mice) showing a significant depolarising shift in Egaga,r
following VU application (-VU: -80.9 + 1.6 mV vs +VU: -70.9 £ 2.6 mV, p = 0.002, paired t-test). D,
VU did not affect RMP (-VU: -68.5 + 3.5 mV vs +VU: -69.1 £ 2.5 mV, p = 0.73, paired t-test). E, VU
caused a significant depolarising shift in the DFgapa,r, defined as Ej¢ax - EGapa,r (-VU:12.4 +£2.9
mV vs +VU: 1.4 £ 3.0 mV, p = 0.006, paired t-test). ‘ns’, non-significant (p > 0.05); **, p < 0.01.

3.6 Modulating extracellular anions does not affect the driving

force of GABA-A receptor synaptic responses in vivo

Glykys and colleagues (2014) have previously claimed that altering extracellular
impermeant anions can affect the polarity of local GABAsR-mediated synaptic
inhibition. This claim is based on in vitro experiments using CI" imaging, which showed
that reducing the concentration of impermeant extracellular anions causes an increase in
intracellular CI". The concentration of impermeant anions was modulated by enzymatic
cleavage of the sulfated carbohydrate moieties of extracellular proteoglycans, using
chondroitinase ABC (ChABC). Proteoglycans are sulfated glycosaminoglycans, which
are known to be a key component of the extracellular neuronal membrane (Bandtlow
and Zimmermann, 2000). According to the reasoning of Glykys and colleagues (2014),
ChABC is predicted to cause the glycoproteins to release their constituent sulfate ions
(SO47) and thereby reduce the extracellular concentration of local negatively charged
ionic species, which would increase local [Cl']e and shift the equilibrium condition for
transmembrane cation-chloride transport towards higher [CI']; (see Figure 3.7A for a

schematic interpretation). = However, biophysical modelling work predicts that
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modulating impermeant anions can affect the Cl- levels on either side of the membrane,
but only affects the Cl” equilibrium potential when the charge on the impermeant anions
is changed, and does not affect the DFgapa g due to concomitant effects on Vy,. To test
these ideas experimentally, in vivo perforated recordings were performed to measure the
effects of ChABC upon RMP, Egaga ,r and the DFgaga,r after the cortex was exposed to
ChABC (Figure 3.7B).

ChABC was delivered to V1 and allowed to act for one hour before it was then removed
by washing with ACSF (Figure 3.7B) This followed a similar procedure to the original in
vitro experiment in which organotypic cultured slices were incubated with ChABC in
the media (Glykys et al., 2014). After exposure to ChABC, Egapa,r and RMP
measurements were made using the IV plot (Figure 3.7C generated from the ramp
protocol (as shown in Figure 3.4A and Figure 3.5A). R, was calculated using a 10 mV
voltage step (Figure 3.7D). As with VU, neurons exposed to ChABC exhibited a
depolarising shift in Ecapa,r when compared to control neurons recorded under
baseline conditions (Figure 3.7E, control vs VU: p < 0.0001, control vs ChABC: p <
0.0001, one-way ANOVA with Bonferroni tests for multiple comparisons). There was no
detectable difference in Egapa,r between the VU and ChABC groups (p > 0.9999,
one-way ANOVA with Bonferroni tests for multiple comparisons). By contrast, VU and
ChABC had different effects upon Eje,x of the neurons. Consistent with the results of
Figure 3.6D, RMP in the VU was not different from control (control vs VU: p > 0.05,
one-way ANOVA with Bonferroni tests for multiple comparisons). However, the ChABC
group showed a significant depolarising shift in RMP, when compared to either the
control condition or the VU condition (Figure 3.7F, control vs ChABC: p = 0.0013; VU vs
ChABC: p = 0.004, one-way ANOVA with Bonferroni tests for multiple comparisons). As a
consequence of the differential effects upon Egapa,r and RMP, VU and ChABC had
different effects upon the DFgapa,r. Whilst VU caused a significant decrease in
DFgaga,r (Figure 3.7G, control vs VU: p = 0.001; VU vs ChABC: p = 0.009, Kruskal-Wallis
test with Dunn’s tests for multiple comparisons), DFgapa,r remained strongly
hyperpolarising after ChABC treatment (control vs ChABC: p > 0.9999, Kruskal-Wallis

test with Dunn’s tests for multiple comparisons).

Finally, in addition to the differential effects upon RMP, the Rnwas found to be
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significantly lower in the ChABC group than in both the control (p = 0.01) and VU
groups (p = 0.004, Kruskal-Wallis test with Dunn’s tests for multiple comparisons, Figure
3.7H). VU did not affect Ry, (p > 0.9999). Together, these findings suggest that lysing
extracellular proteoglycans has broader effects on the neuron than modulating the
equilibrium condition for cation-chloride transport. They support the idea that the
modulation of impermeant anions could contribute to setting the absolute Egapa,r, but

not the DFgapa,r due to concomitant effects on the membrane potential.
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Figure 3.7: Modulating extracellular proteoglycans with chondroitinase ABC does not affect the
driving force of GABA-A receptor-mediated synaptic responses. A, Schematic interpretation of
Glykys and colleagues’ (2014) prediction that, by lysing the sulfated side chains of extracellular
membrane-bound proteoglycans, sulfate ions are released. This causes a decrease in the
extracellular concentration of negatively-charged impermeant anions ([A']e¢) which, according
to the authors’ reasoning, causes an increase in the intracellular concentration of CI" ([CI'];). B,
Experimental schematic showing the delivery of chondroitinase ABC (ChABC, 2 U/mL) into the
cortex, by injection and application to the cortical surface. C, Current-voltage plot following a
ramp protocol (as shown in Figure 3.3A) with Egaga,r and RMP marked for control (C, cyan, n =
16 neurons, 12 mice), VU (+VU, purple, n = 9 neurons, 7 mice) and ChABC (+ChABC, orange, n
= 8 neurons, 5 mice) groups. D, Raw traces of the current response to -10 mV step to calculate the
membrane resistance (Ry) for the control, VU and ChABC groups. E, Egapa,r population data
for control (C, -81.1 + 1.2 mV), VU (+V, -69.7 + 2.1 mV) and ChABC (+C, -68.5 + 1.7 mV). F, RMP
population data for control (-69.9 = 1.7 mV), VU -70.1 £ 2.0 mV) and ChABC (-58.9 + 1.9 mV).
G, Driving force (DFgapa,r = RMP - Egaga,r) for each group (control: 11.1 + 1.6 mV; VU: -0.5 +
2.2 mV; ChABC: 10.5 + 0.8 mV). Both control and ChABC groups exhibited DFgaga,r that were
greater than zero (one sample t-test compared to zero; control: p < 0.0001; VU: p = 0.8; ChABC: p <
0.0001). H, Ry, was compared across the three groups (control: 86.5 + 4.3 mQ; VU: 89.4 = 4.0 mQ);
ChABC: 62.6 = 4.8 m2). 'ns’, non-significant (p > 0.05); %, p < 0.05; *x, p < 0.01; * * *, p < 0001.
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3.7 Discussion

This Chapter combined an optogenetic approach to probe postsynaptic GABAsR
signalling with gramicidin perforated patch-clamp recordings in order to provide the
first in vivo estimates of Egapa,r. The measured Egapa,r Was reflective of the state of
intracellular CI" as antagonising KCC2 function caused a depolarising shift in the
driving force of Egaga,r currents. By contrast, manipulating extracellular anions with

ChABC caused a depolarising shift in both Egaga,r and RMP, leading to no net effect in

DFEGABALR-

Previous work by Valeeva and colleagues (2016) demonstrated that synaptic GABA
receptor responses could be investigated in vivo using the optical activation of
presynaptic interneurons. These authors examined the frequency of synaptic GABA
receptor-mediated currents during light activation (lasting 500 ms) while clamping the
neuron at the equilibrium potential for glutamatergic signalling (~0 mV). The results of
this Chapter extend this work by showing that the same optogenetic strategy can be
used to study post-synaptic GABA responses using brief (10 ms) light activation of
presynaptic GABAergic interneurons. By isolating a single GABA response, it was
possible to study the key biophysical parameters that determine the mode of GABAsR

signalling in vivo.

A limitation of this optogenetic strategy is that it is not specific to the activation of
GABAARs. The fast postsynaptic response following light activation is consistent with
the major conductance being mediated via GABAARs, although there is the potential
that slower metabotropic GABAgRs could also be activated (Bettler et al., 2004). The use
of fast ramp protocols made it possible to isolate the early component of the
postsynaptic response, which is associated with the GABAR and was supported by the
observations that the estimates of Egapa .k Were close to those expected for Ec; and were
sensitive to the manipulation of KCC2. By contrast, the slower GABAgR has been
shown to exhibit an equilibrium potential close to the reversal for potassium (Eg, ~-100
mV) and would not be affected by a decrease in KCC2 function (Khalilov et al., 2017). In
vitro studies routinely isolate GABAAR responses by focal application of a GABAAR
agonist or by widespread delivery of GABAgR antagonists (Nissbrandt and Engberg,
1996). However, the use of GABA 4R agonists fails to isolate synaptic GABAsRs and the
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use of GABAgR antagonists is expected to alter in vivo network activity via their

complex pre- and postsynaptic actions (Bettler et al., 2004).

To further support the measurements made with the voltage ramp protocol, I was able
to show that Egapa estimates from the ramp protocol were similar to Egapa estimates
made in the early phase of the GABA current during the voltage step protocol when the
contribution of GABA sRs predominates (Davies et al., 1990). An important similarity in
the experimental design between the original in vitro work of Davies and colleagues
(1990) and my in vivo findings, is that both use endogenous synaptic GABA release to
measure the equilibrium potential of GABA currents, evoked via either electrical or
optical stimulation. By contrast, Yelhekar and colleagues (2016) have previously shown
in an in vitro study, using amphotericin perforated patch-clamp recordings and a similar
voltage ramp protocol, that Egapa becomes increasingly depolarising in the late phase
of an evoked GABA response. However, in their study, they apply a high concentration
(1 mM) of exogenous GABA whilst holding neurons at sustained voltages for longer
periods of time (>10 seconds). Under these conditions, the artificially evoked GABA

currents are likely to induce CI" loading within the neurons and thereby depolarise

EcaBa-

In vivo perforated patch-clamp recordings were first demonstrated by Wang and
colleagues (2016), who used amphotericin as a perforating agent. Amphotericin is
weakly permeable to CI" and, over time, results in intracellular CI" reaching an
equilibrium between the intracellular and pipette solutions (Kleinberg and Finkelstein,
1984; Kyrozis and Reichling, 1995). For this reason, gramicidin is better suited to study
GABAergic signalling as it is not permeable to ClI" and therefore maintains the
transmembrane gradient. Interestingly, the time taken to perforate the neuronal
membrane in vivo (defined as the time taken to reach a stable access resistance of <100
M), was relatively fast for both amphotericin (Wang and colleagues (2016) report ~5
minutes) and the gramicidin recordings that I present here (~10 minutes). In vitro
studies often report longer gramicidin perforation periods, which likely reflects the time
required for the dimeric cation-selective channels to form and embed themselves in the
neuronal membrane (Ebihara et al., 1995; Hladky and Haydon, 1984; Kyrozis and

Reichling, 1995). The relatively fast perforation observed in vivo may suggest that this
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process occurs more quickly in the environment of the intact brain and at physiological

temperatures.

By using gramicidin perforated patch-clamp recordings, it was possible to generate
direct measurements of the Egapa,r i vivo. In layer 2/3 pyramidal neurons within the
visual cortex of adult anaesthetised mice, the mean Egapa,r using a voltage ramp
protocol was found to be approximately ~-80 mV. This would translate to an [Cl']; of ~3
mM (using the modified GHK equation presented in Section 2.4.1). In vivo Cl” imaging
measurements from layer 2/3 pyramidal neurons in anaesthetised mice have reported
[CI']; values of ~5-10 mM (Boffi et al., 2018; Sulis Sato et al., 2017), which would
translate to an Egapa,r of approximately -70 mV (using Equation 1.8 with the same
parameters described in Section 2.4.1). This discrepancy between electrophysiological
and imaging estimates may partly reflect the challenges associated with performing
quantitative imaging with different wavelengths in vivo (Sulis Sato et al., 2017), the
impact of pH upon CI" reporters (Boffi et al., 2018), or genuine differences in the somatic
CI" concentration compared to local transmembrane gradients at GABA sR-containing

synapses.

A major limitation with gramicidin perforated patch-clamp recordings is that relatively
high series resistances can significantly impede the ability to clamp the membrane
potential. This can be overcome to a certain extent by performing series resistance
correction in which the actual neuronal voltage can be estimated. However, complete
correction is not possible and therefore the measurements in voltage-clamp recordings
are likely to be affected, to some degree, by the error caused by an uncorrected voltage
drop across the membrane. Interestingly, Yelhekar and colleagues (2016) reported
differences in Egapa,r measured using different protocols. The authors show that
EcaBa,r measurements made from the interpolation of current amplitudes measured
during voltage step protocols can be less accurate than measurements from voltage
ramp protocols (Yelhekar et al., 2016). The data presented in this Chapter suggests that
estimates of Egapa,r i1 vivo are equivalent when inferred from voltage step protocols
and ramp protocols. This may reflect the relatively small synaptic GABA conductances
that were elicited in vivo and the fact that the protocols were designed to allow CI°

homeostasis to be fully re-established between the GABA conductances.
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Measurements of Egapa,r are strongly related to intracellular CI" homeostasis. This was
confirmed in vivo by blocking KCC2, which led to an expected depolarising shift in the
driving force for evoked GABA currents. While previous in vivo imaging experiments
have implicated KCC2 in CI" homeostasis (Boffi et al., 2018), the data in this Chapter is
the first demonstration that KCC2 determines the driving force for Cl-mediated
synaptic signalling in vivo and confirms previous in vitro data (Banke and McBain, 2006;
Diisterwald et al., 2018; Hewitt et al., 2009; Jarolimek et al., 1999; Otsu et al., 2020; Rivera
et al., 1999; Thompson and Gahwiler, 1989). Recently, the role of CCCs in setting the CI°
driving force has been brought into question, based on evidence that blocking NKCC1
and KCC2 does not cause a measurable change in [CI']; when imaging CI” in cultured
organotypic brain slices (Glykys et al., 2014). From these findings, the authors
concluded that CCCs do not set the driving force for Cl'-mediated signalling.
Subsequent theoretical commentaries have tried to explain these controversial findings
by highlighting issues associated with measuring CCC function under conditions of low
Cl" conductances and the effects of hyperpolarised Ej.,x found in brain slices (Doyon,
Vinay, Prescott and De Koninck, 2016; Johansson et al., 2016). The results in the current
Chapter provide direct experimental evidence that emphatically implicates KCC2 in

setting Egapa,,r and the driving force for CI"-mediated GABAergic signalling in vivo.

Impermeant anions have been implicated in creating a Gibbs-Donnan equilibrium
between charged species on either side of the neuronal membrane, and to establish the
set point for the transmembrane CI” gradient (Delpire and Staley, 2014; Glykys et al.,
2014, 2017; Rahmati et al., 2021). Previous in vitro data support that altering intracellular
impermeant anions can indeed shift Ecapa,r, but does so without affecting the driving
force (Diisterwald et al., 2018). The findings presented in this Chapter support these
predictions by showing that in vivo, altering extracellular impermeant anions can indeed
shift Egapa,r With a negligible effect on driving force. This in vivo experiment was
inspired by previous in vitro observations, which showed that lowering impermeant
anions in organotypic brain slices causes a significant increase in the intracellular CI°
measured using Cl” imaging (Glykys et al., 2014). Whilst impermeant anions may have a
role in setting the transmembrane CI” gradient, a series of unresolved parameters must
be considered. First, it is unknown how ChABC cleaves the sulfonated side chains on

the extracellular proteoglycans, nor how quickly the realised negatively-charged sulfate
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ions diffuse away. Without this knowledge, it is difficult to postulate how changes in
extracellular anions can affect the interactions between ionic species in the local
extracellular space. Second, ChABC affects other membrane properties, as seen by an
increase in membrane conductance and a depolarising shift in Ej o, . Whilst in vitro data
suggests that ChABC does not induce neuronal death through apoptosis (Glykys et al.,
2014), it remains unclear how altering the extracellular matrix affects membrane
structural integrity. Third, one of the claims made by Delpire and Staley (2014) in
support of the ChABC-induced effects on [CI']; is that when extracellular impermeant
anions are removed, they are replaced by CI diffusing into the local extracellular space.
This increase in [Cl]. is then thought to be able to shift the CI” driving force. However,
this theory has not been quantified experimentally, and how [Cl]. changes in response
to alterations in extracellular impermeant anions. The findings in Figure 3.7G do not

support this as ChABC appeared to not affect on DFgapa ,r-

In summary, this Chapter has introduced an electrophysiological approach to studying
synaptic GABAAR signalling in the intact anaesthetised brain whilst preserving the
integrity of the transmembrane CI" gradient. Moreover, this novel in vivo method has
confirmed the importance of KCC2 in setting the driving force for GABA sR-mediated

synaptic signalling.
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Cortical states set the mode of

GABA-A receptor signalling

4.1 Introduction

The cortex is a highly dynamic system that can transition between different modes or
‘states’. Each cortical state is defined by a distinct pattern of network activity, which is
the product of co-occurring excitatory and inhibitory synaptic conductances (see
Section 1.1.3). Together these synaptic inputs can have a profound impact on the
membrane properties of the constituent neurons (Destexhe et al., 2003; Ferguson and
Cardin, 2020; Haider and McCormick, 2009; Harris and Thiele, 2011). Whilst excitation
and inhibition in the cortex closely follow one another, during states of increased
network activity, as seen in the awake brain, inhibition has a stronger influence on
shaping cortical processing (Anderson, Carandini and Ferster, 2000; Borg-Graham et al.,
1998; Galarreta and Hestrin, 1998; Haider et al., 2013; Rudolph et al., 2007; Wilent and
Contreras, 2005). This predominance of synaptic inhibition in the awake cortex involves
a sustained activation of GABAergic synaptic conductances, which would in turn lead
to a greater influx of CI" (Doyon, Vinay, Prescott and De Koninck, 2016; Johansson et al.,
2016). In this high CI" conductance state (Figure 1.9, Section 1.2.5), the elevated
intracellular CI" would be predicted to shift Egapa,r and in doing so, affect the manner
in which GABAARs exert their function (Figure 1.6, Section 1.2.4). For this reason, one

can hypothesise that GABAergic signalling in the high conductance state of the awake

68



Chapter 4

brain is likely to differ from GABAergic signalling in the low conductance state of in
vitro brain slices, where most of our understanding of GABAergic signalling originates.
Having established gramicidin perforated patch-clamp recordings in vivo (Chapter 3), I
was now able to use this technique to test this hypothesis experimentally by examining

GABAergic signalling during different states of cortical activity in the intact brain.

