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Abstract 

Inhibitory synaptic transmission is of paramount importance for maintaining the delicate 
balance between excitation and inhibition in the brain. If this balance is perturbed in favour 
of excitation, epilepsy is likely to develop. Fast synaptic inhibition is mediated by type A 
γ-aminobutyric acid ionotropic receptors (GABAARs), which are primarily permeable to 
Cl−. The strength of synaptic inhibition crucially depends on the release of GABA from 
different populations of presynaptic interneurons and the transmembrane electrochemical 
gradient for Cl− in postsynaptic cells. GABAAR-mediated inhibition has been shown to 
oppose epileptic seizures by establishing an inhibitory restraint against spreading 
excitation. Of the different subtypes of GABAergic interneurons, parvalbumin-expressing 
(PV) interneurons that target the somatic compartment of excitatory neurons have been 
strongly implicated in this process. In the context of an epileptic seizure, it is thought that 
the inhibitory restraint is overwhelmed by runaway excitation, and the seizure front is able 
to spread from the pathologic epileptic focus into adjacent healthy areas, referred to as the 
‘penumbra’. 

In the first part of this thesis I assess the potential of using chemogenetic strategies 
to suppress epileptiform activity by boosting the synaptic output from three major 
interneuron populations in the rodent hippocampus: PV, somatostatin (SST) and vasoactive 
intestinal peptide (VIP) expressing interneurons. Electrophysiological recordings in an in 
vitro model of epilepsy reveal that the interneuron populations exhibit different effects on 
epileptiform events. Recruiting VIP interneurons does not change the total duration of 
epileptiform activity. By contrast, recruiting SST or PV interneurons produces robust 
suppression of epileptiform synchronisation. PV interneurons exhibit the strongest effect 
per cell, eliciting at least a five-fold greater reduction in epileptiform activity than the other 
cell types. Consistent with this, I find that in vivo chemogenetic recruitment of PV 
interneurons suppresses convulsive behaviours by more than 80%. 

In the second part of the thesis I use a genetically-encoded reporter to investigate 
activity-dependent intracellular pH and Cl− concentration transients in pyramidal neurons 
and PV, SST and VIP interneurons. I demonstrate that pyramidal neurons and interneurons 
have different pH and intracellular Cl− concentration steady states, and exhibit distinct 
dynamics during epileptiform events. Compared to the other cell types, PV interneurons 
maintain a relatively stable intracellular Cl− concentration, even when challenged with 
epileptiform activity. This suggests that PV interneurons may be more likely to maintain a 
balance in their excitatory and inhibitory synaptic inputs during seizures. 

In the final part of the thesis I investigate the contribution of PV interneurons to 
inhibitory restraint in an in vitro model of the epileptic penumbra. Although PV 
interneurons are recruited in response to spreading excitation, they can be overwhelmed as 
they enter a state referred to as ‘depolarising block’, which is characterized by a decrease 
in action potential firing. To investigate the impact of this process, I use a light-activated 
optogenetic tool to induce brief hyperpolarisations of the PV interneuron membrane 
potential. This successfully reduces depolarising block in PV interneurons, enhances their 
action potential firing, and reduces the spread of epileptiform activity. 

In conclusion, this thesis demonstrates that selective enhancement of inhibitory 
synaptic pathways offers potential as an anti-seizure strategy, providing valuable insights 
into the development of therapeutic interventions. 

  



  



 

 

 

 

 

 

 

 

 

 

 

This thesis is dedicated to my parents, to whom I shall always be grateful. 



  



Statement of originality 

I declare that the work in this thesis is entirely my own and I clearly acknowledge 

where others have made contributions. Tatsiana Waseem constructed the floxed 

ClopHensorN vector that was used in chapter 4. Mihai Stancu worked under my 

supervision as a project student and conducted some of the in vivo experiments that 

are presented in Figure 3.6 and Figure 3.7. This work has not been submitted for 

any qualification or degree at this or any other institution. 

  



  



Acknowledgements 

First and foremost I am grateful to my supervisor Colin, who guided and inspired me 
throughout my MSc and DPhil. With your positive, forward-thinking attitude and your 
confident and professional demeanour, you are a true leader. I have learnt a lot from you, 
and I owe you a great deal of respect and gratitude. Thank you John for being my co-
supervisor and for sharing your expertise in epilepsy research. It was brilliant to have you 
both on board during my DPhil. 

Thank you Debbie and Andy for your continuous support over the course of my integrated 
MSc + DPhil programme. I am also grateful to Trevor and Judith for supervision during 
my MSc, and to the ‘Sharpies’ for the pleasant atmosphere in the lab. I am most grateful to 
the Wellcome Trust for funding my research through my Wellcome Trust Doctoral 
Fellowship [102364/Z/13/Z]. 

I must thank Andrei, who introduced me to the patch-clamp technique and who closely 
supervised me during my MSc and DPhil. You have inspired me even before I arrived in 
Oxford and I am grateful we have established such a wonderful collaboration. 

I would like to thank Tanya, who, during her time as a visiting fellow in the Akerman lab, 
constructed the floxed version of ClopHensorN that I used in this thesis. 

The Akerman lab as a whole was a fantastic and intellectually stimulating environment. I 
would like to thank all my lab mates for the great time we have had together. Thank you 
Richard for proofreading this thesis. Thanks also go to the Emptage lab for being good 
neighbours, and to Prof. Peter Somogyi and Prof. Peter Magill for advice and for antibodies 
for immunolabelling interneurons. 

I am grateful for the productive collaboration with the neuroscience lab in Bucharest led 
by Prof. Leon Zagrean and Prof. Ana-Maria Zagrean. It was great to be able to work with 
an enthusiastic team of medical students, and I am particularly appreciative of the 
contribution made by Mihai Stancu who helped to collect the in vivo experimental data in 
chapter 3 of this thesis. I must also thank Prof. Leon Zagrean and Prof. Mihai Moldovan, 
who first instilled into me and nurtured my passion for neuroscience. 

I would like to thank St. John’s College for support, and for introducing me to the 
wonderful fellows of the SCR during my time as a North Senior Scholar. I am grateful that 
the college sustains such a rich environment for fostering friendship and excellence in 
research. 

A debt of gratitude goes to my beloved family, particularly to my parents, who through 
kindness, love and wisdom encouraged me to always strive for being the best version of 
myself. 

Last, but by no means least, Alina, thank you for your love and for being so wonderful, 
understanding and supportive. I love you very much. 

Data in chapter 3 of this thesis was made available first on the bioRxiv platform at 
https://doi.org/10.1101/291179, and was later published and made available open access at 
https://doi.org/10.3389/fncel.2018.00293.



 



1 

Contents 

Chapter 1: General Introduction ....................................................................... 11 

1.1 Epilepsy and seizures ................................................................................ 11 

1.1.1 Terminology ...................................................................................... 12 

1.1.2 Animal models of epilepsy and seizures ........................................... 12 

1.2 A circuit perspective on seizure activity.................................................... 14 

1.2.1 Excitation-inhibition balance is key to normal brain function .......... 14 

1.2.2 GABAergic interneuron subtypes ..................................................... 20 

1.3 Tools for cell-specific control of seizure activity ...................................... 26 

1.4 Changes in cellular physiology underlying seizure activity ..................... 33 

1.4.1 Presynaptic mechanisms that could reduce the efficacy of inhibition .. 

  ........................................................................................................... 33 

1.4.2 Postsynaptic ion changes related to seizure activity ......................... 36 

1.4.3 Interacting ion dynamics ................................................................... 44 

1.5 The hippocampal formation ...................................................................... 45 

1.6 Thesis aims ................................................................................................ 49 

Chapter 2: Materials and Methods .................................................................... 53 

2.1 Preparation and viral transduction of organotypic hippocampal brain 

slices .................................................................................................................. 53 

2.2 Electrophysiological recordings in vitro .................................................. 55 

2.3 Quantification of epileptiform discharges in vitro .................................... 57 

2.4 NMDA-evoked experimental seizure model .............................................. 58 

2.5 Optogenetic manipulation ......................................................................... 58 

2.6 Viral transduction of hippocampal interneurons in vivo .......................... 58 

2.7 Quantification of seizure behaviour in vivo .............................................. 60 



2 

2.8 Immunohistochemistry and quantification of interneuron distribution ..... 61 

2.9 Subcloning of the floxed ClopHensorN ..................................................... 63 

2.10 ClopHensorN imaging of intracellular pH and Cl− .............................. 64 

2.11 ClopHensorN calibration ...................................................................... 65 

2.11.1 pH calibration ................................................................................ 66 

2.11.2 Cl− calibration ................................................................................ 67 

2.12 Data analysis ......................................................................................... 68 

Chapter 3: Chemogenetic recruitment of specific interneurons suppresses 

seizure activity...................................................................................................... 71 

3.1 Introduction ............................................................................................... 71 

3.2 Recruiting distinct hippocampal GABA-releasing interneuron populations 

with excitatory DREADDs ................................................................................. 73 

3.3 Chemogenetic enhancement of GABAergic interneuron populations can 

attenuate epileptiform activity in vitro .............................................................. 81 

3.4 Chemogenetically-enhanced interneuron subtypes differ in their 

postsynaptic inhibition of pyramidal neurons ................................................... 85 

3.5 Chemogenetic recruitment of PV interneurons attenuates seizure activity 

in vivo ................................................................................................................ 89 

3.6 Discussion .................................................................................................. 93 

Chapter 4: Monitoring pH and Cl− concentration dynamics in specific 

GABAergic interneuron subtypes .................................................................... 103 

4.1 Introduction ............................................................................................. 103 

4.2 A cre recombinase dependent ClopHensorN can be used to target 

genetically-defined cell types .......................................................................... 105 

4.3 Calibrating the floxed ClopHensorN enables imaging of intracellular pH 

and Cl− concentration ..................................................................................... 107 



3 

4.4 Resting intracellular pH and Cl− concentration differ between cell types ... 

  ................................................................................................................. 111 

4.5 Temporal dynamics of intracellular pH and Cl− concentration during 

epileptiform events depend on cell type .......................................................... 113 

4.6 Intracellular pH and Cl− transients relate to resting state and epileptiform 

event duration.................................................................................................. 117 

4.7 Discussion ............................................................................................... 125 

Chapter 5: Preventing seizure recruitment by optogenetic removal of 

depolarisation block in parvalbumin-expressing interneurons ..................... 139 

5.1 Introduction ............................................................................................. 139 

5.2 NMDA-evoked epileptiform events are a reliable model to study inhibitory 

restraint in vitro .............................................................................................. 141 

5.3 PV interneuron-mediated inhibitory restraint fails at ED onset ............. 145 

5.4 An optogenetic strategy can recover action potential firing in PV 

interneurons undergoing depolarising block .................................................. 147 

5.5 Removing PV interneurons from depolarising block reduces the 

probability of evoking epileptiform events ...................................................... 151 

5.6 Pulsed activation of Arch is limited by changes in the intrinsic properties 

of PV interneurons during epileptiform events ............................................... 153 

5.7 Discussion ............................................................................................... 154 

Chapter 6: General Discussion ......................................................................... 165 

6.1 Experimental findings ............................................................................. 165 

6.2 Methodological considerations ............................................................... 168 

6.2.1 Seizure models ................................................................................ 168 

6.2.2 Estimating the intracellular pH and Cl− concentration ................... 174 



4 

6.3 Monitoring ion dynamics in GABAergic interneurons during epileptiform 

events ............................................................................................................... 179 

6.3.1 pH transients during epileptiform activity ....................................... 179 

6.3.2 Cl− transients during epileptiform activity ...................................... 183 

6.4 Controlling ion dynamics in GABAergic interneurons during seizure 

events ............................................................................................................... 188 

6.4.1 A model of seizure recruitment in focal epilepsy ............................ 188 

6.4.2 Optogenetic versus chemogenetic recruitment of specific interneurons

  ......................................................................................................... 194 

6.5 Concluding remarks ................................................................................ 197 

 

  



5 

  



6 

  



7 

List of figures 

Figure 1.1. Interneurons of the hippocampus. ...................................................... 22 

Figure 1.2. Optogenetic and chemogenetic tools for cell-specific excitation or 
inhibition of activity. ............................................................................................. 28 

Figure 1.3. Inhibitory restraint and depolarising block of PV interneurons around 
the onset of epileptiform events. ........................................................................... 34 

Figure 1.4. Ion dynamics during epileptiform activity. ........................................ 38 

Figure 1.5. Architecture of the hippocampus. ....................................................... 46 

Figure 3.1. Epileptiform activity in mouse organotypic hippocampal brain slices is 
resistant to first-line anti-seizure drugs. ................................................................ 74 

Figure 3.2. Chemogenetic recruitment of hippocampal PV interneurons. ............ 76 