The first objective of this Chapter was to explore whether there are differences in cortical
GABAergic signalling in the anaesthetised and awake in vivo state. Here I use
gramicidin perforated patch-clamp recordings in layer 2/3 cortical pyramidal neurons
to compare the membrane properties in these two states. After that, I use the same
optogenetic method for evoking GABA-mediated synaptic inhibition presented in
Chapter 3 to study the driving force of GABAergic signalling in the anaesthetised and
awake cortex. To confirm whether the state of the local network can influence

GABAergic signalling, the second objective was to determine the contribution of local

network activity to set Egapa,r in the awake brain. Here I modulate network activity

and measure the subsequent changes in the DFgaga ,r-

4.2 The awake brain is characterised by high levels of cortical

network activity

Previous work using either sharp intracellular electrodes in cats (Destexhe and Paré,
1999; Steriade et al., 2001) or whole-cell patch-clamp recordings in rodents
(Constantinople and Bruno, 2011; Poulet and Petersen, 2008) has demonstrated that the
awake cortex is highly active due to a near-constant bombardment of desynchronised
synaptic inputs. By contrast, in the urethane-anaesthetised cortex, network activity is
synchronised, and consists of alternating phases of high and low activity referred to as
up and down states (Gonzélez-Rueda et al., 2018; Steriade, Nunez and Amzica, 1993).
These differences in activity patterns between the anaesthetised and awake brains can
have opposing effects on the membrane properties of cortical neurons (Section 1.1.3).
For this reason, neurons in the awake brain operate in a high-conductance state due to a
large amount of synaptic activity, whereas in the anaesthetised brain, when averaging
across the cortical up and down states, neurons operate in a lower conductance state

(Destexhe et al., 2003). To confirm whether this phenomenon is valid in my in vivo
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preparation, I used in vivo perforated patch-clamp recordings (introduced in Chapter 3)
to characterise the differences in synaptic activity and membrane conductance in
head-fixed urethane-anaesthetised and awake juvenile mice (Figure 4.1A, see detailed
procedures in Sections 2.2.1 and 2.2.2). As some of this data is re-used in subsequent

analyses, appropriate statistical tests to correct for multiple comparisons were

performed.
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Figure 4.1: The awake brain is characterised by high levels of network activity. A, Example
current-clamp (IC) traces of spontaneous neuronal activity in a layer 2/3 pyramidal neuron in
visual area 1 (V1) of an anaesthetised (An., black, top) and awake (Aw., blue, bottom) mouse.
B, Probability density function over the distribution of membrane potentials (V) for pyramidal
neurons in the anaesthetised (n = 13 neurons, 7 mice) and awake state (n = 12 neurons, 10 mice). C,
The mean Vy, from IC recordings of spontaneous recordings was significantly more depolarised
in the awake brain (An.: -69.1 £ 1.4 mV vs Aw.: -60.3 + 1.1 mV, p < 0.0001, one-way ANOVA with
Bonferroni tests for multiple comparisons). D, Mean instantaneous change in Vi, was significantly
greater in the awake brain (An.: 4.9 £ 0.2 mV vs Aw.: 6.6 + 0.3 mV/ms, p = 0.0004, one-way
ANOVA with Bonferroni tests for multiple comparisons). E, Raw trace of the current response to a 10
mV hyperpolarising step (An.: black; Aw.: blue). F, Significant decrease in membrane resistance
(Ry) in the awake brain (An.: 87.2 + 6.1 M2, n = 14 neurons, 8 mice vs Aw.: 50.6 = 6.4 MQ, n =13
neurons, 10 mice, p = 0.009, one-way ANOVA with Bonferroni tests for multiple comparisons). *x, p <
0.01; * * %, p < 0.001.

Current-clamp recordings of spontaneous activity in layer 2/3 pyramidal neurons in the

visual cortex of adult mice showed that the distribution (Figure 4.1B) and mean
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membrane potential (Figure 4.1C) of the awake brain are more depolarised compared to
the urethane-anaesthetised brain. Furthermore, to explore the amount of background
subthreshold synaptic activity an individual cortical neuron receives in each brain state,
the fluctuation in membrane potential over time was measured by calculating the
first-order derivative (explained in Section 2.6.5). In the awake cortex, the larger
fluctuations in membrane potential are consistent with a greater amount of background

synaptic activity (Figure 4.1D).

To measure the membrane conductance of the cortical neurons, voltage-clamp recordings
were used to deliver a 10 mV hyperpolarising step (Figure 4.1E). The current response
was then used to calculate the R,,, which reflects the conductance state of the membrane
(see Section 1.1.3 for further explanation and Section 2.6.2 for details on the analysis
of membrane properties). Using this protocol, I found that the Ry, in the awake cortex
was significantly lower than in the urethane-anaesthetised brain (Figure 4.1F). Together,
the findings of this first experiment largely confirm the observations made in previous
studies and demonstrate that cortical neurons in the awake brain are indeed characterised

by a high level of background synaptic activity and operate in a high conductance state.

4.3 Shunting inhibition predominates in the awake cortex

Having confirmed differences between the activity profiles in the anaesthetised and
awake cortex, I next used the optogenetic approach introduced in Section 3.2 to probe
GABA-mediated synaptic responses (Figure 4.2A, top panel). The polarity of the
light-evoked potentials was measured in current-clamp by calculating the average Vi,
over a 100 ms period following light stimulation (as described in Section 2.6.6). In the
anaesthetised brain, the GABAergic responses were exclusively hyperpolarising,
whereas in the awake brain, there was a mixture of both depolarising and

hyperpolarising responses (Figure 4.2A, bottom panel).

As the polarity of GABA sR-mediated signalling is related to the DFgapa ,r, the increase
in depolarising responses seen in the awake brain suggests differences in Egapa,r
between the two brain states. To test whether this is the case, I used the same voltage
ramps that were introduced in Section 3.4 to measure Egapa ,r Of cortical neurons in the

urethane-anaesthetised and awake brain (Figure 4.2B). Overall, Egapa,r in the awake
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cortex was significantly more depolarised (Figure 4.2C). Moreover, while the Ej ., was
also more depolarised in the awake cortex (Figure 4.2D), the net effect on the DFgapa,r
was also depolarising (Figure 4.2E). The DFgapa,r in the awake cortex was not
significantly different from zero, indicating that GABA sR-mediated synaptic signalling
has a shunting effect in the awake state. Furthermore, between the anaesthetised and
awake states, the conductance of the evoked GABA currents were not significantly
different (anaesthetised: 11.1 + 1.8 nS vs awake: 11.4 + 1.5 nS, p = 0.87, one-way ANOVA

with Bonferroni tests for multiple comparisons, data not shown in the figure).
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Figure 4.2: The equilibrium potential for the GABA-A receptor is shunting in the awake cortex.
A, Overlaid averaged and normalised traces of light-evoked postsynaptic GABA responses in
the urethane-anaesthetised (top panel, black, n = 18 neurons, 10 mice) and awake (blue, n =
14 neurons, 11 mice) states. There was a greater proportion of light-evoked currents causing
depolarising shifts in V,, (Depol.) compared to hyperpolarising shifts (Hyperpol.) in the awake
brain (bottom panel, An.: Depol. 0/18 Hyperpol. 18/18 vs Aw.: Depol. 6/14 Hyperpol. 8/14,
p = 0.003, Fisher-Exact test). B, Averaged subtracted GABA currents for pyramidal neurons in
anaesthetised (n = 10 neurons, 6 mice) and awake (n = 10 neurons, 9 mice) mice with mean
Ecapa,r marked (mugpcapaar). C, Population data showing depolarising shift in Egapa,r in
the awake brain (An.: -81.1 £ 1.7 mV vs Aw.: -63.3 + 1.4 mV, p < 0.0004, one-way ANOVA with
Bonferroni tests for multiple comparisons). D, RMP was significantly more depolarised in the awake
cortex (An.: -70.7 £ 1.9 mV vs Aw.: -64.2 + 1.1 mV, p = 0.02, one-way ANOVA with Bonferroni
tests for multiple comparisons). E, The GABAR driving force (DFgapa,r = RMP — Egapa,r) was
significantly more depolarised in the awake brain (An.: 10.4 + 2.0 mV vs Aw.: -09 £ 1.7 mV, p =
0.0004, one-way ANOVA with Bonferroni tests for multiple comparisons). The DFgapa,r in the awake
brain was not significantly different to zero, which is consistent with synaptic GABA AR signalling
principally exerting a shunting effect (An.: p = 0.0006, one-sample t-test; Aw.: p = 0.61, one-sample
t-test). *, p < 0.05; **, p < 0.01; * * %, p < 0.001.
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4.4 The awake network affects neuronal membrane properties

The findings from the first experiment confirmed that the awake cortex is highly active
and has a preference for shunting GABA AR-mediated synaptic responses. To determine
whether the depolarising shift in Egapa,r in the awake brain is caused by the high
levels of local network activity, the second experiment performed the same
measurements after glutamatergic signalling had been antagonised with a local injection
of the AMPA receptor antagonist, NBQX (Figure 4.3A, see Section 2.5.4 for details on
NBQX).

After NBQX injection, the distribution (Figure 4.3B) and mean (Figure 4.3C) membrane
potential of cortical neurons was hyperpolarised. In addition, membrane potential
fluctuations were also reduced, consistent with the idea that background synaptic
activity had been suppressed (Figure 4.3D). This change in local cortical activity was
reflected in the membrane conductance of the neuron, which decreased after NBQX, as
shown by voltage-clamp measurements of membrane resistance (Figure 4.3E and F).
These findings establish that shutting down glutamatergic signalling with NBQX in the
awake cortex significantly reduces local cortical network activity, which lowers the

conductance state of the neuronal membrane.
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Figure 4.3: Blocking glutamatergic signalling shuts down cortical network activity in the awake
brain. A, Current-clamp (IC) recording showing the change in neuronal activity after glutamate-
receptor blocker, NBQX (100 uM), was injected locally in the awake brain. B, Distribution and
probability density estimate of membrane potentials (Vi) in the awake brain with and without
NBQX (awake without NBQX, Aw., blue: n = 12 neurons, 10 mice vs awake with NBQX, +NBQX,
turquoise: n = 10 neurons, 7 mice). Data in the awake group was re-used from Figure 4.1. C,
NBQX hyperpolarises mean V., measured from IC recordings (Aw.: -60.3 + 1.1 mV vs +NBQX:
-72.6 + 1.0 mV, p < 0.0001, one-way ANOVA with Bonferroni tests for multiple comparisons). D, The
fluctuations in membrane potential are significantly reduced after NBQX application (Aw: 6.6
+ 0.3 mV/ms vs +NBQX: 0.7 £ 0.1 mV/ms, p < 0.0001, one-way ANOVA with Bonferroni tests for
multiple comparisons). E, Raw trace of the current response to 10 mV hyperpolarising step (Aw.:
blue; +NBQX: turquoise). F, NBQX causes significant decrease in membrane resistance (Ry, Aw.:
50.6 + 6.4 M), n = 13 neurons from 10 mice vs +NBQX: 136.2 + 11.9 M£, n = 10 neurons from 7
mice, p < 0.0001, one-way ANOVA with Bonferroni tests for multiple comparisons).  x %, p < 0.001.
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4.5 Network activity determines GABAergic signalling in the

awake state

To test whether levels of local network activity in the awake cortex affect GABAergic
signalling, the polarity of GABAAR response was measured with and without NBQX.
The light-evoked potentials became exclusively hyperpolarised in the quietened
network state following NBQX injection (Figure 4.4A and B). Consistent with this
finding, NBQX caused a hyperpolarising shift in Egapa,r in cortical neurons (Figure
4.4B and C). When combined with the negative shift in Ej .o (Figure 4.4D), the net effect
on the DFgapa,r Was hyperpolarising (Figure 4.4E). Furthermore, NBQX did not
appear to significantly affect the light-evoked GABA conductance (awake without
NBQX: 11.4 + 1.5 nS vs awake with NBQX: 10.4 = 0.7 nS, p = 0.52, one-way ANOVA with
Bonferroni tests for multiple comparisons). These findings, when combined with the results
in Section 4.5, demonstrate that the more depolarised Egapa,r values in the awake

cortex are caused by the high level of background synaptic activity.
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Figure 4.4: Network activity establishes a shunting equilibrium potential for the GABA-A
receptor in the awake cortex. A, Overlaid averaged and normalised traces of light-evoked post-
synaptic GABA currents in the awake brain with and without NBQX (top panel, awake without
NBQX, Aw., blue: n = 14 neurons from 11 mice vs awake with NBQX, + NBQX, turquoise: n =
10 neurons from 7 mice). NBQX causes a hyperpolarising shift in the polarity of light-evoked
GABA currents (bottom panel, Aw.: Depol. 6/14 Hyperpol. 8/14 vs +NBQX: Depol. 0/10
Hyperpol. 10/10, p = 0.03, Fisher-Exact test). Data in the awake group was re-used from Figure 4.1.
B, Averaged current-voltage (IV) plot of subtracted light-evoked current (light-evoked current
minus baseline current) showing a hyperpolarising shift in Egapa,r after NBQX application (Aw.:
n = 10 neurons from 9 mice vs +NBQX: n = 11 neurons from 7 mice). Mean Egapa,r is indicated
(mugcaBaar)- C, Population data of mean Egapa,r values (Aw: -63.3 £ 1.4 mV vs +NBQX: -78.1 =
1.3 mV, p < 0.0001, one-way ANOVA with Bonferroni tests for multiple comparisons). D, NBQX causes
a hyperpolarising shift in the RMP (Aw.: -64.2 + 1.1 mV vs +NBQX: -71.4 + 1.4 mV, p = 0.009, one-
way ANOVA with Bonferroni tests for multiple comparisons). E, NBQX causes a hyperpolarising shift
in the driving force for the GABAAR response (DFgapa,r = RMP — Egaga,r, Aw.: -0.9 £ 1.7 mV vs
+NBQX: 6.7 £ 1.5 mV, p = 0.03, one-way ANOVA with Bonferroni tests for multiple comparisons). After
NBQX application, the DFgapa,r in the awake brain became statistically significantly different
from zero, which represents a complete shunting effect (Aw.: p = 0.61, one-sample t-test vs +NBQX:
p = 0.001, one-sample-test). *, p < 0.05; %, p < 0.01; * * %, p < 0.001.
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4.6 Discussion

In this Chapter, I provide the first in vivo evidence that GABAergic synaptic signalling
varies across different cortical states. This is evident in how the high levels of network
activity seen in the awake brain are linked to GABAR-mediated synaptic responses
being predominantly shunting. The effect of evoked GABA 5 R-mediated signalling can
be modulated by shutting down local cortical network activity, which causes
GABAergic synaptic signalling to become hyperpolarising. These results demonstrate a
relationship between how local network activity contributes to setting the mode of

GABAsR-mediated synaptic signalling in the cortex.