Figure 3.3. Distinct subtypes of hippocampal GABAergic interneurons can be 
recruited via excitatory DREADDs. ..................................................................... 78 

Figure 3.4. Chemogenetic enhancement of specific GABAergic interneuron 
populations attenuates hippocampal EDs.............................................................. 82 

Figure 3.5. Chemogenetic recruitment of interneuron populations generates 
different amounts of postsynaptic inhibition in pyramidal neurons...................... 86 

Figure 3.6. Excitatory DREADDs can be specifically and efficiently targeted to 
hippocampal PV interneurons in vivo. .................................................................. 88 

Figure 3.7. Chemogenetic recruitment of hippocampal PV interneurons suppresses 
convulsive behaviours in vivo. .............................................................................. 90 

Figure 4.1. A novel pH and Cl− genetically-encoded fluorescent reporter can be 
targeted to specific GABAergic interneuron populations. .................................. 108 

Figure 4.2. ClopHensorN pH and Cl− calibration. .............................................. 110 

Figure 4.3. Distinct cell types have different intracellular resting pH and Cl− 
concentration. ...................................................................................................... 112 



8 

Figure 4.4. The activity of different GABAergic interneuron subtypes and 
pyramidal neurons is correlated during epileptiform events. .............................. 114 

Figure 4.5. Recording intracellular pH and Cl− dynamics in genetically-defined 
cell types during epileptiform events................................................................... 116 

Figure 4.6. Different cell types exhibit distinct intracellular pH and Cl− dynamics 
during epileptiform events. .................................................................................. 118 

Figure 4.7. Intracellular pH transients during epileptiform events relate to resting 
state and event duration. ...................................................................................... 120 

Figure 4.8. Intracellular Cl− concentration transients during epileptiform events 
relate to resting state and event duration. ............................................................ 122 

Figure 5.1. Reproducible epileptiform events triggered by NMDA enable the 
study of inhibitory restraint. ................................................................................ 142 

Figure 5.2. PV interneuron-mediated inhibitory restraint fails at ED onset. ....... 144 

Figure 5.3. Pulsed activation of Arch re-enables spiking in PV interneurons 
experiencing depolarising block. ......................................................................... 146 

Figure 5.4. Pulsed activation of Arch boosts PV interneuron firing before the 
onset of epileptiform events. ............................................................................... 148 

Figure 5.5. Pulsed activation of Arch in PV interneurons decreases the probability 
of epileptiform events. ......................................................................................... 150 

Figure 5.6. After ED onset pulsed activation of Arch cannot affect membrane 
potential due to changes in input resistance. ....................................................... 152 

Figure 6.1. Predicted excitation-inhibition balance of pyramidal neurons and PV 
interneurons. ........................................................................................................ 186 

Figure 6.2. A proposed model of spatio-temporal excitation-inhibition dynamics 
during recruitment to a seizure event. ................................................................. 190 

  



9 

  



10 

 



Section 1.1  11 

Chapter 1: General Introduction 

1.1 Epilepsy and seizures 

Epilepsy is currently the world’s third most prevalent neurological disease (Vos et 

al., 2016) and it is estimated to affect more than 65 million people globally (Ngugi 

et al., 2010). This chronic and debilitating condition significantly impacts patients’ 

quality of life and in some cases may even be lethal (Leestma et al., 1997; Fazel et 

al., 2013; Devinsky et al., 2016). It is also often associated with a substantial 

comorbidity burden, which further affects a patient’s quality of life (Keezer et al., 

2016). 

Epilepsy is a condition of the brain that is characterised by an enduring 

predisposition to generate epileptic seizures (Fisher et al., 2014). Seizures are 

thought to be caused by excessive and/or synchronous neuronal activity in the brain. 

This aberrant neuronal activity can manifest in a variety of different ways, ranging 

from brief moments of loss of awareness, such as in the case of absence seizures, 

to complete loss of consciousness and uncontrolled jerking, such as during tonic-

clonic seizures. Seizures can occur as a result of many types of insult that disrupt 

brain function, covering a range of aetiologies such as structural, genetic, metabolic, 

infectious or immunological (Scheffer et al., 2017). These include traumatic brain 

injury, stroke, brain tumours, drugs, genetic disorders and inflammation caused by 

infection or autoimmune diseases (Temkin, 1994; Tardy et al., 1995; Scheffer et al., 

1995; Burn et al., 1997; O’Brien, 1998; Well et al., 2009; Singhi et al., 2000; Wang 

et al., 2005; Lowenstein, 2009; Lancaster et al., 2010; Lancaster and Dalmau, 2012; 
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Guerrini and Dobyns, 2014; Devinsky et al., 2018). Whilst epilepsy involves 

recurrent seizure events, isolated seizures may occur acutely without necessarily 

leading to the development of epilepsy. In fact, seizures are rather common and it 

is generally predicted that approximately one in ten people will experience a seizure 

at some point in their lifetime (Hauser and Beghi, 2008). In order for us to address 

the tremendous burden caused by epilepsy, we first need to better understand the 

underlying pathophysiology. 

1.1.1 Terminology 

In this thesis, the term ‘epilepsy’ refers to the symptomatic brain disorder defined 

by the propensity to develop recurring, unprovoked seizures. The term 

‘epileptogenesis’ refers to the gradual process by which the normal brain develops 

epilepsy (Sloviter and Bumanglag, 2013). The term ‘seizure’ is used when referring 

to events characterised by neuronal hyperexcitability and hypersynchrony, which 

have a behavioural correlate, such as tonic (stiffening) and clonic (jerking) motor 

manifestations known as ‘convulsions’. The term ‘seizure’ will also be used when 

making predictions about in vivo events based on in vitro data. The term 

‘epileptiform’ refers to the in vitro electrographic equivalent of seizure events, and 

will be used throughout this thesis to strictly relate to in vitro experiments. 

1.1.2 Animal models of epilepsy and seizures 

As there are numerous challenges associated with investigating the mechanisms 

underlying epilepsy in patients, animal models have been developed to replicate the 

features of human epilepsy and seizures. The ‘acute seizure models’ involve 

triggering seizures in healthy animal subjects, such as in the case of the maximal 
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electroshock model, or chemical stimulation using proconvulsant substances such 

as kainic acid, pilocarpine or tetanus toxin (Toman et al., 1946; Mellanby et al., 

1977; Ben-Ari and Lagowska, 1978; Ben-Ari et al., 1979; Turski et al., 1983). 

Acute models do not mimic the epileptogenic process that occurs in patients who 

acquire epilepsy, but are still useful for dissecting mechanisms involved in the 

generation and progression of seizure activity. By contrast, ‘chronic seizure 

models’ aim to replicate the process of epileptogenesis and involve certain 

manipulations, such as the induction of status epilepticus or genetic alterations, 

which reproduce structural and functional changes found in epileptic patients, and 

initiate the development of spontaneous seizures (Goddard, 1967; Jobe et al., 1973; 

van Luijtelaar and Coenen, 1986; Sloviter, 1987; Lothman et al., 1990; Tanaka et 

al., 1992; Mathern et al., 1993; Morimoto et al., 2004). 

The main advantage of these animal models is that they provide a platform 

on which to study the mechanisms underlying epilepsy and seizures. This is 

important as it provides valuable insights into potential treatment options for the 

human disorder. For example, the discovery of novel anti-seizure drugs has relied 

on the use of rodent models of seizures and epilepsy (Löscher, 2017). Ever since 

the first use of animal models for anti-seizure drug screening in the 1930s, a 

plethora of compounds have been identified as having anti-seizure effects and were 

later clinically tested and approved for widespread medical use, starting with 

phenytoin (Merritt and Putnam, 1938). However, a third of patients suffering from 

epilepsy do not respond to currently available medication (Kwan and Brodie, 2009). 

Animal models that demonstrate such drug resistance may therefore be particularly 
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useful in identifying novel therapeutic strategies against this common ‘intractable’ 

form of epilepsy. 

1.2 A circuit perspective on seizure activity 

Typical in vitro models that lend themselves more readily to experimental 

manipulation include the use of cortical or hippocampal tissue sections from mice 

or rats (Trevelyan et al., 2006, 2007; Losi et al., 2010, 2016). These models have 

provided valuable insight into the cellular mechanisms that are likely to underly 

epilepsy and seizures. I will use this section of my introduction to outline specific 

cellular mechanisms, with an emphasis on ion homeostasis perturbations involved 

in the pathophysiology of epilepsy and seizures. 

1.2.1 Excitation-inhibition balance is key to normal brain function 

Generally, the two cellular components of the brain that generate synaptic 

excitation and inhibition are projecting principal neurons and local inhibitory 

interneurons, respectively (Stackman, 2005). 

Principal neurons send axonal projections that form excitatory synapses 

onto target neurons over large distances. At the level of these synapses, principal 

neurons release the excitatory neurotransmitter glutamate that then binds to 

glutamatergic receptors on the postsynaptic site. There are two classes of glutamate 

receptors: ionotropic receptors and metabotropic receptors (Nakanishi and Masu, 

1994). The ionotropic receptors are cation-permeable ion channels subdivided in 

three groups: N-methyl-D-aspartate (NMDA), α-amino-3-hydroxy-5-methyl-4-

isoxazolepropionate (AMPA) and kainate receptors (Johnson, 1978; Watkins and 
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Evans, 1981). Rapid glutamatergic excitatory neurotransmission is mediated by the 

ionotropic receptors. When glutamate binds to an ionotropic receptor, the ion 

channel opens, allowing Na+, K+ and, in most cases also Ca2+, to flow according to 

their electrochemical gradient. These ion fluxes generate a net depolarising effect, 

pushing the membrane potential of the postsynaptic neuron towards the threshold 

for action potential generation. By contrast, the metabotropic receptors are G 

protein-coupled receptors that comprise several subtypes and mediate relatively 

slow responses by modulating multiple intracellular signalling pathways and ion 

channels (Sladeczek et al., 1985; Nakanishi, 1994). 

Interneurons form inhibitory connections that are generally confined to local 

circuitry. Interneuron synapses primarily involve the release of γ-aminobutyric acid 

(GABA) that then acts on GABA receptors on the postsynaptic site. GABA 

receptors comprise multiple subtypes of both ionotropic and metabotropic receptors 

(Hill and Bowery, 1981; Bormann, 2000). The principal ionotropic GABA 

receptors are the type A GABA receptors (GABAARs) (Sigel et al., 1982). Type C 

GABA receptors (GABACRs) have also been described, although whether these 

receptors should be considered a separate group is debatable (Qian, 1995; Olsen 

and Sieghart, 2008). GABACRs seem to be topographically more restricted, have 

been more recently discovered and are less well understood (Bormann and 

Feigenspan, 1995). GABAARs are ion channels that mediate fast GABAergic 

inhibitory neurotransmission and are mainly permeable to Cl− ions. When GABA 

binds to the receptor, the ion channel opens and Cl− flows down its electrochemical 

gradient, normally generating an influx. This typically results in hyperpolarisation 
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of the membrane potential in postsynaptic mature neurons, and keeps the membrane 

voltage away from the threshold for action potential generation. By contrast, type 

B GABA receptors (GABABRs) are associated with slow, metabotropic responses. 

The GABABRs are G protein-coupled receptors that mediate the increase of K+ 

conductances and the decrease of Ca2+ conductances (Hill and Bowery, 1981). 

Excitatory and inhibitory neurons are coupled together at the circuit level, 

where they are involved in a range of mutual interactions. What has emerged from 

studies in different brain regions and species is a number of different inhibitory 

circuit motifs (Roux and Buzsáki, 2015). A particularly important motif is referred 

to as ‘feedforward inhibition’. In this motif, long-range excitatory afferents 

originating from a brain structure or area, typically innervate a different region or 

area and synapse onto both excitatory and neighbouring inhibitory neurons, with 

the inhibitory neurons then connecting to the local excitatory neurons (Alger and 

Nicoll, 1982; Buzsáki, 1984). Under physiological conditions, this circuit generates 

a disynaptic feedforward inhibition that arrives within a few milliseconds of the 

direct excitation of the principal neurons. Such a mechanism can reduce the output 

of excitatory neurons, modulate the gain of the network (Atallah et al., 2012) and 

is capable of enhancing the temporal fidelity of principal neuron spiking (Pouille 

and Scanziani, 2001). A second common inhibitory motif involves feedback 

control, operating typically within the same brain region. In this circuit, excitatory 

neurons provide drive to local inhibitory neurons that then form synapses back to 

the original excitatory population (Miles, 1990). Such reciprocal connections that 

shape local excitability have been found throughout the brain (Csicsvari et al., 1998; 
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Thomson et al., 2002; Ko et al., 2011). The interplay of feedforward and feedback 

inhibition has been implicated in information processing by division and 

subtraction of input (Wilson et al., 2012). A related inhibitory microcircuit motif, 

often considered an extension of the feedback inhibition motif, is lateral inhibition, 

where, within the same area, the local interneurons inhibit principal cells that are 

different to the ones that initially excited them (Hartline et al., 1956; Isaacson and 

Scanziani, 2011). Another form of inhibition involves long-range GABAergic 

projections, which provide direct inhibition to different structures of the brain 

(Alonso and Köhler, 1982; Bolam et al., 2000; Higo et al., 2007). And finally, 

inhibitory neurons can also establish connections with one another. This reciprocal 

inhibition has been suggested to contribute to network synchronicity (Van 

Vreeswijk et al., 1994), to generate disinhibitory actions, or to regulate excitability 

across the somatodendritic axis of principal neurons (Letzkus et al., 2011; Lovett-

Barron et al., 2012; Pi et al., 2013). 