Each cortical state appears to be characterised by distinct neuronal membrane
properties. From my recordings in the awake brain, cortical neurons appeared to receive
a greater amount of subthreshold synaptic input. This is evidenced by the neurons in
this cortical state having a more depolarised (Figure 4.1C) and fluctuating (Figure 4.1D)
Vm compared to neurons in a urethane-anaesthetised brain. In addition, I measured a
lower membrane resistance in the awake brain which, as explained in Section 1.1.3,
indicates that the membrane conductance is high (Figure 4.1E and F). Consistent with
the idea that these features reflect synaptic activity levels, each feature was shifted when
excitatory synaptic inputs were antagonised by NBQX (Figure 4.3). Collectively, these
measures of neuronal membrane properties appear to be linked to one another, as they
all shift across each of the cortical states. Furthermore, these findings validate what has
been proposed previously by Destexhe and colleagues (2003), as they support the idea
that the awake brain operates in a high conductance state. Other studies that support
this finding include intracellular sharp electrode recordings in the awake cortex of
rodents and cats (Baranyi et al., 1993; Destexhe and Paré, 1999; Matsumura et al., 1988;
Steriade et al., 2001; Woody and Gruen, 1978) as well as whole-cell patch-clamp

recordings in rodent cortex (Fernandez et al., 2018; Yamashita et al., 2013).

Previous work has reported opposing findings on the membrane properties of cortical
neurons between anaesthetised and awake states. For example, Constantinople and
colleagues (2011) performed whole-cell patch-clamp recordings in mouse cortex and
reported that the R; increases as the network transitions from being under isoflurane

anaesthesia into the awake state. Moreover, the anaesthetised brain is often considered
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to reflect a sleep state, with this being evident in how urethane can replicate features of
both NREM and REM sleep phases (Clement et al., 2008; Mondino et al., 2022; Steriade,
Nunez and Amzica, 1993). In this context, Steriade and colleagues (2001) reported from
intracellular sharp electrode recordings in the cat cortex that R; also increases when
transitioning from sleep into wakefulness. However, these observations need to be
interpreted with caution.  First, comparing findings across different anaesthetic
preparations may not be helpful as these agents can have pleiotropic and contrasting
effects on network activity (Bharioke et al., 2022). Furthermore, the anaesthetised brain
cannot be considered entirely synonymous with natural sleep as it is an
artificially-induced state in which there is pharmacological manipulation of the cortical
network (Franks, 2008). The more compelling evidence supporting the relationship
between the amounts of synaptic input a neuron receives and its membrane resistance
comes from the experiments performed within the awake state. By blocking excitatory
synaptic activity with NBQX, I observed that the membrane resistance increased. This
observation is consistent with previous whole-cell experiments in which the
sodium-channel antagonist tetrodotoxin was used to reduce network activity

(Fernandez et al., 2018).

The more depolarised Egapa,r in awake cortex indicates that intracellular CI is higher
than that observed in the urethane-anaesthetised brain (Figure 4.2B and C). Specifically,
in the awake cortex, the mean Egaga,r was -63 mV, which predicts a [CI']; of ~10 mM
(using the GHK equation Section 2.6.3). By contrast, an Egapa,r of -81 mV in the
urethane-anaesthetised brain, predicts a [ClI'; of 3.1 mM. These differences in
intracellular CI" are likely caused by the different levels of CI" conductances in each of
these states, which reflect the different levels of synaptic inhibition (Doyon et al., 2011;
Doyon, Vinay, Prescott and De Koninck, 2016). This is strongly suggested by the
significant differences in membrane potential fluctuations (Figure 4.1D), driven by
incoming synaptic inputs, as well as in the R, (Figure 4.1F) - a proxy measure for total
membrane conductance.  As explained in Section 1.1.3, GABAAR inhibitory
conductances predominate in highly active neuronal networks, such as seen in the
awake brain. When coupled with a depolarised membrane potential (Figure 4.1B and
C), this creates a cortical state that generates large net Cl" influxes, resulting in higher

levels of intracellular CI" and a more depolarised Egapa,r (Figure 4.2B and C). This
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finding is consistent with previous computational (Doyon et al., 2011) and in wvitro
studies (Yelhekar et al., 2017), which have demonstrated how resting CI" conductance,
which is closely linked to the level of background synaptic activity, is a critical

component in setting intracellular CI" homeostasis.

Theoretically, these state-dependent differences in intracellular CI" could reflect changes
in CI" co-transporters that underlie Egaga,r- However, this is unlikely as shutting down
local network activity with NBQX (Figure 4.3A) was able to hyperpolarise Egaga,r in
the awake state to -78 mV (estimated [CI]; of ~4 mM), which is close to the value
measured in the urethane-anaesthetised state (-81 mV, ~3 mM). In addition, theoretical
evidence suggests that the efficiency of KCC2-mediated Cl” extrusion is tightly coupled
to CI' conductance (Doyon, Vinay, Prescott and De Koninck, 2016; Johansson et al.,
2016). This model predicts that during periods of heightened network activity, KCC2
would become more efficient at managing the CI" load and serve to prevent a rise in
intracellular CI". However, the findings from this Chapter suggest that KCC2 extrusion
does not fully compensate for the greater influxes of CI" conductance, but rather helps to
establish a new equilibrium where [CI']; is relatively high and Egapa,r is relatively

depolarised so that it favours shunting inhibition.

As described in Section 1.1.2, different cortical states are defined by varying levels of
local network activity. In this Chapter, these activity patterns were defined by taking
average measurements across each of the states (Figure 4.1 and Figure 4.3). However,
this approach does not account for the fact that within each cortical state, networks
make transitions between different phases of low and high network activity. These are
referred to as cortical up and down states in the urethane-anaesthetised brain
(Gonzalez-Rueda et al., 2018; Haider et al., 2006; Mondino et al., 2022; Steriade, Nunez
and Amzica, 1993), while in the awake brain the cortex transitions between transient
periods of arousal and quiescence (Crochet and Petersen, 2006; Poulet and Crochet,
2019; Poulet and Petersen, 2008; Tan et al., 2014; Yamashita et al., 2013). Furthermore,
there are also similarities between phases across cortical states. This is most evident in
how the depolarised up state is similar to the pattern of activity that occurs in the
aroused awake brain (Constantinople and Bruno, 2011). Therefore, it is plausible that

there are further fluctuations in the GABAsR-mediated responses across the different
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phases operating within a single cortical state.

In summary, the data presented in this Chapter demonstrates that the mode in which
GABAergic signalling operates in the cortex is closely linked to the state of local
network activity.  This supports the hypothesis that the amount of background
inhibitory synaptic input a neuron receives has a direct influence on the DFgaga ,r-
However, certain physiological brain states, such as sleep, are thought to affect both the
level of synaptic activity and the function of CI" co-transporters (Alfonsa et al., 2021). In
Chapter 5, I explore the interaction between these two mechanisms by testing how sleep

history affects GABAergic signalling in the awake cortex.
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Sleep-wake history modulates

GABAergic receptor signalling

5.1 Introduction

In Chapter 4, I showed how the levels of network activity influence the mode of
GABAergic signalling in cortex. In the awake cortex, the level of network activity can
vary considerably as it is influenced by co-occurring physiological processes across
different temporal scales. One parameter that can directly influence the activity of the
cortex is sleep-wake history, which reflects an animal’s sleep pressure or ‘need to sleep’
(as explained in Section 1.1.2). This has been demonstrated through acute sleep
deprivation studies, which have reported transient increases in cortical excitability in
rodents that experience a prolonged period of wakefulness (Dash et al., 2009;
Vyazovskiy et al.,, 2011, 2009). In other words, sleep deprivation is associated with

short-term changes in the level of local network activity in the awake cortex.

Recent data from Alfonsa and colleagues (2021) has shown that sleep-wake history can
also modulate synaptic GABAJR signalling. Specifically, the authors report that in
animals which have undergone acute sleep deprivation, Egapa,r is more depolarised
compared to animals that have had adequate sleep and are well-rested. Underlying this
depolarising shift in Egapa,r appears to be an upregulation of the NKCC1 transporter,
which would lead to an elevation of intracellular CI". However, as this study used in

vitro recordings from acute brain slices to reveal the effect of sleep-wake history, it is not
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clear whether the effects upon Egapa,r are evident in vivo, or how they relate to
state-dependent changes in local network activity. To explore how sleep deprivation
affects in vivo GABAAR dynamics, in this Chapter I use the perforated patch-clamp
technique to compare GABAergic signalling in mice with different sleep-wake histories.
The first objective was to confirm if acute sleep deprivation can affect local network

activity in the awake cortex. Thereafter, the second objective was to determine whether

sleep deprivation could affect the mode in which GABAergic signalling operates in the
cortex. In the previous Chapter, I used the AMPA-antagonised NBQX to shut down
local activity in the cortex so that its contribution to Egapa,r could be measured. Using
this same approach, the third objective was to explore the contribution of local network

activity to setting GABAAR function in the sleep-deprived cortex.

5.2 Acute sleep deprivation affects cortical network activity

Mice spend the majority of their time awake during the dark period and the majority of
their time sleeping during the light period. In vivo perforated patch-clamp recordings
were started three hours after light onset (i.e. Zeitgeber time 3, ZT3) and performed in
awake mice that had either been allowed to sleep naturally during the preceding three
hours (referred to as ‘rested” animals; data from Chapter 4, see Section 4.2) or had
experienced a period of prolonged wakefulness as a result of a sleep deprivation
protocol during the preceding 3 hours (referred to as ‘sleep-deprived’ animals; see
detailed protocol in Section 2.5.5). The sleep deprivation protocol involved exposing the
animals to novel objects, and controlled for circadian phase and light exposure, so that
the principle difference between the rested and sleep-deprived mice was their
sleep-wake history and associated sleep pressure (Alfonsa et al, 2021). The first
experiment compared the activity profile of layer 2/3 pyramidal neurons in V1 of rested
and sleep-deprived mice. Spontaneous activity was found to differ between the two
cortical states (Figure 5.1A), with sleep deprivation resulting in a more depolarised
membrane potential (Figure 5.1B and C) and greater fluctuations in the membrane
potential (Figure 5.1D), but no significant effect on the membrane resistance when

compared to neurons in rested cortex (Figure 5.1E).
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Figure 5.1: Acute sleep deprivation increases cortical network activity. A, Example of perforated
current-clamp (IC) recordings of spontaneous activity from pyramidal neurons in visual area 1
of rested mice (blue, top) and in mice which were acutely sleep deprived for three hours (red,
bottom). B, Distribution of membrane potential (V) values shown as a probability density
function in the rested (n = 12 neurons from 10 mice) and sleep-deprived cortex (1 = 9 neurons
from 9 mice). Data for the rested group is re-used from the ‘awake’ group in Figure 4.1. C,
Population data of mean Vy, from IC recordings of spontaneous activity (R: -60.3 + 1.1 mV vs SD:
-52.2 £ 0.9 mV, p = 0.0002, one-way ANOVA with Bonferroni tests for multiple comparisons). D, Mean
instantaneous change in membrane potential from IC recordings (R: 6.6 = 0.3 mV/ms vs SD: 7.9
+ 0.5 mV/ms, p = 0.0009, one-way ANOVA with Bonferroni tests for multiple comparisons). E, Raw
trace of the current response to -10 mV step (R, blue; SD, red). F, Population data for membrane
resistance in the rested (Rpn-r, blue) and sleep-deprived (Rm-sp, red) cortical neurons (R: 50.6 + 6.4
MQ, n = 13 neurons from 10 mice vs SD: 54.1 + 3.2 M(), n = 6 neurons from 6 mice, p > 0.9999,
one-way ANOVA with Bonferroni tests for multiple comparisons). 'ns’, non-significant (p > 0.05); *, p
< 0.05; * * %, p < 0001.
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5.3 The equilibrium potential of the GABA-A receptor is more

depolarised in the sleep-deprived cortex

Having demonstrated that sleep deprivation does indeed alter the excitability of cortical
neurons, I next tested whether there were differences in synaptic GABA4R signalling
using the same approach that I had used to compare the anaesthetised and awake states
(Section 4.3). Presynaptic GABA release was evoked using blue light and the polarity of
the response was determined by measuring the change in membrane potential (Figure
5.2A, top panel). In the sleep-deprived cortex, GABA responses were exclusively
depolarising (Figure 5.2A, bottom panel). By contrast, neurons in the rested cortex
exhibited a mixture of responses, with approximately half exhibiting a depolarising

response and half exhibiting a hyperpolarising GABA response.

To determine whether the difference in synaptic GABA polarity was caused by
underlying differences in Egapa,r, the same voltage-clamp ramp protocol was used as
in Sections 3.4 and 4.3. Consistent with the depolarising shift in GABA responses
observed in current-clamp recordings, neurons in the sleep-deprived cortex exhibited a
more depolarised Ecapa,r (Figure 52B and C). This was associated with a
non-significant trend for more depolarising RMP values (Figure 5.2D) such that the
overall DFgapa,R Was depolarising in the sleep-deprived condition (by ~7 mV),

whereas the DFgapa ,r did not differ from zero in the rested condition (Figure 5.2E).
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Figure 5.2: GABAergic signalling is depolarising in the sleep-deprived brain. A, Overlaid
averaged and normalised traces of light-evoked postsynaptic GABA currents in the rested (blue,
R, n = 14 neurons from 11 mice) and sleep-deprived cortex (red, SD, n = 13 neurons from 10
mice). Data for the rested group is re-used from the ‘awake’ group in Figure 4.2. In the rested
cortex, light-evoked GABA responses can either be depolarising (Depol.) or hyperpolarising
(Hyperpol.), whilst in the sleep-deprived cortex responses are exclusively depolarising (bottom
panel, R: Depol. 6/14 Hyperpol. 8/14 vs SD: Depol. 13/13 Hyperpol. 0/13, p = 0.002, Fisher-Exact
test). B, Averaged subtracted GABA currents recorded in VC in the rested (R, n = 10 neurons from
9 mice) and sleep-deprived cortex (SD, nn = 6 neurons from 6 mice). The shaded area reflects SEM
for current, solid trace reflects mean current, straight-line reflects fitted line, circle indicates the
mean Egapa,r. C, Population data of Egapa,r (R:-63.3 £ 1.4 mV vs SD: -52.3 £ 1.3 mV, p = 0.0003,
one-way ANOVA with Bonferroni tests for multiple comparisons) and RMP (D, R: -64.2 + 1.1 mV vs
SD: -59.4 + 1.9 mV, p = 0.51, one-way ANOVA with Bonferroni tests for multiple comparisons) in the
rested and sleep-deprived cortex. E, Population data of DFgaga,r (RMP — Egaga,r) for synaptic
GABAAR signalling in the rested and sleep-deprived cortex (R: -0.9 + 1.7 mV vs SD:=7.1 + 1.6
mV, p = 0.32, one-way ANOVA with Bonferroni tests for multiple comparisons). DFgapa,r in the rested
cortex was not significantly different to zero, consistent with an overall shunting effect (p = 0.61,
one-sample t-test). By contrast, DEgapa,r Was depolarising in the sleep-deprived cortex (p = 0.006,
one-sample t-test). ‘ns’, non-significant (p > 0.05);

*, p < 0.05; * x x, p < 0.001.