Synaptic inhibition can have a dual effect on the postsynaptic neuron. 

Firstly, the opening of the GABAAR-associated ion channels will generate a ‘short-

circuit’ or ‘shunt’ effect on adjacent currents because the input resistance of the 

neuronal membrane decreases. Given Ohm’s law, the gain of the neuron’s response 

will change as the slope of the input-output function will be reduced. This represents 

a divisive operation performed by synaptic inhibition, which is very localised and 

temporally locked to the opening of the transmembrane conductances (Blomfield, 

1974; Cardin et al., 2008; Silver, 2010). Secondly, the ion fluxes generated by the 

opening of the GABAAR-associated ion channels will induce transient changes in 
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membrane potential. The effect is typically hyperpolarising, which results in 

moving the resting potential away from the action potential threshold. 

Consequently, a stronger input will be required to reach the spiking threshold. The 

input-output curve of the neuron will therefore be offset to the right (Tamás et al., 

2002; Pouille et al., 2013). This represents a subtractive operation performed by 

synaptic inhibition. The duration of the hyperpolarising effect will depend on the 

membrane time constant, therefore it will not be as temporally precise as the shunt 

effect. 

The interplay between different neurons through these circuit motifs enables 

the normal brain to maintain a dynamic balance between excitation and inhibition. 

This balance is continuously controlled over a large dynamic range of network 

states, from resting conditions characterised by low levels of spontaneous activity, 

to stimulus-driven intense network recruitment (Haider et al., 2006; Okun and 

Lampl, 2008). Importantly, in order for this balance to be maintained, the output of 

both excitatory and inhibitory neurons are scaled proportionally in response to 

increasing stimulus intensity (Wilent and Contreras, 2004). These observations 

suggest that continuously maintaining the balance between excitation and inhibition 

is key to normal brain function (Isaacson and Scanziani, 2011). 

The importance of the dynamic balance between excitation and inhibition is 

emphasised by results from acute experimental manipulations of neuronal synaptic 

transmission. For example, pharmacologically blocking fast synaptic inhibition 

with GABAAR antagonists generates seizures (Dichter and Ayala, 1987). By 

contrast, anti-seizure medication that enhances GABAergic transmission, such as 
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benzodiazepines, terminates seizure activity (Gale, 1992). Taken together, these 

observations helped form the concept that seizure activity is caused by a perturbed 

balance between excitation and inhibition (Olsen and Avoli, 1997; Fritschy, 2008). 

This idea was further strengthened by the discovery that glutamate agonists, such 

as kainic acid, can promote excessive excitation and provoke seizure activity (Ben-

Ari et al., 1980). 

Various structural and morphological cellular changes that occur in the 

context of epileptogenesis are also consistent with this concept. These include 

aberrant excitatory axonal sprouting, loss of inhibitory neurons and sclerosis 

(Bouchet and Cazauvieilh, 1825; Sommer, 1880; Devinsky et al., 2018). The mossy 

fibre sprouting revealed in temporal lobe epilepsy patients (Scheibel et al., 1974) 

creates an aberrant, recurrent, excitatory circuit (Buckmaster, 2012). This is thought 

to lead to a positive feedback mechanism resulting in increased excitatory synaptic 

input to granule cells, and increased probability of seizures (Wuarin and Dudek, 

2001; Sutula and Dudek, 2007). By contrast, it has been suggested that aberrant 

mossy fibres preferentially innervate GABAergic interneurons in an attempt to 

restore the excitation-inhibition balance in epilepsy and suppress seizures (Sloviter 

et al., 2006). Despite these conflicting hypotheses, it is evident that the axonal 

sprouting and hyperexcitability that are prevalent in an epileptic network are not 

only restricted to granule cells, but seem to involve other excitatory neurons both 

in the hippocampus and in cortex (Salin et al., 1995; Perez et al., 1996; McKinney 

et al., 1997; Lehmann et al., 2001). However, mossy fibres have also been shown 

to release GABA, although the role of this GABAergic signalling is unclear 
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(Walker et al., 2002). Interestingly, suppression of mossy fibre sprouting by 

rapamycin was found not to change the frequency of seizures, suggesting that this 

aberrant sprouting might not be required for epileptogenesis (Buckmaster and Lew, 

2011). 

Apart from mossy fibre sprouting, other mechanisms might contribute to 

epileptogenesis, such as synaptic plasticity, changes in ion homeostasis (discussed 

later in this chapter) or intrinsic excitability, for example due to upregulation of T-

type Ca2+ channels (Su et al., 2002), combined with mutual excitation between 

hippocampal neurons (Traub and Wong, 1982). The excitatory-inhibitory balance 

is thought to be further disrupted in epilepsy by the loss of subpopulations of 

GABAergic interneurons (Cossart et al., 2001; Kumar and Buckmaster, 2006). 

1.2.2 GABAergic interneuron subtypes 

The last 30 years of studies into the circuit alterations in epilepsy, has generated a 

desire to understand the contribution of defined cell types. Particular attention has 

been focused on GABA-releasing interneurons. One of the reasons for this is that, 

although they represent only 10-20% of the neurons in the mammalian brain, there 

is a great diversity amongst GABAergic interneurons (Markram et al., 2004; 

Klausberger and Somogyi, 2008). This diversity was first revealed by investigating 

the morphology of neurons by Golgi staining (Cajal, 1893, 2002). The development 

of new techniques has since enabled us to describe interneurons in greater detail 

(Yuste, 2005; Somogyi et al., 2014). For example, with the advent of electron 

microscopy, information emerged about the synaptic targets of the various 

GABAergic cell types. This revealed that some interneuron subtypes are very 
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specific in terms of the subcellular compartment that they target on the postsynaptic 

neuron (Somogyi et al., 1982). Furthermore, specific molecular markers have been 

identified to be expressed by distinct subtypes of GABAergic neurons, including 

neuropeptides and calcium-binding proteins (DeFelipe, 1993). The development of 

antibodies against these markers has made it possible to reliably identify different 

interneuron subtypes (Somogyi et al., 1984). Electrophysiology has also played a 

significant role in the study of GABAergic cells. Intracellular recordings of 

interneurons have helped differentiate them from the pyramidal cell counterparts. 