©2022 RJ Burman 86



Chapter 5

5.4 Blocking excitatory synaptic transmission neutralises sleep-

wake differences in cortical network activity

The above findings demonstrate that acute sleep deprivation can elevate the activity
profile of the cortex. To ascertain whether the greater levels of depolarising GABAergic
signalling in the sleep-deprived state are a consequence of the shift in cortical network
activity, I repeated the same experiment presented in Section 4.4 and blocked excitatory
synaptic transmission by antagonising glutamatergic AMPA receptors with NBQX (see
detailed protocol in Section 2.5.4). In both the rested and sleep-deprived cortex, NBQX
was highly effective in reducing spontaneous cortical activity (Figure 5.3A). The
differences in both the resting membrane potential and membrane fluctuations were
neutralised between sleep-deprived and rested cortex (Figure 5.3B, C and D). Across
both states, there was no difference in the R, measured in voltage-clamp (Figure 5.3E

and F).
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Figure 5.3: Blocking excitatory signalling neutralises sleep-wake differences in local cortical
network activity. A, Example of perforated current-clamp (IC) recordings of spontaneous activity
from a visual area 1 pyramidal neuron after a focal injection of the glutamate-receptor blocker,
NBQX (100 pM), in rested mice (R+, turquoise, top) and acutely sleep-deprived mice (SD+,
magenta, bottom). B, Distribution of membrane potential (V) with probability density function
in the rested (n = 10 neurons from 7 mice) and sleep-deprived cortex (n = 5 neurons from 5
mice). Data for the rested with NBQX group is re-used from ‘awake +NBQX’ group shown in
Figure 4.3. C, Population data of mean Vy, from IC recordings of spontaneous activity (R+: -72.6
+ 1.0 mV vs SD+: -70.8 £ 1.2 mV, p > 0.9999, one-way ANOVA with Bonferroni tests for multiple
comparisons). D, Mean instantaneous change in membrane potential from IC recordings (R+: 0.68
+ 0.03 mV/ms vs SD+: 0.60 + 0.05 mV/ms, p > 0.9999, one-way ANOVA with Bonferroni tests for
multiple comparisons). E, Raw trace of the current response to -10 mV step (R+, turquoise; SD+,
magenta). F, Population data for membrane resistance in the rested (Ry-r+, turquoise) and sleep-
deprived (Rm-sp+, magenta) cortical neurons (R+: 136.2 + 11.9 M2, n = 10 neurons from 7 mice vs
SD+: 121.1 + 14.3 MQ, n = 5 neurons from 5 mice, p > 0.9999, one-way ANOVA with Bonferroni tests
for multiple comparisons). ‘ns’, non-significant (p > 0.05).
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5.5 The equilibrium potential of the GABA-A receptor remains
more depolarised in the sleep-deprived cortex after blocking

local network activity

By neutralising the differences in background synaptic activity with NBQX, I was then
able to test the contribution of local network activity in setting the parameters for
GABAergic signalling in the sleep-deprived cortex. Whereas all GABA responses were
hyperpolarising in the presence of NBOQX in rested cortex, GABA responses were more
heterogeneous in the sleep-deprived cortex, with approximately half of the neurons still
exhibiting a depolarising GABA response in the presence of NBQX (Figure 5.4A). Using
voltage-clamp ramp protocols, I was again able to measure the parameters underlying
GABAAR function (Figure 5.4B). Blocking local network activity resulted in more
hyperpolarising Ecapa,r values in both cortical states (R: -63.3 + 1.4 mV vs R+NBQX:
-78.1 £ 1.3 mV, p < 0.0001, one-way ANOVA with Bonferroni tests for multiple comparisons,
as shown in Figure 4.4; SD: -52.3 + 1.3 mV vs SD+NBQX: -68.7 + 1.9 mV, p < 0.0001,
one-way ANOVA with Bonferroni tests for multiple comparisons).By contrast, in the presence
of NBQX, Egaa,r in the sleep-deprived cortex remained significantly more depolarised
than in the rested cortex (Figure 5.4B and C). Differences in RMP were neutralised by
NBQX (Figure 5.4D), which was in line with the current-clamp recordings (Figure 5.3).
Under conditions where the contribution of local network activity was removed,
DFgaga,r did not differ significantly between the sleep-deprived and rested cortex (p
= 0.18, one-way ANOVA with Bonferroni tests for multiple comparisons; Figure 5.4E).
However, the DFgaga,r in the rested cortex exhibited a hyperpolarising DFgaga,r (p
= 0.0014, one-sample t-test), whereas DFgapa,r in the sleep-deprived cortex did not
differ from zero, consistent with an overall shunting effect (p = 0.87, one-sample
t-test; Figure 5.4E). Taken together, these observations are consistent with previous in
vitro recordings in acute brain slices, which have shown that sleep deprivation leads to

depolarising shifts in Egapa ,r and lower DFgaga ,r (Alfonsa et al., 2021).
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Figure 5.4: Sleep deprivation causes a depolarising shift in GABAergic signalling that is beyond
the contribution of local network activity. A, Overlaid averaged and normalised traces of light-
evoked post-synaptic GABA currents after glutamatergic signalling was antagonised with NBQX
(100 pM) in the rested (turquoise, R+, n = 10 neurons from 7 mice) and sleep-deprived cortex
(magenta, SD+, n = 8 neurons from 8 mice). Data for rested with NBQX group is re-used from the
‘awake +NBQX'’ group shown in Figure 4.4. In the rested cortex, light-evoked GABA responses
are exclusively hyperpolarising (Hyperpol.) after local network activity is shut down with NBQX.
By contrast, in the sleep-deprived brain, GABAergic responses remain mostly depolarising
(Depol.) (bottom panel, R+: Depol. 0/10 Hyperpol. 10/10 vs SD+: Depol. 5/8 Hyperpol. 3/8,
p = 0.007, Fisher-Exact test). B, Averaged subtracted GABA currents recorded in VC in the rested
(R+, n = 11 neurons from 7 mice) and sleep-deprived cortex (SD+, n = 5 neurons from 5 mice).
The shaded area reflects SEM for current, solid trace reflects mean current, straight-line reflects
fitted line, circle indicates the mean Egaga,r. C, Population data of Egaga,r (R+: -78.1 £ 1.3 mV
vs SD+: -68.7 £ 1.9 mV, p = 0.004, one-way ANOVA with Bonferroni tests for multiple comparisons) and
RMP (D, R+: -71.4 £ 1.4 mV vs SD+: -69.1+ 0.9 mV, p > 0.54, one-way ANOVA with Bonferroni tests
for multiple comparisons) in the rested and sleep-deprived cortex. E, Population of DFgapa,r (RMP
— Egaa,r) for synaptic GABA sR-mediated synaptic signalling in the rested and sleep-deprived
cortex after NBQX injection (R+: 6.7 + 1.5 mV vs SD+: -0.5 + 2.7 mV, p = 0.18, one-way ANOVA
with Bonferroni tests for multiple comparisons). ‘ns’, non-significant (p > 0.05); **, p < 0.01.
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5.6 Sleep-wake history determines the set point for the
equilibrium potential of the GABA-A receptor in the awake

cortex

To isolate the relative contribution of network-dependent and network-independent
effects, Ecapa,r Was compared between rested and sleep-deprived cortex, before and
after the addition of NBQX. Egapa,r was more depolarised in the drug-free
sleep-deprived cortex (Figure 5.2C) and this difference remained when local network
activity was blocked with NBQX (Figure 5.4C). To calculate the NBQX-induced changes
in Egapa,r in the rested and sleep-deprived states, ideally I would have paired data to
monitor the change in Egapa,r within the same neuron. Unfortunately, it proved
technically too difficult to obtain this paired data at a statistically-relevant sample size.
As an alternative, I calculated the difference in the mean Egapa,r with and without
NBQX (i.e. mean Egapa,r without NBQX minus mean Egaga,r with NBQX) for each
state. In the rested state, the difference in mean Egapa,r Was 14.8 mV, whereas in the
sleep-deprived state the difference in mean Egapa,r was 16.4 mV. Whilst it is not
possible to determine the statistical significance of this difference, it suggests that the
relative contribution of local network activity in setting Egapa,r is similar between
rested and sleep-deprived states. This observation would support the conclusion that
the principal effect of sleep deprivation is mediated by changes in the underlying set
point for [CI'];, consistent with previous evidence that sleep deprivation results in
changes in the activity of CI" co-transporters that determine Egapa,r (Alfonsa et al.,

2021).

5.7 Discussion

In this Chapter, I explored how sleep-wake history can affect GABAergic signalling in
the awake cortex. By prolonging wakefulness by three hours, I first found that
background synaptic activity in the cortex is significantly elevated. In this
sleep-deprived state, synaptic GABAAR signalling becomes exclusively depolarising.
Furthermore, the differences in the activity profile between rested and sleep-deprived

states can be neutralised by blocking glutamatergic signalling with NBQX. In this low
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activity state, GABAergic signalling in the sleep-deprived cortex remained significantly
more depolarised compared to the rested cortex under the same recording conditions.
Moreover, the contribution of local network activity to setting Egapa,r appeared to be
comparable, regardless of the sleep-wake history of the cortex. Taken together, these
findings provide in vivo evidence that demonstrates that sleep history can affect the set

point for GABAergic signalling in the cortex.

Synaptic signalling is known to vary across the sleep-wake cycle (Eban-Rothschild et al.,
2018; Tononi and Cirelli, 2006). By using sleep deprivation, it is possible to extend the
period of wakefulness and thereby exaggerate the changes in neuronal dynamics that
promote a transition towards sleep. Using this approach, previous studies have shown
that the increasing level of cortical excitability during wakefulness may be one
mechanism that encourages the network to transition into sleep (Vyazovskiy et al.,
2009). This induced elevation in local cortical activity is facilitated by factors that
promote excitation including, among others, an increase in extracellular glutamate
(Dash et al., 2009) and K* (Ding et al., 2016). The peak in this induced elevation of
cortical excitability occurs after three hours of sleep deprivation, which is why this time

period was chosen for my experiments (Dash et al., 2009; Vyazovskiy et al., 2009).

A recent observation made by Alfonsa and colleagues (2021) has suggested that an
activity-dependent shift in GABAergic signalling represents a cellular mechanism that
encodes sleep pressure in cortex. In this study, the authors show that prolonged
wakefulness can induce an upregulation in NKCC1, promoting an increase in
intracellular CI" influx and an associated depolarising shift in Egaga,r (Alfonsa et al.,
2021). This study was conducted in acute brains slices from layer 5 pyramidal neurons
in somatosensory cortex, and my results from layer 2/3 pyramidal neurons confirm that
EcaBa,r (-52.3 mV) is also depolarising in sleep-deprived cortex in vivo (Figure 5.3).
This depolarising shift in Egapa,r translates to an estimated shift in the intracellular CI°
from ~9.7 mM to ~16.5 mM (calculated using the GHK equation Section 2.6.3). While I
did not study changes in CI" co-transporters directly, I did observe a depolarising shift
in Egapa,r in the absence of local cortical activity (Figure 5.4). Specifically, in the
presence of NBQX, [CI']; in the sleep-deprived cortex was estimated to be ~7.2 mM

(EcaBa,r = -68.7 mV) compared to 3.9 mM (Egapa,r = -78.1 mV) in the rested cortex.
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While an increase in NKCC1 contribution has been identified as a likely mechanism
based on in vitro evidence (Alfonsa et al., 2021), further pharmacological and molecular
studies are needed to test the contribution of this CCC to setting the depolarised

EcaBa,r in the sleep-deprived cortex in vivo.

The effect of sleep deprivation on the cortex is not uniform and depends on the level of
activity that occurs during wakefulness. This has been demonstrated by Fisher and
colleagues (2016) who showed that the changes in cortical firing that occur during the
wake period are related to specific behaviours. Consistent with this finding, Alfonsa and
colleagues (2021) report that the depolarising shift in the Egapa,r that occurs during
prolonged wakefulness is abolished when sensory-experience is altered. In my
experiments, specific behaviours during the sleep deprivation period and during the
recording period were not recorded and therefore it is unknown whether these

parameters differed across animals.

In addition to sleep-wake history, intracellular CI" homeostasis also fluctuates across the
diurnal rhythm. This was originally described in neurons in the suprachiasmatic
nucleus (SCN), which is considered the main regulator of circadian rhythms (Klein
et al., 1991). There have been conflicting in vitro results as to whether the effect of
GABAJR transmission fluctuates throughout the circadian cycle (Choi et al., 2008;
De Jeu and Pennartz, 2002; Gribkoff et al., 2003, 1999; Wagner et al., 1997, 2001).
However, one study has highlighted that GABA in SCN neurons may be predominantly
excitatory during the dark phase, which corresponds to when mice are awake, and that
this is due to a transient upregulation of NKCC1 (Choi et al., 2008). More recently,
Pracucci and colleagues (2021) have shown using in vivo Cl” imaging in layer 2/3
pyramidal neurons in urethane-anaesthetised mice that there is an elevation of
intracellular Cl" during the dark phase. In addition, they also show that during the dark
period in which intracellular CI" is at its peak, cortical excitability is also elevated, as
indicated by a reduced threshold to induce seizures using a chemoconvulsant. Taken
together, these findings are consistent with the idea that during wakefulness,
GABAergic signalling is less likely to exert hyperpolarising effects due to changes in

cortical activity and co-transporter function.

In summary, the results presented in this Chapter support the conclusion that sleep-wake
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history can affect the driving force for GABApR-mediated synaptic signalling, which
reflects the levels of cortical network activity, but also network-independent effects that
determine the underlying DFgapa ,r- More broadly, these findings extend the findings of
Chapter 4 and further show how the state of local network activity can set the mode in

which GABAergic transmission operates in the cortex.
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Optogenetic determination of resting
and dynamic chloride equilibrium

potentials

6.1 Introduction

The previous chapters of this thesis support the idea that a neuron’s E¢; can vary
depending on the level of network activity, or as a result of sleep-wake-dependent
changes to the Cl° homeostatic set point. Established experimental methods for
measuring Ec rely upon the activation of Cl'-permeable receptors (e.g. GABAARs),
either by delivering an exogenous agonist (e.g. puffing or uncaging) or by stimulating
presynaptic axons to release an endogenous agonist (as explained in Section 1.3.2).
However, these methods can be confounded by issues associated with receptor
activation and the delivery of the receptor agonist. For example, it is difficult to know
which populations of receptors are activated and the receptor availability can also
change following activation (e.g. desensitisation) (Frosch et al., 1992; Jones and
Westbrook, 1995; Karlsson et al., 2011). Moreover, the receptor’s own contribution to E¢;
is difficult to assess (Karlsson et al., 2011; Yelhekar et al., 2016). It is also not always
feasible to deliver the agonist to the target neuron, particularly in intact preparations.
Furthermore, when stimulating axons to release the agonist, one must control for effects

upon presynaptic mechanisms.
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For these reasons, I considered alternative methods for probing Ec in an
agonist-independent and neuron-specific manner. To assess how a neuron regulates its
transmembrane CI" gradients, one ideally wants to measure E¢; under a variety of
conditions, both at rest and when challenged with a CI" load (Deisz et al., 2011; Doyon,
Prescott and De Koninck, 2016; Luhmann and Prince, 1991; Misgeld et al., 1986;
Thompson et al., 1988). Furthermore, sensitive measurement methods should be able to
distinguish neurons that differ in their chloride-handling mechanisms. For example,
several reports have suggested that parvalbumin (PV) fast-spiking interneurons exhibit
different chloride homeostasis to pyramidal neurons (Banke and McBain, 2006; Martina
et al., 2001; Otsu et al., 2020; Sauer and Bartos, 2010; Verheugen et al., 1999; Vida et al.,
2006), but to date there has been no consensus on the contribution that cation CI

co-transporters (CCCs) make to these differences.

The modern optogenetic toolkit includes a range of light-activated Cl -selective
transporters and channels (see Section 1.3.2). Whilst these optical constructs are
primarily used to induce neuronal inhibition, it has been shown that they can also be
used to manipulate intracellular CI" dynamics (Alfonsa et al., 2016, 2015; Lanz et al.,
2020; Raimondo, Kay, Ellender and Akerman, 2012). Of particular interest here are the
new generation of optically controlled CI" channels (Berndt et al., 2014, 2016;
Govorunova et al., 2015, 2016; Wietek et al., 2015, 2016, 2014). These channels depend on
the state of the transmembrane Cl” gradient and therefore should, in principle, afford
the opportunity to directly investigate Ec; and the transmembrane gradient for CI.
Within the class of light-activated CI” channels, the Guillardia theta anion-conducting
rhodopsin 2 (GtACR2) opsin is considered to have the best performance due to its high
level of anion selectivity and ability to generate large photocurrents (Govorunova et al.,
2015; Sineshchekov et al., 2015; Wiegert et al., 2017). Furthermore, Mahn and colleagues
(2018) have modified the GtACR2, creating stGtACR2, in order to optimise its capacity
to elicit neuronal inhibition. This includes a soma-targeting motif to restrict expression
to the soma and prevent expression at the presynaptic terminal, which has been shown
to evoke neurotransmitter release and facilitate postsynaptic excitation (Mahn et al.,
2016). In addition, loxP sites have been included, allowing for expression to be

controlled by Cre-lox recombination within defined cell types.
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The first objective of this Chapter was to validate a novel optical method for probing Ec;.
Here I test whether stGtACR2, a soma-localised optically-activated CI" channel, can be
used to perform Ec; measurements in pyramidal neurons by comparing the stGtACR2
equilibrium potential to the equilibrium potential of GABAARs. In addition, I present
how this tool can be used to quantify the contribution of KCC2 to E¢; dynamics. One of
the major limitations of other methods for probing E¢ is that they are not easily applied
in the in vivo brain, or are not specific to studying intracellular CI". In an attempt to

address this, the second objective was to determine whether this novel optical method

could be used to measure Ecj in the cortex in vivo. Having established this novel optical
method in pyramidal neurons, the third objective was to assess whether the method is
sufficiently sensitive to detect cell-type differences in steady-state intracellular CI". To test
this, I explored whether it was possible to use the stGtACR2 to confirm the previously
reported differences in Ec) between pyramidal neurons and PV interneurons. Finally,

the fourth objective of this Chapter was to explore whether the stGtACR2 could measure

differences in KCC2-mediated CI” extrusion between the two cell types.

6.2 A novel optogenetic method for measuring neuronal

chloride dynamics

The optically-activated stGtACR2 is thought to be selective for CI" and therefore its
equilibrium potential (Eggiacrz) is expected to reflect the equilibrium potential for CI-
(Ec1). Experimentally, an approximation of Ec; can be made by pharmacologically
isolating the equilibrium potential for the GABAAR (Egapa,r), which is predominately
permeable to CI” (see Section 1.2.1). To test how Eggiacre compares to Egapa,r, |
selectively expressed the stGtACR2 construct in layer 2/3 pyramidal neurons in
somatosensory cortex of juvenile mice (for detailed methods see Section 2.2.3). This was
achieved by performing in wvivo intracerebral stereotaxic injections of an
adeno-associated virus (AAV) encoding a floxed stGtACR2 construct into the cortex of
juvenile (four weeks postnatal, P28) CaMKIlla-cre mice (Figure 6.1A). In this mouse line,
Cre recombinase is selectively expressed in pyramidal neurons, which will restrict
cleavage of the loxP sites and subsequent expression of the stGtACR2 only to this cell

type (Figure 6.1B). After at least two weeks following viral injection, acute coronal brain
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slices were prepared (see detailed procedures in Section 2.2.5).

As the stGtACR?2 is linked to the Fusion-Red fluorescent reporter protein (Mahn et al.,
2018), individual layer 2/3 pyramidal neurons expressing this CI" channel could be
visualised under fluorescent light. I was therefore able to perform targeted whole-cell
patch-clamp recordings (see detailed procedures in Section 2.4.1) on
stGtACR2-expressing cortical neurons which, when injected with depolarising current,
demonstrated a firing pattern consistent with that of pyramidal neurons (Figure 6.1C).
To evoke stGtACR2 photocurrents, the recorded neuron was illuminated with blue light
pulses (470 nm laser) delivered through the microscope’s objective. Eggiacrz was
measured by performing voltage steps and generating a current-voltage (IV) plot of
both the baseline current and the current measured during stGtACR2 activation
('stGtACR2 current’; Figure 6.1D, see detailed explanation of protocol in Section 2.6.7).
In the same neurons, somatic GABAsRs were activated by focal application of
exogenous GABA via a patch pipette connected to a picospritzer. To isolate Egapa,r
activation, GABAARs were blocked by adding CGP55845 (10 uM) to the perfusate. A
similar voltage step protocol was used to measure Egapa,r (Figure 6.1E). To explore
whether the relationship between Egciacre and Egapa,r Was consistent across a range
of intracellular CI" concentrations, whole-cell recordings were performed using one of
three different pipette solutions, consisting of either 4 mM, 20 mM or 70 mM CI". Across
a population of neurons, EgGiacre and Egapa,r were found to be significantly correlated

(Figure 6.1F), supporting the idea that Egciacre can be used to estimate somatic E.
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Figure 6.1: The equilibrium potential of the light-activated stGtACR?2 is equivalent to the chloride-
permeable GABA-A receptor. A, Postnatal intracerebral AAV injections were performed in the
primary somatosensory cortex (S1) of homozygous juvenile (four weeks postnatal) CaMKIla-cre
mice, to allow for viral transduction and expression of stGtACR?2 in layer 2/3 pyramidal neurons.
B, Confocal microscope image of a 100 um brain slice showing stGtACR2 (fused to FusionRed,
red) and expressed in Cux2+ layer 2/3 pyramidal neurons (blue) in S1, two weeks after injection.
C, Schematic of the experimental setup in which targeted whole-cell patch-clamp recordings were
performed from stGtACR2-expressing layer 2/3 pyramidal neurons. Activation of stGtACR2
was achieved by delivering blue light (470 nm laser) via the microscope objective. To compare
to Egapa,r, focal applications of exogenous GABA were used to activate somatic GABAsR.
Inset (right corner), current-clamp recording of the firing pattern elicited from a stGtACR2-
expressing pyramidal neuron following current injection. D, Current-voltage (IV) plot showing
the relationship between the stGtACR2-induced current (cyan, 100 ms light activation) and
baseline current (black) across different voltage steps. Both the resting membrane potential (RMP)
and equilibrium potential for stGtACR2 (Eqciacro) are indicated. Inset shows electrophysiological
trace with the current response and estimated voltage after series resistance correction. Points at
which the baseline and stGtACR2 currents were measured are indicated (vertical blue lines). E,
IV plot showing Egaga,r from focal applications of exogenous GABA puffed on the soma. F,
Esigtacre and Ecaga,r are highly correlated (linear fit, black solid line, ¥ = 0.99, n = 24 neurons
from 7 mice, p < 0.0001, Pearson correlation coefficient) and equivalent (dashed black line) across a
range of pipette CI" concentrations.
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6.3 Quantifying  chloride  extrusion capacity  using

optically-evoked chloride fluxes

Previous work has shown that large CI” influxes can cause a transient increase in [CI'];,
which leads to a transient depolarising shift in Ecj, as illustrated in Figure 6.2A (Jin
et al., 2005; Raimondo, Kay, Ellender and Akerman, 2012; Staley and Proctor, 1999). The
rate at which Ec; then recovers to its steady-state, can then be used as a way to quantify
Cl" extrusion mechanisms, with KCC2 being the predominant mechanism (Deisz et al.,
2011; Doyon et al., 2011; Doyon, Prescott and De Koninck, 2016; Lanz et al., 2020;
Raimondo, Kay, Ellender and Akerman, 2012). Previous experiments examined such E¢
dynamics by activating GABAsRs via application of GABA or a GABAsR-selective
agonist. However, it is difficult to control the amount of agonist delivered, the pool of
receptors that are activated by the agonist, or agonist-dependent changes to the

receptors.

An optogenetic approach to quantifying CI” extrusion could avoid these agonist-related
issues and allow the CI" fluxes to be tightly controlled using light. To investigate this
possibility, I performed whole-cell patch-clamp recordings in voltage-clamp mode
(pipette solution, 4 mM CI') in stGtACR2-expressing pyramidal neurons (Figure 6.2B). I
adopted a loading protocol that was similar to that used by Raimondo and colleagues
(2012), and used blue light to activate stGtACR2 whilst increasing the driving force for
CI” by depolarising the membrane potential with a voltage step (Figure 6.2C). The effect
of this CI" loading protocol on subsequent stGtACR2 photocurrents could then be
tracked sequentially (Figure 6.2D). Immediately after the loading protocol, stGtACR2
photocurrents were strongly depolarising (negative going) but then decreased in
amplitude, and ultimately reversed to their original hyperpolarising state (positive

going) over a period of ~50 seconds.

The depolarising shift in the stGtACR2 current indicates that the optical loading
protocol is able to depolarise Eggiacre. To confirm this, I repeated the same loading
protocol but used sequential voltage ramps to determine Eggiacre (Figure 6.2E).
Estgtacre was determined by subtracting the current response to a voltage ramp before

(defined as the ‘Baseline ramp’) and during stGtACR2 activation with blue light (Figure
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6.2F). As expected, Eggiacra Was depolarised immediately after the loading step and
recovered to hyperpolarised values during the subsequent 50 seconds (Figure 6.2G).
This approach makes it possible to define a neuron’s Cl" extrusion dynamics by
calculating the rate at which Eggiacro recovers over time, as indicated by the decay
constant, tau (Tsciacre; see detailed explanation in Section 2.6.8). To isolate the
contribution of KCC2 to the CI" extrusion mechanisms, I added the KCC2-specific
antagonist VU0463271 to the perfusate and repeated the same loading protocol in the
same neuron. By comparing recovery curves before and after application of VU, the
contribution of KCC2 could be determined optogenetically (Figure 6.2H). Overall, it
was evident that KCC2 has a significant influence on setting both the steady-state of
Esgtacre (Figure 6.21), as well as on the rate, Tggiacre, at which cortical pyramidal

neurons are able to extrude Cl” (Figure 6.2]).

Figure 6.2 (following page): KCC2-mediated chloride extrusion can be measured using optical
activation of stGtACR. A, Schematic showing how [CI']; can be increased (loaded) via stGtACR2
activation and decreased (unloaded) as a result of KCC2-mediated extrusion. B, Experimental
setup of whole-cell patch-clamp recordings (pipette solution, 4mM CI') of a stGtACR2-expressing
layer 2/3 pyramidal neuron in an acute brain slice from somatosensory cortex. C, Recording trace
of the voltage-clamp protocol used to test how stGtACR2 currents are affected following intense
activation (top panel shows the current response, bottom panel shows the estimated voltage after
Rs correction). stGtACR2 currents are evoked by 100 ms light pulses. This is then followed
by a loading pulse that consisted of prolonged (1 s) stGtACR2 activation whilst concurrently
depolarising the voltage to -20 mV to increase the CI" driving force. Following the loading
step, stGtACR2 was activated (100 ms) every second. D, Current responses (top) to stGtACR2
activation following the loading step. The amplitude of current response at 1 s intervals (bottom).
The decay constant, tau (1), is measured from a single exponential curve fitted to the changes
in current amplitude over time (cyan line). E, Recording trace of the voltage-clamp protocol
used to measure the percentage change in Egcacre after inducing a Cl load via stGtACR2 (top,
current response; bottom, estimated voltage after R correction). To measure the baseline current
(defined as ‘Baseline ramp’, grey), a voltage ramp (from -120 mV to -20 mV over 150 ms) was
performed before the loading step (1 s activation at -20 mV). Ramps were then repeated every
5 s whilst activating stGtACR2 (blue light illumination maintained through the entire ramp, 150
ms). The first (t1), second (f;) and last (t11) ramps following the loading step are marked (grey,
dashed boxed). F, Current-voltage (IV) plots of the isolated stGtACR2 current (generated from
the baseline ramp and ramps during stGtACR?2 activation) at f;, t; and t1; were used to calculate
the equilibrium potential for stGtACR2 (Eggiacrz). G, Summary IV plot showing the change
in isolated stGtACR2 current from t; to t1;. Inset, percentage change in EgGiacro following the
loading step over time is plotted and a single exponential is fitted to calculate the decay constant
(Tstctacre), which indicates the rate of extrusion. H, A summary plot showing the change in
Estctacre over time under control conditions (-VU; cyan) and under conditions when KCC2 was
blocked with the selective antagonist VU0463271 (+VU; purple; 10 pM). The mean (dashed line)
and standard error of the mean (SEM, shaded area) are plotted. Single exponential was fitted
(thick line) to population data to calculate the decay constant for both groups. Curves were
cropped to show data up to and including 30 s after the loading step for clarity. Population
data showing the increase in steady-state Eqgiacro (I, -VU: -78.86 + 2.56 mV vs +VU: -70.12 + 0.98
mV, p = 0.01, paired t-test, n = 5 neurons from 3 mice) and TsGeacrz (J, -VU: 7.29 £ 0.41 s vs +VU:
15.79 £ 0.98 s, p = 0.001, paired t-test, n = 5 neurons from 3 mice) after VU application. *, p < 0.05;
+%, p < 0.001.
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6.4 In vivo optogenetic measurements of the equilibrium

potential of chloride

The findings of this Chapter have so far demonstrated that stGtACR2 can be used to
estimate resting Ec; and E¢; dynamics in pyramidal neurons in vitro. This thesis has
already demonstrated how optogenetic control of presynaptic GABA release can be
used to estimate Egapa,r i1 vivo (see Chapter 3). While this approach proved to be
useful when performing untargeted perforated patch-clamp recordings, I was keen to
investigate whether stGtACR2 could be used as part of a targeted optical method for
measuring Ec in a genetically-defined neuronal population in vivo. The first step in this
experiment was to transduce cortical pyramidal neurons with the stGtACR2 construct. I
initially tried to perform the same stereotaxic viral injections as for the in vitro studies,
following work by Jouhanneau and colleagues (2015), who successfully performed
two-photon guided in vivo patch-clamp recordings on virally transduced layer 2/3
pyramidal neurons. However, in my experience the damage caused by the viral
injections produced an inflammatory process that compromised the two-photon
imaging. As an alternative, I opted to use in utero electroporation to express stGtACR2

in cortical pyramidal neurons (Figure 6.3A, for detailed protocol see Section 2.2.4).

Using this electroporation approach, it was possible to selectively express stGtACR2
and Tdtomato in layer 2/3 pyramidal neurons of somatosensory cortex (Figure 6.3B). To
record from these stGtACR2-expressing neurons, two-photon guided in wvivo
patch-clamp recordings were then performed in anaesthetised juvenile mice (Figure
6.3C and D, see detailed protocol in Section 2.4.3). The Tdtomato enabled the neurons
to be easily identified with two-photon microscopy using 930 nm laser light. Meanwhile
Alexab94 dye was added to the internal solution to visualise the pipette using 820 nm
laser light. This allowed for both whole-cell (Figure 6.3E) and perforated (Figure 6.3F)
patch-clamp recordings to be performed. Using the voltage step protocol, it was
possible to measure Eggiacre in both whole-cell (Figure 6.3F, pipette solution, 4 mM
CI') and perforated (Figure 6.3G) recording modes. Under these conditions, EsGiacr2
was found to be hyperpolarising, consistent with the in vitro whole-cell recordings
(Figure 6.1) and with the in vivo measurements of Egapa,r in the anaesthetised brain

using the light-evoked presynaptic release (Chapters 3 and 4).
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Figure 6.3: In vivo optogenetic measurements of equilibrium potential for chloride using
stGtACR2. A, Schematic of in utero electroporation to express stGtACR2 and the fluorescent
reporter, TdTomato, in mouse cortex. B, Confocal image of layer 2/3 pyramidal neurons (red)
in primary somatosensory cortex (S1) at 6 weeks postnatal (P42). C, Experimental setup for
two-photon targeted patch-clamp recordings. D, Two-photon image of TdTomato-expressing
layer 2/3 pyramidal neurons. E, Example two-photon image during a whole-cell patch-clamp
recording (pipette solution, 4 mM CI) in which the Alexa594 dye (magenta) diffuses from the
pipette (white lines) into the targeted neuron. F, Current-voltage (IV) plot following voltage
steps during which the stGtACR2 is activated with blue light (cyan, 470 nm). Inset shows
electrophysiological trace with the current response and estimated voltage after series resistance
correction. Measurements of the baseline and stGtACR2 currents were taken at the different
voltages (dark blue lines). The intersection of the baseline current (black fitted line) with zero
marks the resting membrane potential (RMP), whilst the intersection with the stGtACR2 current
line (cyan fitted line) indicates the equilibrium potential for stGtACR2 (Eggracr2). G, Example
two-photon image from a perforated patch-clamp recording during which the Alexa594 dye
remains in the pipette. H, IV plot generated from voltage steps during perforated recording
ShOWil’lg RMP and EsthACRZ‘
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6.5 Optogenetic measurements of intracellular chloride

dynamics distinguish excitatory and inhibitory neuron
types

Sensitive methods for determining Ec; should be able to distinguish between neurons
that differ in their CI" handling mechanisms. For example, several reports have
suggested that PV fast-spiking interneurons exhibit different chloride homeostasis to
pyramidal neurons (Banke and McBain, 2006; Martina et al., 2001; Otsu et al., 2020;
Sauer and Bartos, 2010; Verheugen et al., 1999; Vida et al., 2006), although there has been
no consensus on the relative contribution that cation CI" co-transporters (CCCs) make in
these different neuron types. I took advantage of the Cre-lox recombination system to
express stGtACR2 in genetically-defined neuron types and investigate potential
differences in resting and dynamic E¢| between pyramidal neurons and PV interneurons
(as discussed in Section 6.1). I performed stereotaxic viral injections of floxed stGtACR2
in transgenic mouse in which Cre-recombinase is only expressed in PV interneurons
(Figure 6.4A, see detailed protocol in Sections 2.1 and 2.2.3). Using this method, I was
able to restrict stGtACR2 expression to cortical PV interneurons (Figure 6.4B) and
prepared acute coronal brain slices of somatosensory cortex so that I could perform
patch-clamp recordings in stGtACR2-expressing PV interneurons in layer 2/3 (Figure
6.4C), similar to those in Sections 6.2 and 6.3). In these experiments I performed both
whole-cell (pipette solution, 4 mM CI') and gramicidin perforated patch-clamp
recordings (Figure 6.4D). Measurements of Esiacro Were made using the voltage step
protocol and compared to equivalent measurements in stGtACR2-expressing pyramidal
neurons. To assess the contribution of KCC2 in setting Eggiacre in each neuron type,

measurements were made before and after adding VU to the perfusate.

In both whole-cell and perforated patch-clamp recordings, Esgiacrz in PV interneurons
was found to be more depolarised compared to that measured in pyramidal neurons
(Figure 6.4G and K). Interestingly, under these conditions, antagonising KCC2 with VU
caused a significant depolarising shift in resting Eggtacrz in both neuron types (Figure
6.4F, H, ] and L) and there was no detectable difference in the contribution of KCC2

(Figure 6.4H and L). Together, these findings indicate that the resting Ec; is different
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between cortical pyramidal neurons and PV interneurons, but that the contribution of

KCC2 to resting Ecj is comparable between the two neuron types.