For example, interneurons typically have a firing pattern that is fast spiking, without 

spike frequency adaptation, compared to principal cells, which display a regular 

spiking pattern with marked spike frequency adaptation. Furthermore, specific 

spike timings have been identified in relation to network oscillations and/or state 

(Sik et al., 1995; Klausberger and Somogyi, 2008). Developmental studies have 

also contributed to our understanding of GABAergic interneurons by discovering 

that they originate in different regions of the ganglionic eminence and migrate to 

the cortical plate (Anderson et al., 1997). 

We have learned a lot about the GABAergic interneuron subtypes from one 

of the most intensely studied neuronal systems, the hippocampus (Freund and 

Buzsáki, 1996). Seminal work has contributed to describing 21 different 

interneuron subtypes in the hippocampus (Klausberger and Somogyi, 2008). For 

example, axo-axonic cells, also called chandelier cells (Figure 1.1A, type 1) have 

been shown to exclusively target the axon initial segment of pyramidal 
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Figure 1.1. Interneurons of the hippocampus. (A) More than 21 interneuron 
subtypes have been identified in the CA1 region of the rodent hippocampus. The 
glutamatergic inputs to the CA1 area are indicated on the left. Pyramidal neurons 
(PyN) are shown in blue. Interneurons targeting mainly principal cells are shown in 
orange and interneurons mainly targeting other interneurons are shown in pink. 
Axons are purple and synaptic connections are yellow. CCK, cholecystokinin; 
VGLUT, vesicular glutamate transporter; O-LM, oriens lacunosum moleculare. 
Modified from Klausberger and Somogyi (2008). (B) A simplified circuit 
illustrating the main interneuron subtypes investigated in this thesis. PV 
interneurons mainly target the somatic compartment and axons of pyramidal 
neurons. SST interneurons mainly inhibit the apical dendrites of principal cells. VIP 
interneurons are a mixed population of neurons targeting either pyramidal neurons 
or SST interneurons. 
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neurons (Somogyi, 1977; Somogyi et al., 1982). These interneurons mostly fire 

action potentials during the hippocampal theta oscillation peak, when excitatory 

neurons are least active. These axo-axonic cells have been shown to express 

parvalbumin (PV), which is a calcium-binding protein, but PV is not restricted to 

this cell population. Other interneuron subtypes have been shown to contain PV, 

such as the PV-expressing basket cells (Kawaguchi et al., 1987). These interneurons 

target the soma of principal neurons (Figure 1.1A, type 2), have a fast firing pattern 

and elicit action potentials during the descending phase of the theta rhythm (Varga 

et al., 2012). Basket cells also comprise interneurons expressing cholecystokinin 

(CCK). CCK cells synapse on the soma of pyramidal neurons (Figure 1.1A, types 

3 and 4), but they also target the apical dendrites (Cope et al., 2002). They have a 

regular spiking pattern and fire action potentials during the ascending phase of the 

theta oscillation (Klausberger et al., 2005). Axo-axonic cells, together with the PV 

and CCK basket cells, collectively target the perisomatic region of pyramidal 

neurons and act cooperatively to suppress pyramidal neuron firing at the peak of 

the theta oscillations. Other interneuron subtypes target the dendritic compartment 

of principal cells. These include the bistratified and ivy cells (Figure 1.1A, types 5 

and 6) that synapse on both the apical and basal dendrites of pyramidal neurons 

(Halasy et al., 1996; Fuentealba et al., 2008). Bistratified interneurons contain a 

combination of PV, somatostatin (SST) and neuropeptide Y (NPY), whilst ivy cells 

express nitric oxide synthase and NPY (Klausberger et al., 2004; Fuentealba et al., 

2008). Distal or apical dendrites of pyramidal neurons are preferentially innervated 

by oriens-lacunosum moleculare (O-LM) and neurogliaform cells (Figure 1.1A, 
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types 7 and 11). O-LM interneurons express SST, whilst neurogliaform cells 

contain NPY and α-actinin-2 (McBain et al., 1994; Sik et al., 1995; Price et al., 

2005; Klausberger, 2009). O-LM interneurons fire action potentials in phase with 

pyramidal neurons during theta oscillations. However, neurogliaform cells spike 

during the peak of theta, concurrently with the axo-axonic cells, when pyramidal 

neuron activity is the lowest (Klausberger et al., 2003; Fuentealba et al., 2010; 

Varga et al., 2012). A unique feature of both neurogliaform and ivy cells is their 

remarkably dense axonal arbour. The apical dendrites of principal neurons are also 

innervated by several additional subtypes of CCK-expressing interneurons (Figure 

1.1A, types 8, 9 and 10). Long-range projection interneurons have been shown to 

project their axons to neighbouring regions or to other structures such as the medial 

septum (Figure 1.1A, types 12, 15-18) (Klausberger, 2009). Finally, interneuron-

selective interneurons that express vasoactive intestinal polypeptide-expressing 

(VIP) or calretinin have also been discovered (Figure 1.1A, types 19-21) (Acsády 

et al., 1996; Gulyás et al., 1996). These neurons are believed to provide 

disinhibitory mechanisms (Chamberland et al., 2010; Chamberland and Topolnik, 

2012; Tyan et al., 2014). 