Figure 6.4 (following page): Parvalbumin interneurons exhibit depolarised optogenetic resting
equilibrium potential for chloride. A, Homozygous mice expressing Cre recombinase in
parvalbumin (PV) interneurons underwent postnatal intracerebral injections of virally packaged
stGtACR?2 in primary somatosensory cortex (S1). B, Confocal image showing selective expression
of stGtACR2 (red) in layer 2/3 PV interneurons (green). C, In vitro setup in which patch-clamp
recordings were performed on stGtACR2-expressing PV neurons. Inset (left corner), current-
clamp recording demonstrating the action potential firing pattern expected for a fast-spiking
PV interneuron after current injection. D, Both whole-cell (top; pipette solution, 4 mM CI') and
gramicidin perforated (bottom) patch-clamp recordings were performed. E, Current-voltage (I-
V) plot generated from a whole-cell recording in which the change in stGtACR2 current (cyan)
was measured across different stepped voltages to calculate the resting membrane potential
(RMP) and the equilibrium potential of stGtACR2 (Esgtacre). F, IV plot from the same whole-
cell recording following the application of VU (100 uM, purple). G, Population data of whole-
cell recordings showing more depolarised Egciacre in PV interneurons compared to pyramidal
neurons (PV: -72.58 + 1.54 mV, n = 8 neurons from 3 mice vs Pyr: -78.73 + 2.24 mV, n = 8 neurons
from 4 mice, p < 0.0001, two-way ANOVA with Tukey’s tests for multiple comparisons). H, Population
data of the change in Egciacre after KCC2 was antagonised with VU (PV: 744 £ 1.9 mV, n =8
neurons from 3 mice vs Pyr: 6.8 + 1.85 mV, n = 8 neurons from 4 mice, p = 0.52, unpaired t-test).
In both PV interneurons and pyramidal neurons, there was a depolarised shift in Egciacre after
VU application (PV: p < 0.0001, one-sample t-test; Pyr: p < 0.0001, one-sample t-test). The same
experiment was repeated using gramicidin perforated patch-clamp recordings before and after
the application of VU (I and J show example IV plots from a single PV interneuron before and
after VU). K, Population data showing depolarised resting Egctacre in PV interneurons (PV: -
69.16 + 4.54 mV, n = 6 neurons from 3 mice vs Pyr: -77.12 + 3.83 mV, n = 7 neurons from 5 mice, p
< 0.0001, two-way ANOVA with Tukey’s tests for multiple comparisons). L, Both neuron types showed
a depolarising shift in Eggiacre following VU application (PV: p = 0.002, one-sample t-test; Pyr: p
= 0.0003, one-sample t-test), the difference was not significant (p = 0.23, unpaired t-test). 'ns’, non-
significant (p > 0.05); *x, p < 0.01; % * %, p < 0.001.
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6.6 Excitatory and inhibitory cortical neurons differ in their

KCC2-mediated chloride extrusion capacity

Previous work has suggested that more subtle differences in KCC2 function can be
revealed when a neuron is subjected to a Cl" load, as this reveals more of the neuron’s
capacity to extrude CI" (Doyon, Prescott and De Koninck, 2016). To test if stGtACR2 can
be used to resolve more subtle cell-type differences in KCC2 activity, I compared
optogenetic E¢; dynamics between cortical pyramidal neurons and PV interneurons.
Using the same protocol as in Section 6.3, I performed whole-cell patch-clamp
recordings in stGtACR2-expressing PV interneurons (Figure 6.5A). Immediately
following the loading step, Esciacrz exhibited depolarised values and gradually shifted
back to hyperpolarised steady-state values over the subsequent 50 seconds (Figure 6.5B
and C). The rate of E¢ recovery following the Cl” load was assessed by determining
TaGtaCR2, and compared between cell-types before (Figure 6.5D) and after VU (Figure
6.5E). This revealed that Tggiacre was faster in pyramidal neurons than in PV
interneurons (Figure 6.5F). Furthermore, in the presence of VU, Tgciacr2 became
equivalent between the two cell types (Figure 6.5G), with VU shifting tciacrz to a

greater degree in the pyramidal neurons (Figure 6.5H).

Figure 6.5 (following page): Optogenetic equilibrium potential for chloride dynamics reveal
cell-type differences in KCC2 mediated extrusion. A, Experimental setup in which whole-cell
patch-clamp recordings (pipette solution, 4 mM CI') were performed on stGtACR2-expressing
parvalbumin (PV) interneurons in layer 2/3 of primary somatosensory cortex. B, Top panel,
example trace of voltage-clamp recording (top, current recording; bottom, estimated voltage
after Ry correction) measuring the changes in the equilibrium potential for stGtACR2 (Eggtacre)
using voltage ramps (as described in Figure 6.2). Bottom panel, Current-voltage (IV) plots of
the isolated stGtACR2 current (i.e. total current during stGtACR2 activation — baseline current)
immediately (time point 1, t;), at 5 s (time point 2, ;) and at 55 s (time point 11, ¢11) after the
loading step. C, Summary IV plot showing the change in isolated stGtACR2 current from f; to
t11. Inset, shift in Eqgracre caused by loading step (%) over time with single exponential fitted to
measure the extrusion time constant (Tsciacre). D, Percentage shift in Tggracre in PV interneurons
before (cyan) and after (purple) KCC2 was blocked with VU. E, Population data showing an
increase in TgGeacre after VU application in PV interneurons (-VU: 11.38 + 0.65 s vs +VU: 15.57 +
0.63 s, p = 0.006, paired t-test, n = 6 neurons from 3 mice). F, Recovery curve for PV interneurons vs
pyramidal neurons (data from Figure 6.2) with inset showing population data (PV: 11.38 + 0.65
s vs Pyr: 7.29 = 041 s, p = 0.01, two-way ANOVA with Tukey’s tests for multiple comparisons). G,
Recovery curve and population data for Tsciacre after VU application (PV: 15.57 + 0.63 s vs Pyr:
15.79 £ 0.98 s, p = 0.99, two-way ANOVA with Tukey’s tests for multiple comparisons). H, While VU
caused an increase in TgGeacre in both PV and pyramidal neurons (PV: p = 0.004, one-sample t-test;
Pyr: p = 0.001, one-sample t-test), the VU-induced change in Egciacre was greater in pyramidal
neurons than PV interneurons (PV: 4.13 + 0.79, n = 6 neurons from 3 mice vs Pyr: 8.01 £ 0.92, n =
5 neurons from 3 mice, p = 0.01, unpaired t-test). ‘ns’, non-significant (p > 0.05); *, p < 0.05; *x*, p <
0.01; % * %, p < 0.001.
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6.7 Discussion

In this Chapter, I present a novel optogenetic method for studying resting and dynamic
Ec) using the light-activated Cl” channel, Eggiacre. This new agonist-independent
approach allows for CI" fluxes to be evoked directly in neurons of interest, thus
eliminating the need to activate ligand-gated receptors within the tissue. This offers a
series of advantages, including avoiding potential complications associated with
activating endogenous receptors, the ability to target Ec; measurements from
genetically-defined neuronal cell types, and a compatibility with intact tissue
preparations. To demonstrate the utility of this optogenetic approach, I show that
stGtACR2 has an equilibrium potential (Egciacr2) equivalent to a known endogenous
Ec) channel, the GABAAR. A key feature of this optically-controlled channel is that it
can be used to actively probe KCC2-mediated Cl” extrusion by first eliciting a transient
CI load, and then affording sequential measurements of Ec; to track recovery back to
the steady-state. Whilst technically challenging, this approach can also be adapted to
perform in vivo measurements of Ec dynamics. By harnessing the Cre-lox
recombination that restricts stGtACR2 expression to a defined cell type, I was further
able to target this approach in cortical PV interneurons and confirm reported differences
in resting Ec; compared to pyramidal neurons. Furthermore, I was able to show that
whilst the contribution of KCC2 to resting Ec) is comparable, measurements of dynamic
E¢) revealed more subtle differences in KCC2-mediated E¢; extrusion efficacy between

the two genetically-defined cell types.

To validate the use of Eggiacrz as a measure of intracellular CI° dynamics, it was
compared to Egapa,r across a range of different set [Cl]; (Figure 6.1). The strong
correlation between the Eggiacre and Egapa,r provides evidence that the Eggiacro is
indeed reflective of the CI state of a neuron, and can therefore be used to make
inferences about neuronal CI" dynamics. However, an important feature of Egaga,r is
that it reflects the combined equilibrium potential of both E¢j, ~-80 mV in in vitro slices
(Ellender et al., 2014; Raimondo et al., 2013), and Eycos, ~-13 mV (Raimondo, Irkle,
Wefelmeyer, Newey and Akerman, 2012), as shown in the GHK Equation (see Section
1.2.1. This is because the Egapa,r is permeable to both CI" and HCOj3™ (Bormann et al.,
1987; Kaila, 1994; Kaila et al., 1989; Kaila and Voipio, 1987; Kaila et al., 1993). As
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stGtACR?2 is thought to be a CI" selective channel (Govorunova et al., 2015), it was
therefore surprising that EgGiacro was so similar to Egaga,r. One explanation for this
finding is that stGtACR2 may also be permeable to HCO3". Alternatively, another
explanation could be that the contribution of HCO3™ to the measured Egapa,r is
minimal. To test these hypotheses, EgGiacro and Egapa,r should be compared using
patch-clamp recordings in an adapted ACSF solution in which sodium bicarbonate is

replaced with HEPES.

The precise temporal control of stGtACR2 activation makes it well-suited for
performing sequential measurements, such that the state of E¢; can be tracked following
a transient Cl” load. In these experiments, the Tqciacre in layer 2/3 pyramidal neurons
was measured to be 7.3 s, which increased to 13.8 s when KCC2 was blocked (Figure
6.2]). Previous in vitro studies across different brain preparations have made similar
measurements of Cl” recovery using different methods of inducing a CI" load. Staley and
colleagues (1999) used applications of GABA targeted at the soma of CAl pyramidal
neurons and estimated the time constant of recovery to be 3.5 s. By contrast, Raimondo
and colleagues (2012) used the light-activated CI" pump, halorhodopsin, to induce a
load in hippocampal pyramidal neurons, and GABA applications to measure a decay
constant of 14.7 s.  Furthermore, Diesz and colleagues (2011) combined sharp
microelectrode intracellular recordings with iontophoretic injections of Cl° and
electrically evoked inhibitory postsynaptic potentials (IPSPs) to study CI° extrusion
kinetics. In these experiments, the authors measured a decay constant of 7.1 s, which
increased to 16.7 s when furosemide, a non-selective KCC2 antagonist, was added.
Finally, Jin and colleagues (2005) used voltage ramp protocols and application of
muscimol, the GABA sR-selective agonist, to estimate a time constant of 6.7 s in layer 5
pyramidal neurons. Taken together, the average time constant measured across these
four studies is 8 s, which is similar to the 7.3 s reported in this Chapter. Moreover, the
closeness in the time constant estimates across preparations suggest that the effect of
differences in the degree of Cl" loading may be negligible. In support of this, Deisz and
colleagues (2011) found no relationship between the magnitude of induced CI" load and

the measured time constant.

By using the ability of stGtACR2 to measure CI” extrusion kinetics, I was able to identify
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a difference in KCC2 function between cortical PV interneurons and pyramidal neurons.
This finding extends previous work that has described a difference in the steady-state
intracellular CI" between these cell types, with PV interneurons tending to exhibit a
more depolarised Egapa,r (as explained in Section 6.1). Importantly, the data presented
in this Chapter argues that the extrusion capacity of KCC2 may indeed be different
between these two cell types, which could be explained by subtle differences in
transporter expression or function. While the work of Otsu and colleagues (2020) found
no difference in the contribution of KCC2 to setting the steady-state intracellular CI" in
these two cell types, they did not provide a CI" challenge to test co-transporter function.
As argued by Doyon and colleagues (2016), more subtle differences in KCC2 function
can be revealed when neurons are under a CI" load. In addition to identifying
differences in KCC2 function between cell types, this approach has also been used to
identify differences in KCC2 extrusion capacity induced by stress (Lanz et al., 2020) and

epileptogenesis (Jin et al., 2005).

In interpreting these differences in CI” extrusion dynamics, there are other channels and
transporters that need to be considered. These include the sodium-chloride-bicarbonate
exchanger (NCBE), which extrudes CI” in exchange for moving HCO3™ and Na™ into the
intracellular space (Grichtchenko et al., 2001; Kaila, 1994; Romero et al., 2000;
Schwiening and Boron, 1994). In addition, the inward-rectifying CIC-2 channel may
provide passive CI” extrusion during states of Cl” load (Staley, 1994). Interestingly, Smith
and colleagues (Smith et al., 1995) have shown using in situ hybridisation that the
expression of CIC-2 mRNA was highly variable across brain regions and appeared
markedly reduced in hippocampal interneurons. Whilst the expression and function of
NDAE and CIC-2 in PV interneurons needs to be confirmed with modern transcriptomic
techniques and functional studies, it is possible that they may contribute to the

differences in CI” extrusion between cortical PV interneurons and pyramidal neurons.

A potential limitation of the experiments measuring Cl° extrusion kinetics in this
Chapter is that they were performed using whole-cell patch-clamp recordings. As
explained in Chapter 3, whole-cell recordings are known to compromise the state of the
transmembrane CI°, as the intracellular contents dialyse with the pipette solution.

However, in these experiments it proved technically difficult to induce a transient CI°
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load using perforated patch-clamp recordings. This was possibly due to Ry effects,
which can limit the ability to sustain a depolarised membrane potential and increase the
CI" driving force during the loading protocol. Furthermore, in attempting to hold the
neuron at a depolarised voltage, the perforation often became compromised and broke
through into the whole-cell configuration. This is consistent with what has previously
been reported (Staley and Proctor, 1999). However, Raimondo and colleagues (2012)
have demonstrated, in both organotypic and acute brain slices, that gramicidin
perforated patch-clamp recordings can be used to induce transient CI" loads, which
provides evidence for the technical feasibility of this approach. Future experiments may
attempt to reconcile these differences in observations by attempting to replicate the

findings using perforated patch-clamp recordings.

In summary, this Chapter characterises a novel optogenetic method to measure resting
and dynamic Ec;. By using the light-activated stGtACR2 CI" channel, I was able to
measure E¢y directly. As this approach does not depend on the use of an agonist, it
avoids issues associated with receptor activation to estimate Ec;. I demonstrate the
versatility of this optical method by using it to measure neuronal Ec; in vivo.
Furthermore, I show that this optogenetic approach can distinguish cell type differences
in Ec; and has the sensitivity to reveal subtle differences in CI” extrusion. Taken together,
these findings establish that stGtACR2 can be used effectively as a tool to accurately

probe neuronal Cl dynamics.
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General Discussion

The overarching aim of this thesis was to explore how Cl-dependent GABAAR synaptic
signalling operates in the mammalian cortex. In this final Chapter, I will recapitulate my
main experimental discoveries that have been gathered in pursuit of this aim. I will also
discuss factors that need to be considered when interpreting my findings. Finally, I will
extrapolate the results of my thesis into a broader context and highlight how they expand
current knowledge. This will include suggestions on how the work I present in this thesis

could be extended in the future.

7.1 Experimental findings

In Chapter 3, I presented the first in vivo measurements of Egapa,r in cortical pyramidal
neurons. To do this, I combined an established optogenetic method for evoking synaptic
GABAergic signalling in vivo, with an adapted protocol for performing gramicidin
perforated patch-clamp recordings in the anaesthetised rodent cortex. Using a voltage
ramp protocol, I was able to make simultaneous measurements of Egaga,r and Epeax,
which allowed me to determine the DFgapa,r and its fluctuations in real-time. By using
this in vivo perforated patch-clamp method, I was able to confirm that KCC2-mediated
CI" extrusion sets DFgaga,r in the cortex, whilst I found modulating extracellular

impermeant anions to have a negligible effect upon the DFgapa ,Rr-

In Chapter 4, I used this novel in wvivo recording method to explore how

GABA sR-mediated synaptic signalling is affected by different states of cortical network
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activity. Here I first characterised neuronal activity in the anaesthetised and awake
cortex, which confirmed that the awake state is more synaptically active. This difference
in cortical activity correlated with more depolarising Egapa,r Values and revealed that,
in the awake cortex, there is a preference for shunting inhibition. By contrast, in the
anaesthetised state, where cortical networks showed a lower activity profile,
GABAsR-mediated signalling was exclusively hyperpolarising.  This relationship
between local network activity in the cortex and the function of GABAergic signalling
was then confirmed by reducing local network activity by blocking glutamatergic

synaptic transmission in the awake cortex and observing a hyperpolarising shift in the

DFGaABAAR-

In Chapter 5, I further explored the relationship between local cortical activity and
GABAR function in the awake brain. Here I manipulated the sleep-wake history of the
animal in order to modify cortical activity. In mice that experienced acute sleep
deprivation, I found cortical neurons to be more synaptically active, which was
associated with GABA sR-mediated signalling becoming exclusively depolarising. To
delineate the contribution of local network activity towards setting the DFgapa,r in the
sleep-deprived cortex, I reduced local network activity by blocking glutamatergic
synaptic transmission. This experiment revealed that acute sleep deprivation induces a
change in the set point for GABAergic signalling, whereas the relative contribution of
local network activity to set the DFgapa,r appears to remain relatively constant across

the rested and sleep-deprived cortical states.

In Chapter 6, I introduced a new optical and agonist-independent method for measuring
the Ec;. By selectively expressing the light-activated stGtACR2 CI” channel in cortical
neurons, I could demonstrate direct optogenetic measurements of Ec| both in vitro and
in vivo. The high temporal precision of this optical approach allows one to make real-
time measurements of KCC2-mediated CI” extrusion in genetically defined cell types.
This feature allowed me to confirm that cortical PV interneurons have a higher resting
Ec) compared to pyramidal neurons. I then went on to show that KCC2-mediated CI°
extrusion is less efficient in PV interneurons, which suggests that this cell type exhibits

less capacity to handle CI" loads.
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7.2 Methodological considerations

In order to fully contextualise the results of my thesis, I first need to discuss the
limitations of my methodologies. In this section, I will highlight what I believe to be the
most important methodological considerations and address how they could influence

the interpretation of my experimental findings.

7.2.1 Accurate control of membrane voltage

One of the unique features of patch-clamp recordings is the ability to control the
membrane potential of neurons via the voltage-clamp method (Sakmann and Neher,
1984). Throughout my thesis, I use voltage-clamp recordings to allow me to estimate
EcaBa,r and Ejq. . However, the accuracy of my measurements of these biophysical
parameters relies on the ability of my perforated patch-clamp recording method to
control a neuron’s membrane potential, which can be impeded in various ways. First,
there are errors introduced at the contact point between the recording electrode and the
neuronal membrane. Any resistance at this junction will affect the ability of the
patch-clamp electrode to deliver current to the neuron and therefore change the
membrane potential. This resistance is referred to as access resistance or series resistance
(Rs), which is how I have referred to this phenomenon throughout my thesis. In
whole-cell recordings, the effect of Rs errors on voltage-clamp recordings is considered
modest due to there being a large opening between the electrode and intraneuronal
space, which permits the easy flow of electrical charge. However, in perforated
recordings the electrical access is determined by the gramicidin cation-selective pores,
which are associated with higher Ry values. For this reason, in perforated recordings, R
errors are larger. These errors can be corrected by performing offline R correction (as
described in Secion 2.6.1). This includes calculating the difference between the
command voltage (i.e. the voltage at which the experimenter tries to hold or ‘clamp’ the
neuron) and the voltage loss caused by the R, also known as the ‘voltage drop’
(Traynelis, 1998). This provides an estimation of the actual voltage at which the neuron
is clamped (see the example presented in Figure 3.5). In my recordings, I corrected for
90% of the R error. As the mean R across all of my recordings was ~60 M(), this means

that only ~ 6 MQ2 of the total Rs was not corrected. Furthermore, as Egapa,r tends to be

©2022 RJ] Burman 116



Chapter 7

close to Ejc,k, the patch-clamp amplifier would be injecting small currents at the critical
point for estimating Egapa,r, and therefore the effect of Rs would be expected to be
small. Consistent with these observations, I found no relationship between the estimates

of Egasa,r and R, which suggests that after correction, the effect of Rg is negligible.

A related source of error in voltage-clamp recordings is associated with changes in Ry,
which can affect the control of the neuron’s membrane potential. As stated by Ohm’s
law (see Equation 1.2 in Section 1.1.2), when Ry, is reduced, a neuron requires a greater
amount of current (either injected from the patch-clamp amplifier or via synaptic
inputs) to alter the neuron’s membrane potential. My recordings measured significant
differences in Ry, which is the reciprocal of total membrane conductance gy, across
cortical states. For example, pyramidal neurons in the awake rested cortex exhibited a
mean R, of ~50 M(2, whereas in the anaesthetised state, these neurons exhibited a mean
Rm of ~87 MQ (Figure 4.1). When local network activity was reduced in the awake
cortex with NBQX, the Ry, increased to ~136 M2, confirming that a lower Ry, is
associated with higher levels synaptic activity (Figure 4.3). An obvious question that
arises from these observations is: how do the differences in Ry, impact the estimates of
EcaBa,r across the different cortical states? The effect of low Ry, could affect the ability
of voltage-clamp recordings to control a neuron’s membrane potential (Ma et al., 2014;
Zhou et al., 2009). This is because with a lower Ry,, the patch-clamp amplifier would
need to inject a larger amount of current to change the membrane potential. This effect
of a low Ry, is likely to be exaggerated when the command voltage is moved further
from Ejcp, and therefore the current injection required increases. Whilst I did not
control for this error directly, I was able to support the findings from my voltage-clamp
recordings by also performing current-clamp recordings, which are not affected by the
effects of command voltage. In all cases, the current-clamp recordings supported the
DFcaBa,r Values that were observed in the voltage-clamp recordings. For example, in
neurons of the awake rested cortex where Ry is low, current-clamp recordings
confirmed that evoked GABA responses are relatively depolarising (Figure 4.2),
consistent with the voltage-clamp recordings that showed Egaga,r tended to be above
Epeak. By contrast, after Ry, increased following the reduction in local network activity
with NBQX, the GABA responses recorded in current-clamp were exclusively

hyperpolarising, consistent with the voltage-clamp measurements that showed Egapa,r
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was more hyperpolarised than Ej ¢,x.

Another way in which R, may affect voltage-clamp measurements is more relevant to
the ramp protocols that I used. In the ramp protocols, the command voltage was
changed rapidly over time (~0.7 mV/ms). As Ry, is directly proportional to the
membrane time constant, differences in Ry, would equate to differences in the time
taken for the membrane to respond to current (assuming the membrane capacitance
remains the same). This is less likely to occur in the voltage step protocol, as there is
sufficient time (500 ms) for the membrane potential to reach a steady-state. To gauge the
scale of this potential source of error, I compared Egapa,r measurements made from the
same cells using the voltage ramp and step protocols, and observed that the two
correlated with one another (Figure 3.5). Whilst this observation supports the fact that
the voltage ramp protocols provide estimates of Egapa,r, future studies could
systematically quantify how Ry, affects measurements made using voltage ramp
protocols. One way to do this would be to compare Egapa,r measurements made from
different variations of voltage ramps, which include changing the direction (i.e. from
depolarised to hyperpolarised) and voltage range of the ramp (i.e. using a narrower
range that is closer to Epc,). This could be complimented with computational
modelling in which the relationship between the Ry, Egapa,r and other biophysical

parameters could be systematically examined.

During voltage-clamp recordings in cortical neurons, there is the additional challenge
of controlling the voltage of smaller cellular compartments, such as the dendrites. This
is commonly referred to as ‘space-clamp errors’ (Spruston et al., 1993; To et al., 2022;
Williams and Mitchell, 2008). Neurons receive the majority of their synaptic inputs at
their dendrites, with each presynaptic neuron capable of forming multiple postsynaptic
contacts that can be distributed across the somatodendritic morphology (Buhl et al., 1994;
Héusser et al., 2000; Redman and Walmsley, 1983; Somogyi et al., 1998). Due to the cable
properties of neurons, voltage-clamp at the soma becomes less effective as one moves
out into the dendritic tree (Armstrong and Gilly, 1992; Poleg-Polsky and Diamond, 2011;
Rall, 2011; To et al., 2022; Velte and Miller, 1996; Williams and Mitchell, 2008). Using
in vitro experiments, Williams and Mitchell (2008) estimate that more than 50 % of the

somatic voltage-clamp is lost at the point one reaches dendrites 60 um from the soma,
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such that most measurements of synaptic currents are biased towards those received at
the somatic and perisomatic compartments (Williams and Mitchell, 2008). In line with
this reasoning, I used an ‘Optopatcher” pipette holder (Katz et al., 2013), which allowed
me to deliver light close to the pipette tip and soma of the recorded neuron. For these
reasons, I expect that the GABA AR-mediated conductances that I sampled are those that
tend to target the soma, where voltage-clamp performance is best. In addition, there
is a concordance between my measurements of membrane responses in current-clamp
and the estimates of Egapa,r in voltage-clamp (see above). Therefore, whilst I cannot
fully exclude their effects, space-clamp errors do not represent a major concern and it is

reasonable to assume that the relative effects I observe are unlikely to change.

7.2.2 Selection bias in recorded neurons

A major limitation of single-cell electrophysiological recordings is that the throughput is
typically low. This is exaggerated further with in vivo patch-clamp recordings in awake
animals, where the success rate for whole-cell recordings (i.e. the chance of a successful
recording after inserting a micropipette into the cortex) is typically between 30-50 %
(Jordan, 2021). For gramicidin perforated patch-clamp recordings in the awake cortex,
which relies upon greater stability and good perforation, my experience is that the

success rate is 5-10 %.

This low throughput means that only a select number of cortical neurons are sampled
and will be used to make inferences about GABAsR-mediated signalling within the
cortical network. This is potentially problematic in the sense that there may be a
selection bias towards a small number of cells in which all of the technical factors align
(e.g. successful gigaseal, adequate perforation, stable recording, etc), whilst cells that do
not satisfy these criteria are excluded (Rahmati et al., 2021). CI" imaging approaches are
better suited to sample large numbers of cells and can therefore provide a broader
overview of the resting state of intracellular Cl" in the cortex (Boffi et al., 2018; Pracucci
et al., 2021; Rahmati et al.,, 2021; Sulis Sato et al., 2017). However, for the reasons
discussed in Section 1.3.1, Cl" imaging methods are limited in their temporal resolution,
they lack the sensitivity to detect GABA signalling at synapses, and they provide no
information on DFgaga,,r. Therefore, whilst I cannot exclude a potential contribution of

selection bias in my electrophysiological recordings, it remains the case that the effects
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that I observe across different conditions are true for the neurons that I studied.

One way to potentially improve the throughput of gramicidin perforated patch-clamp
recordings is to utilise an automated approach (Allen et al., 2018; Annecchino et al.,
2017; Li et al.,, 2017; Stoy et al., 2017). These robotic technologies have been touted to
improve the yield of manual awake in wvivo patch-clamp recordings by ~5 %
(Kodandaramaiah et al., 2012) and can even be used to perform two-photon targeted
recordings (Annecchino et al., 2017). To date, this technology has only been used to
perform whole-cell recordings, but it is conceivable that it could be modified to perform

gramicidin perforated patch-clamp recordings to probe GABAergic signalling.

7.2.3 Precision of the optogenetic approach

Throughout my thesis, I use optogenetic approaches to either evoke presynaptic GABA
release (Chapters 3-5) or to activate Cl” fluxes directly via stGtACR2 (Chapter 6). Using
these optogenetic methods affords cell selectivity and temporal precision. However,
such approaches can generate unwanted network effects that should be considered here
(Lee et al., 2020; Wiegert et al.,, 2017), particularly in the context of activating
interneurons, which can affect cortical network activity. For example, Babl and
colleagues (2019) have previously demonstrated that in transgenic mice that express
ChR2 in cortical interneurons, even relatively low light stimulation (< 1 mW) can elicit
inhibition approximately 1 mm from an optical fibre implanted in cortex. This could be
explained by lateral connectivity between adjacent cortical areas (Andrei et al., 2021; Li
et al., 2019), or technical artefacts associated with the scattering of light (Yona et al.,
2016). In my in vivo experiments, I tried to mitigate such effects by delivering light via
the specialised ‘Optopatcher’ pipette holder, which allows for the optic fibre to be as
close to the pipette tip as possible (Katz et al., 2013). Using this device, there are two
main places where the light beam can scatter. The first is as the light exits the glass
micropipette, and the second is as the light passes through the cortex. In the
development of the Optopatcher, Katz and colleagues (2013) attempted to quantify how
much scatter is caused by the micropipette and the cortex. They found that when tested
in saline, the light beam emitted from the Optopatcher can extend 1 mm from pipette
tip. By contrast, when the Optopatcher was place in a brain slice, the extent of the beam

is reduced to ~250 pm (Katz et al., 2013). Whilst it is difficult to predict how the light
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would scatter in a pulsating and haemodynamically active intact brain, this indicates
that the Optopatcher would limit optical scatter by only delivering light at the pipette
tip.

The non-specific activation of cortical interneurons within the cortex may also affect the
postsynaptic response that is measured. Evoking GABA release from interneurons is
expected to trigger postsynaptic GABA-mediated synaptic inhibition. However, it could
also generate a polysynaptic response within cortical circuits, which might result in
surrounding pyramidal neurons becoming disinhibited and, in that way, also
contributing to an increase in postsynaptic excitation (Mahrach et al., 2020; Murphy and
Miller, 2009; Ozeki et al., 2009; Tsodyks et al., 1997). In other words, the response
measured after optogenetic stimulation could conceivably be a mixture of inhibitory

and excitatory synaptic conductances.

In my experiments, I am able to confirm that the light-evoked response has a strong
GABAR-mediated component and is not compromised by glutamatergic signalling.
First, I show that by antagonising KCC2, which causes an increase in intracellular CI°, I
am able to modulate the driving force of the light-evoked response (Figure 3.6). Second,
I show that even in the presence of NBQX that shuts down local excitation, I am able to
reliably evoke a postsynaptic response through activating GABA-release interneurons
(Figure 4.4). Furthermore, I observed no change in the amplitude of the light-evoked
postsynaptic conductance following the addition of NBQX (Section 4.5), which confirms
that the contribution of glutamatergic signalling to this postsynaptic response is
negligible. Together, these observations establish that the responses I measured are
primarily reflective of synaptic inhibition mediated through postsynaptic GABAARs on

the recorded neuron.

In this section I have attempted to address what I believe to be the most important
limitations of my experimental design. In the next section I present my interpretation of

the findings and highlight how they make a contribution to current knowledge.
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7.3 Implications of findings

7.3.1 Gramicidin perforated patch-clamp recordings can measure GABA-A

receptor function in vivo

The first contribution of my thesis was to establish gramicidin perforated patch-clamp
recordings in vivo, which allowed me to measure biophysical parameters related to
GABAAR function in vivo. I first demonstrate this new type of in vivo recording in the
anaesthetised cortex (Chapter 3) and then go on to show its utility in studying GABAAR
function in different cortical states (Chapters 3 and 5). Finally, I show that this approach
can be combined with multiphoton imaging to record from specific neurons in cortex
(Chapter 6). These perforated recordings represent a new variation upon existing
patch-clamp methods for single-cell recordings in vivo (Kitamura et al., 2008; Margrie
et al., 2002, 2003; Wang et al., 2016), with the added benefit of being able to study the

parameters that depend upon the neuron’s native transmembrane Cl” gradient.

In developing this perforated recording technique, I have been able to make the first in
vivo measurements of DFgaga g Which, until now, have only ever been performed in in
vitro preparations. Whilst previous imaging studies have acquired in vivo measurements
of intracellular CI in both the anaesthetised (Pracucci et al., 2021; Sulis Sato et al., 2017)
and awake cortex (Boffi et al., 2018), the DFgapa ,r i vivo has never been reported. This
highlights an important advantage of the gramicidin perforated recordings, as they
allow for simultaneous measurements of Egapa,r and Ej ¢k, which makes estimates of
the DFgapa,r possible. Another advantage of the gramicidin recordings, especially
when combined with the optogenetic approach to activate GABAergic signalling, is that
the measurements of Egapa,r are at the activated synapse. This is not the case with CI°
imaging approaches, which estimate Cl” as an average over an entire compartment, such

as the soma or dendrite (Rahmati et al., 2021; Sulis Sato et al., 2017).

One could argue that with the advances in imaging tools for studying the brain, which
offer far superior spatial resolution and improving temporal resolution, the use of such
electrophysiological methods may become obsolete. The development of
genetically-encoded voltage indicators are allowing for measurements of supra- and

sub-threshold neuronal activity in vivo with a much higher throughput than can be
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achieved than with patch-clamp recordings (Abdelfattah et al., 2019; Liu et al., 2022;
Piatkevich et al., 2019; Villette et al., 2019). However, the development of fluorescence
resonance energy transfer (FRET)-based optical tools for measuring intracellular CI" in
vivo are not yet as advanced as the voltage-indicators and suffer from additional
technical challenges, such as requiring multiple lasers at different wavelengths for
activation and controlling for the effects of pH (Arosio and Ratto, 2014; Bregestovski
et al., 2009; Lodovichi et al., 2022). Moreover, in order to be able to study the driving
force for CI°, there would need to be a simultaneous measurement of the membrane
potential. To achieve this, one could consider an ‘all-optical” approach similar to those
that have been developed to study and probe neuronal activity in vivo (Packer et al.,
2013, 2015; Russell et al., 2022; Zhang et al., 2018). A potential all-optical approach to
measure the Cl” driving force could include combining a voltage indicator to measure
neuronal activity with an optical approach to activate CI" flux, like I show with

stGtACR2 (Chapter 6).