This extensive heterogeneity amongst GABAergic interneuron populations 

presents challenges when studying the function of specific cell types. However, the 

recent development of genetic approaches has enabled the generation of tools, such 

as transgenic knockin mouse ‘driver lines’, which express cre recombinase under 

the control of specific genetic promoter sequences. This has afforded unprecedented 

access to distinct genetically-defined populations of interneurons (Taniguchi et al., 
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2011). To date, the best characterised driver lines have afforded access to PV-, SST- 

and VIP-expressing interneurons. These tools are not without limitations. These 

molecular-genetic markers are not strictly restricted to morpho-functional 

interneuron subtypes, as outlined above. At the same time, however, these tools 

offer the opportunity to both measure and manipulate restricted sets of GABAergic 

cell types (Figure 1.1B), which are thought to vary in terms of their inhibitory 

capacity (Klausberger et al., 2003). For example, PV interneurons have been 

considered particularly effective at inhibiting principal neurons (Cobb et al., 1995; 

Freund and Buzsáki, 1996; Miles et al., 1996) and at restricting the propagation of 

network activity (Trevelyan et al., 2006; Cammarota et al., 2013). This is a result 

of their intrinsic properties and perisomatic targeting of multiple postsynaptic 

pyramidal neurons. Meanwhile, SST interneurons have been associated with the 

regulation of dendritic excitability (Miles et al., 1996; Paz and Huguenard, 2015a), 

which can then affect the spiking output of principal neurons (Lovett-Barron et al., 

2012). This feature of SST cells is a result of their preference for targeting apical 

pyramidal neuron dendrites. And finally, VIP interneurons can mediate both 

inhibitory and disinhibitory effects, apparently because many of their postsynaptic 

targets are interneurons (Acsády et al., 1996; Chamberland et al., 2010). 

The increasing awareness of the different cell types in key regions of the 

mammalian brain have led to examinations of how these cell types are affected in 

epilepsy. For example, in chronic epilepsy, certain subtypes of GABAergic 

interneurons have been shown to become depleted. Indeed, a loss of SST 

interneurons has been reported both in animal models of epilepsy (Cossart et al., 
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2001) and in patients suffering from temporal lobe epilepsy (Robbins et al., 1991). 

By contrast, other populations of interneurons appear to be more resistant, in the 

sense that they maintain their cell numbers. Notably, the PV interneurons have been 

shown to survive both in epileptic animals (Sloviter, 1991; Sloviter et al., 2003) and 

in epilepsy patients (Sloviter et al., 1991). Although there are conflicting reports 

regarding which specific interneuron subtypes are more vulnerable in epilepsy (de 

Lanerolle et al., 1989; Mathern et al., 1995; Andrioli et al., 2007; Marx et al., 2013), 

in most studies, perisomatic inhibition seems to be relatively more preserved 

compared to dendritic inhibition (Sundstrom et al., 2001; Wittner et al., 2001; 

Maglóczky and Freund, 2005; Tóth and Maglóczky, 2014). Furthermore, GABA 

cell type-specific developmental deficits can also cause epilepsy (Powell et al., 

2003; Cobos et al., 2005). This has led to the idea that restoring the numbers and 

function of interneuron populations may re-establish the balance between excitation 

and inhibition and provide insights into potential therapies for epilepsy (Howard et 

al., 2014; Hunt and Baraban, 2015). 

1.3 Tools for cell-specific control of seizure activity 

As data has accumulated on the differences between the various neuronal types, 

there has been increasing interest to study the effects of selectively controlling their 

individual function within the network. Within the context of experimental 

epilepsy, this field has benefited enormously from the advent of genetically-

targeted tools, which enable selective manipulation of defined populations of cells. 

This has simultaneously offered new strategies for disrupting seizure activity, as 

well as new insights into the roles played by particular cell populations in seizure 
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initiation and maintenance (Cammarota et al., 2013; Krook-Magnuson et al., 2013; 

Ellender et al., 2014; Sessolo et al., 2015; Yekhlef et al., 2015; Wykes et al., 2016; 

Khoshkhoo et al., 2017). I will use this section to briefly introduce the various tools 

available for manipulating the activity of genetically-defined neuronal populations 

and how these have been applied in the context of epilepsy and seizure research. 

Optogenetics was the first technology to allow parsing of neural circuits 

through the manipulation of specific neuron types in a temporally precise manner 

(Zemelman et al., 2002; Nagel et al., 2003; Banghart et al., 2004; Boyden et al., 

2005; Deisseroth, 2010). This technique uses light-sensitive proteins, called opsins. 

The first optogenetic tool that was used in mammalian neurons was a photoreceptor 

coupled to a signalling cascade, which allowed transmembrane ion fluxes to be 

triggered by light (Zemelman et al., 2002). The currents generated were slow 

because of the multiple proteins involved in the signalling. Later, 

channelrhodopsin-2 (ChR2, Figure 1.2), a light-driven inward cation channel was 

isolated from green algae and used to excite mammalian neurons with high 

temporal precision (Nagel et al., 2003; Boyden et al., 2005). Inhibitory opsins that 

generate hyperpolarisation of the membrane were later derived from archaeal 

prokaryote species, and include light-driven inward Cl− pumps, such as 

halorhodopsins (Figure 1.2) (Han and Boyden, 2007; Zhang et al., 2007), or light-

driven outward proton pumps, such as archaerhodopsins (Figure 1.2) (Chow et al., 

2010; Han et al., 2011). Another type of inhibitory opsin is the Cl−-conducting 

channelrhodopsin-2 (Cl−ChR2, Figure 1.2), which was developed by modifying 
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Figure 1.2. Optogenetic and chemogenetic tools for cell-specific excitation or 
inhibition of activity. Optogenetic tools (left) comprise excitatory opsins 
represented by channelrhodopsins and inhibitory opsins that include 
halorhodopsins, one type of archaerhodopsin with improved light sensitivity 
(ArchT) and Cl−ChR2. Chemogenetic tools comprise excitatory DREADDs 
(hM3Dq) and inhibitory DREADDs that include hM4Di and κORD. The stimulus is 
shown on the left (yellow box) and the cellular action is mentioned on the right 
(green box) for each tool. Adapted from Boesmans et al. (2018). 

 

channelrhodopsin to have negligible cation conductance and show preferential 

permeability to Cl− (Wietek et al., 2014). 

Despite the potential for temporally precise optogenetic manipulations of 

neuronal circuits in epilepsy, a significant challenge in using this technology is the 

necessity to detect seizure activity in real-time. This implies that the electrical 

activity of the brain needs to be continuously monitored such that the onset of 

seizure activity can be detected and then the appropriate light stimulation provided. 