7.3.2 State-dependent regulation of chloride homeostasis sets the GABA-A

receptor driving force

Through establishing the ability to measure DFgapa,r i1 vivo, I was led to my second
major contribution, which was to demonstrate that the state of cortical network activity
can directly impact GABA R-mediated synaptic signalling. As explained in Section
1.2.5, a relationship between GABAAR conductance and neuronal ClI" homeostasis had
been predicted from modelling studies (Doyon et al., 2011) and supported by in vitro
experiments (Yelhekar et al., 2017). Moreover, Doyon and colleagues (2016) elaborated
on this prediction by suggesting that neurons under high conductance conditions in vivo
are likely to have a higher resting CI" level compared to neurons in in vitro preparations

(as illustrated in Figure 1.9).

The results I present in Chapters 4 and 5 confirm this prediction, and show that, across
different in vivo cortical states characterised by different levels of synaptic activity, the
function of GABAsR-mediated signalling can vary significantly. In the anaesthetised
cortex, GABA R function is predominately hyperpolarising (Figure 4.2), whereas in the
awake rested cortex, GABAAR function is predominately shunting (Figures 4.2 and 5.2).

Furthermore, reducing the level of local network activity by blocking excitatory
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glutamatergic signalling with NBQX, I was able to delineate how much cortical activity
contributes towards the set point for GABAJR function (Figures 4.4 and 5.4). This was
particularly useful when exploring how acute sleep deprivation affects GABAergic
signalling in the awake cortex, as it allowed me to separate the contribution of activity
from other sleep deprivation-induced changes in CI" homeostatic mechanisms, such as

an increase in NKCC1 function (Alfonsa et al., 2021).

Due to this intrinsic link between cortical state and GABAAR function, one can view
GABAergic signalling as operating within a ‘dynamic landscape” in which the receptor’s
effects upon the neuronal membrane reflects the level of activity within the local network
(illustrated in Figure 7.1). Furthermore, my observations may prove important for future
modelling studies, which would now be able to adjust the mode of inhibition according
to the cortical state that is being simulated. This would help to address the bias in the
literature, which assumes that synaptic inhibition is hyperpolarising in cortex (as shown

in Figure 1.8 and Table 1.1).

In Section 1.2.4, I introduced current ideas about how different modes of GABAAR
signalling can affect neuronal computation. The results of my experimental work in this
thesis further show that in the awake rested cortex, the state during which the brain is
most likely to be actively engaged with the surrounding environment, there is a clear
preference for shunting inhibition. This raises the question: how does shunting
inhibition contribute to cortical processing in the awake brain? Whilst this question has
not been answered directly, especially in relation to cortical networks, there is evidence
to suggest that shunting inhibition offers key computational advantages. First, shunting
inhibition has faster temporal kinetics compared to hyperpolarising inhibition (as
illustrated in Figure 1.7), which would promote faster integration of incoming synaptic
inputs (Gulledge and Stuart, 2003; Staley and Mody, 1992). Second, computational
studies have shown that shunting inhibition can modulate a neuron’s sensitivity to
incoming excitatory input by affecting neuronal gain modulation, especially in the
presence of high levels of background synaptic activity (Ayaz and Chance, 2009; Holt
and Koch, 1997; Murphy and Miller, 2003; Prescott and De Koninck, 2003; Volman et al.,
2010).

Future studies may look to directly explore how shunting inhibition affects cortical
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Figure 7.1: State-dependent regulation of chloride homeostasis sets the GABA driving force. A,
In the anaethetised cortex, low levels of synaptic activity lead to low Cl" conductance through
GABA-A receptors (GABAARs). In this state, intracellular concentration of chloride ([CI'];) is
kept low by KCC2-mediated Cl” extrusion. As the equilibirum potential for GABA (Egapa,r) is
hyperpolarised, the driving force for GABAAR (DFgapa,r) is kept above zero (see Equation 1.6)
and, therefore, activation of the GABA 4R has a hyperpolarising effect on the neuronal membrane
potential. B, In the rested awake cortex, high levels of synaptic inhibitory activity elevate [Cl'];
causing a depolarising shift in Egapa,r. In this state, as the DFgapa,r is close to zero, activation of
GABARs will predominately have a shunting effect on the neuronal membrane. C, In the sleep-
deprived cortex, the upregulation of NKCC1 expression has been shown to further increase [Cl'];
so that Egapa,r is significantly more depolarised (Alfonsa et al., 2021). In this state, DEgapa,r is
below zero and activation of GABA4R is depolarising.

networks. This could include assessing cortical function during a specific behavioural
task, whilst attempting to actively manipulate E¢; within the neuronal networks that are
engaged. Specifically, it would be interesting to test the effect on cortical processing if
the intracellular CI" was lowered in cortical neurons and the mode of inhibition shifted
towards being predominantly hyperpolarising in the awake cortex. Currently, there are
molecular and optogenetic tools available that have been shown to reduce intracellular
CI'. These include overexpressing KCC2 (Cheung et al., 2022; Magloire et al., 2018) or by
using ‘Cl-OUT’, which can optically reverse the driving force by removing CI” from the
intracellular space (Alfonsa et al., 2016). However, these experiments would be
technically challenging in different ways. If one were to use a KCC2 overexpression
approach, it would not be possible to show how modulating GABAAR function affects
task performance within the same animal as the KCC2 would be continuously active. It

may, therefore, be difficult to determine subtle differences in cortical processing caused
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by changing the mode of inhibition, versus the inherent variability in task performance
between mice. By contrast, whilst the ‘CI-OUT" optogenetic approach (Alfonsa et al.,
2016) would allow for greater temporal control of the manipulation and allow for within
animal comparisons, it would rely on adequate expression of two opsins within a
specific population of neurons. Furthermore, both of these CI" manipulations are also
likely to change other intrinsic properties of the cortical neurons. For example, in order
to reverse the CI" driving force, ‘CI-OUT’ hyperpolarises the neuronal membrane
potential. It would therefore be difficult to isolate the contribution of changing CI" to
cortical processing from other parameters affecting neuronal function that are shifting at
the same time. An alternative approach would be to use computational modelling in
which one can simulate different cortical networks with different Egapa,r values, whilst
maintaining other parameters constant. For example, one could test how varying
EcaBa,r affects the ability of a network to process or discriminate different types of

stimuli.

Each of the cortical states that I have studied in this thesis has distinct activity patterns,
which are reflected in single cortical neurons (Figures 4.1, 4.3, 5.1 and 5.3). However,
what I did not explore was the fluctuations in activity that occur within each of these
cortical states, which include oscillations between periods of higher activity and lower
activity (as described in Section 1.1.1). All of my measures of synaptic activity and
EcaBa,r function were made by taking an average across the period of time within each
state. This approach is limited as it does not account for fluctuations in cortical activity
within the cortical state. This is most obvious in the urethane-anaesthetised cortex,
which oscillates between up and down states (Figures 4.1A). This represents an
important omission, as previous in vivo patch-clamp studies have revealed that synaptic
activity and intrinsic properties of cortical neurons vary significantly across these
transient cortical up and down states (Anderson, Lampl, Reichova, Carandini and
Ferster, 2000; Gonzéalez-Rueda et al., 2018; Haider et al., 2006; Shu et al., 2003; Waters
and Helmchen, 2006). For example, Haider and colleagues (2006) have previously
measured changes in total synaptic conductance during anaesthesia-induced cortical up
and down states and report a ~94 % increase during up states (down state: 10.90 nS vs.
up state: 21.14 nS). Excitatory synaptic conductance increased by ~66 % (down state:

5.55 nS vs. up state: 9.24 nS), whereas inhibitory synaptic conductance increased by 168
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% (down state: 4.25 nS vs. up state: 11.41 nS). The significant increase in inhibitory
synaptic conductances during the up states would be predicted to affect Egapa,r and it
is therefore conceivable that this aspect of GABA R-mediated signalling varies between

up and down states.

The relative time spent in an up and down state is related to the depth of anaesthesia,
with the duration of the down states being significantly longer in deeper anaesthetised
states (Torao-Angosto et al., 2021). As I did not monitor the depth of urethane-induced
anaesthesia between recording sessions, my measurements in the anaesthetised cortex
likely represent an average across a range of different anaesthetic depths that consist of
different proportions of up and down states. In addition to the up and down states
generated by urethane, which are thought to be similar to slow-wave sleep activity seen
in NREM, this anaesthetic agent has also been shown to induce REM-like activity in the
cortex (Clement et al., 2008; Gonzélez-Rueda et al., 2018; Mondino et al., 2022). Future
experiments could look to extend my observations by using simultaneous EEG
recordings to standardise the depth of urethane anaesthesia, as well as tracking how
GABA pR-function varies as the anaesthetised cortex transitions between induced REM
and NREM-like activity. It would also be interesting to see whether the proportion of up
and down states, reflective of different anaesthetic depths, affects GABAAR function.
My hypothesis would be that a higher proportion of up states would generate a
sustained increase in inhibitory synaptic conductances, coupled with a depolarised

membrane potential, which would favour depolarising Egapa ,r-

Similarly, one could consider different arousal states as equivalent to up and down
states in the awake brain (Constantinople and Bruno, 2011; Harris and Thiele, 2011;
Poulet and Crochet, 2019). As the cortex becomes aroused, which can be monitored by
tracking pupil diameter (McGinley et al., 2015; Nestvogel and McCormick, 2022),
locomotion (McGinley et al., 2015; Nestvogel and McCormick, 2022) and whisking
(Poulet and Petersen, 2008; Yamashita et al., 2013), the membrane potential depolarises,
reflective of an increase in synaptic activity in the cortex. A key difference to cortical up
states is that these states of increased arousal are ~10 fold longer in duration and can
last seconds at a time (McGinley et al., 2015). In vivo whole-cell patch-clamp studies

have also shown an increase in synaptic conductances during responses to sensory
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stimuli, which are expected to occur whilst the animal is aroused, with an increase in
inhibitory synaptic conductances predominating (Adesnik, 2017; Haider et al., 2013).
Together, these changes during the aroused state would also be conducive towards a

more depolarised Egapa ,r-

7.3.3 Optogenetic methods offer key advantages in studying neuronal

chloride dynamics

The third contribution of my thesis is to introduce a novel optogenetic approach for
probing resting and dynamic chloride equilibrium potentials. By wusing the
light-activated CI" channel stGtACR2, I demonstrate how this optical method meets
important prerequisites for studying neuronal Cl°, whilst offering advantages over
traditional approaches. The most important of these advantages is that this optical
method is agonist-independent and thereby avoids the limitations associated with
relying upon GABAAR activation (as discussed in Section 6.1). Using stGtACR2 also
increases the specificity of Ec; measurements, as it can be targeted to the cell type of

interest (Mahn et al., 2018; Wiegert et al., 2017).

Another important advantage of this optogenetic method is that it offers greater
temporal control of CI” fluxes. I demonstrate the utility of this feature by showing that
stGtACR2 can measure CI” extrusion capacity in genetically-defined neuronal cell-types
(Figures 6.2 and 6.5). Previous approaches to measure CI" extrusion have required the
use of high CI" pipette solutions (Deisz et al., 2011; Luhmann and Prince, 1991; Misgeld
et al., 1986; Otsu et al., 2020). These high CI" pipette solutions may further distort CI°
sensitive second-messenger pathways, such as the With-No-Lysine kinase (WNK)
signalling, which are directly involved in regulating neuronal CI° homeostasis
(Baztia-Valenti et al., 2015; Liischer et al., 2020; Murillo-de Ozores et al., 2020; Valdivieso
and Santa-Coloma, 2019). By contrast, stGtACR2 offers an ability to evoke transient CI°

loads, which are less likely to affect Cl” sensitive intracellular pathways.

Another important feature of this method is its potential utility for use in intact tissues. I
show that stGtACR2 can be used to determine E¢; in defined neurons of the intact brain.
Whilst this was merely a demonstration, future studies could look to extend the

capabilities of this technique. This could include using stGtACR2 to measure
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KCC2-mediated CI” extrusion in vivo. Whilst this has been attempted using Cl" imaging
(Boffi et al., 2018), this examined steady-state differences in intracellular CI" following
genetic knockout of KCC2. Using stGtACR2 would offer the ability to study native
KCC2-mediated CI” extrusion in real-time with greater temporal resolution. In addition,
stGtACR2 could be used to assess whether the relationship between intracellular CI°
and local cortical network activity also exists in other cell types (as discussed in Section
7.3.2). In this light, a recent in vivo Cl'-imaging study has suggested that CI" dynamics in
astrocytes varies across cortical states and may directly contribute towards neuronal
GABAsR-mediated inhibition in the cortex (Untiet et al., 2022). The finding of this study
further shows that CI" dynamics are regulated by diverse and interconnected cellular
systems within the cortex. The optical method I present provides a tool to be able to
further explore these cell-type specific differences in Cl- dynamics and their contribution

to cortical function.

7.3.4 Neuronal cell-types vary in their chloride set point and handling
capacity

The fourth and final major contribution of my thesis highlights that intracellular CI’
dynamics are cell-type specific. By utilising my novel optogenetic method to probe E¢
with stGtACR?2, I observed that between PV interneurons and pyramidal neurons there
are significant differences in the E¢; set point (Figure 6.4) and more subtle differences in
the KCC2-mediated extrusion dynamics (Figure 6.5). The question this raises is: what is
the function of these cell-specific differences? Vida and colleagues (2006) have
attempted to address this question with computational modelling, where they
demonstrate that more depolarised Egapa,r and a bias towards shunting inhibition in
hippocampal PV interneurons makes this neuronal population well-suited to generate
gamma oscillations associated with memory consolidation processes. In addition, Sauer
and Bartos (2010) argue that the more depolarised Egaga,r in PV interneurons has a
developmental role. Specifically, depolarising GABAergic signalling in PV interneurons
could facilitate the recruitment of perisomatic-targeting interneurons during early
development, which may aid in enhancing connectivity by depolarising pyramidal
neurons, whom also have high intracellular CI" at this stage. As the brain matures and

EcaBa,r becomes hyperpolarised in pyramidal neurons, PV interneurons maintain a
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higher intracellular CI" in order to refine spike timing through shunting inhibition
(Ben-Ari, 2002; Rivera et al., 1999; Sauer and Bartos, 2010). Whilst these speculations
made from in silico and in vitro studies are appealing, there remains a need to test how
cell-specific differences in E¢) dynamics affect cortical function. The ideal experiment
would be similar to the one proposed in Section 7.3.2, but would require the selective
manipulation of intracellular CI" in PV interneurons, to assess what effects this has on a
cortical-dependent task. The major challenge here, as mentioned above, is finding tools
that are able to selectively manipulate CI" in specified cell types, without also

compromising other parameters that underlie network function.

In addition to the steady-state difference in E¢) between PV interneurons and pyramidal
neurons, I discovered that KCC2-mediated Cl" extrusion is less efficient in PV
interneurons. What are the possible implications of this observation for cortical network
function? By having less efficient CI" extrusion, PV interneurons are conceivably more
vulnerable to CI” loads and short-term ionic plasticity in which GABAergic signalling
could become excitatory (as explained in Section 1.2.6). This is particularly relevant in
the context of seizures where GABA sR-mediated synaptic inhibition is increased in
order to ‘restrain’ the propagation of increased levels of activity (Trevelyan and
Schevon, 2013; Trevelyan et al., 2006, 2007). In this context, PV interneurons may be the
first to load with CI', thereby causing a depolarising shift in the effect of GABAergic
inputs onto these cells and increasing their excitatory drive. When this occurs, it would
push the PV interneurons closer to a saturation point, known as ‘depolarisation block’,
at which point their activity stops and seizure activity is allowed to propagate (Ahmed
et al.,, 2014, Cammarota et al., 2013; Kim and Nykamp, 2017; Toyoda et al., 2015;
Ziburkus et al., 2006). A recent in vitro study by Cdlin and colleagues (2021) has shown
that by preventing this depolarising block in PV interneurons, it is possible to reduce the
extent of seizure activity. Therefore, it is interesting to consider how boosting KCC2
extrusion in PV interneurons may prevent the accelerated activity-dependent excitatory
shift in GABAergic signalling in this cell type during seizure propagation. One
experiment to test this would again require the selective overexpression of KCC2 in PV
interneurons and the use of an acute in vivo seizure model, to test whether this
manipulation has any measurable impact on the propagation of seizure activity in

cortex.
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7.4 Concluding remarks

Through this thesis, I hope to have convinced the reader that the ‘landscape’ in which
the GABAJR can function in the mammalian cortex is highly dynamic. This is evident
in how GABAergic signalling appears to be strongly influenced by the cortical state and
cell type in which it operates. I believe these findings will have important implications
for how GABAergic signalling is conceptualised and will hopefully serve as inspiration

for future research into how synaptic inhibition contributes towards cortical processing.
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Seen from afterward the time appears to have been
all of a piece which of course it was but how seldom
it seemed that way when it was still happening...

Completion, W.S. Merwin (1927-2019)
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