Such ‘closed-loop’ systems have been successfully implemented and used in 

multiple brain regions to interrupt seizure activity (Armstrong et al., 2013; Krook-

Magnuson et al., 2013; Paz et al., 2013; Paz and Huguenard, 2015b). 
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Optogenetic techniques have provided promising strategies to study 

seizures and have proposed new therapeutic approaches. The earliest seizure 

experiments successfully expressed and activated silencing opsins in excitatory 

neurons in order to generate anti-seizure effects (Tønnesen et al., 2009; Wykes et 

al., 2012; Krook-Magnuson et al., 2013; Sukhotinsky et al., 2013). This work 

demonstrated an important proof of principle and prompted further questions, such 

as what are other neuron types contributing to seizure activity, and could these be 

targeted to disrupt seizures. Later work has therefore aimed to increase the output 

from interneurons (Krook-Magnuson et al., 2013; Ledri et al., 2014). As a strategy, 

targeting interneurons gained support from evidence that drugs that enhance 

GABA-mediated synaptic inhibition can be potent anticonvulsants (Czapiński et 

al., 2005). However, because of their system-wide actions, these drugs exhibit 

multiple deleterious side-effects (Snodgrass, 1992; Mula, 2011). Whilst 

GABAergic signalling can become altered in cells within the epileptic focus (Cohen 

et al., 2002; Huberfeld et al., 2007), inhibitory mechanisms are thought to remain 

effective within the ‘penumbra’ surrounding the epileptic focus and are able to 

oppose seizure spread (Trevelyan et al., 2006, 2007; Schevon et al., 2012; 

Cammarota et al., 2013). Selectively enhancing these endogenous inhibitory 

mechanisms therefore offers the potential to disrupt the propagation of seizures. 

Previous studies using optogenetic strategies to increase interneuron activity 

have reported promising results in terms of reducing seizure activity (Krook-

Magnuson et al., 2013; Ledri et al., 2014). Furthermore, it has emerged that 

interneuron subtypes can exert differential effects upon seizure generation and 
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progression (Cammarota et al., 2013; Krook-Magnuson et al., 2013; Sessolo et al., 

2015; Khoshkhoo et al., 2017). However, the temporally-synchronous nature of 

optical activation can also generate counterintuitive effects. Notably, the 

simultaneous recruitment of interneurons can enhance network synchronisation and 

actually initiate epileptiform activity (Sessolo et al., 2015; Yekhlef et al., 2015; 

Chang et al., 2018a). Other challenges associated with the optogenetic strategy 

include the need to deliver the genetic constructs by means of viral vectors, the 

requirement of an implantable device for light delivery, the limited penetrance of 

light through neuronal tissue, and potential damage due to overheating (Aravanis et 

al., 2007; Huber et al., 2008; Yizhar et al., 2011; Williams and Denison, 2013; Zhao 

et al., 2015). 

An alternative strategy is afforded by chemogenetic tools such as Designer 

Receptors Exclusively Activated by Designer Drugs (DREADDs). These tools use 

pharmacological agents to enhance or inhibit the activity of defined cell populations 

(Armbruster et al., 2007; Alexander et al., 2009). DREADDs are mutated human 

receptors that can be expressed in a cell-specific manner. These receptors are not 

activated by endogenous ligands, but instead require exogenous agents, such as 

clozapine N-oxide (CNO) and related metabolites (Gomez et al., 2017). Inhibitory 

DREADDs were first described (Armbruster et al., 2007). These include the human 

type-4 muscarinic designer receptor coupled with the Gi protein (hM4Di receptor, 

Figure 1.2) and the kappa-opioid designer receptor (κORD, Figure 1.2). The 

specific ligand for hM4Di receptors is CNO, and the ligand for κORD receptors is 

salvinorin B (SALB). Activating these receptors leads to opening of K+ channels 
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that hyperpolarise the cell (Armbruster et al., 2007; Vardy et al., 2015). 

Alternatively, activating excitatory DREADDs, such as the human type-3 

muscarinic designer receptor coupled with the Gq protein (hM3Dq receptor, Figure 

1.2), is thought to enhance neuronal excitability by downregulating ion channels 

that hyperpolarise the membrane (Alexander et al., 2009). A potential caveat of 

using the DREADD technology is the fact that CNO has been shown to be 

converted to clozapine in vivo (Gomez et al., 2017; Manvich et al., 2018). Although 

clozapine activates DREADD receptors with high affinity, it may also act as an 

antipsychotic by activating several types of endogenous receptors in the brain. 

Nevertheless, given its good brain permeability and high affinity for DREADD 

receptors, ‘sub-threshold’ levels of clozapine may represent an alternative to CNO 

in vivo for potential therapeutic interventions (Gomez et al., 2017). 

Compared to optogenetic tools, chemogenetic methods do not afford spike-

level temporal resolution. However, in the context of epilepsy, this could be an 

advantage because the long-lasting DREADD effects eliminate the need for real-

time seizure detection. As optogenetic strategies rely on light delivery, 

chemogenetic tools rely on the intracellular signal transduction machinery. This 

may also be an advantage, since chemogenetic strategies use the endogenous 

intracellular signalling pathways, which could avoid the artificial synchronisation 

of manipulated neurons. Moreover, DREADDs offer broad spatial coverage 

compared to optogenetics due to the fact that chemogenetic ligands can be delivered 

systemically. This can practically circumvent all issues associated with implanted 
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devices and light delivery, which are associated with optogenetic strategies 

(Forcelli, 2017). 

Excitatory hM3Dq DREADDs have been used to activate interneurons in 

several brain regions (Hamm and Yuste, 2016; Chen et al., 2017; Wang et al., 2017). 

However, it remains unclear to what extent different subtypes of GABAergic 

interneurons can be modulated via DREADDs, and whether chemogenetic control 

of different interneurons is a viable strategy to reduce seizure activity. Targeting 

interneurons may offer advantages over inhibiting principal cells, which may 

induce undesired effects on cognitive function (Wang et al., 2018). Furthermore, 

boosting the endogenous inhibitory mechanisms is an attractive approach since 

interneurons can exert widespread control over the neuronal network due to their 

large axonal arborisations (Freund and Buzsáki, 1996) and inhibitory circuits are 

recruited as excitatory network activity intensifies (Trevelyan et al., 2006; 

Derchansky et al., 2008; Schevon et al., 2012; Cammarota et al., 2013). However, 

particularly given their large diversity, it is important to establish which interneuron 

subtypes may be optimal for targeting. It is also important to understand and 

compare the potential benefits for targeting different interneuron subtypes. To 

investigate this, chapter 3 of this thesis will explore the potential of 

chemogenetically recruiting distinct interneuron subtypes, and will examine 

the effects on epileptiform events in vitro and on seizure activity in vivo. 
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1.4 Changes in cellular physiology underlying seizure activity 

In addition to examining the contribution of different cell types to seizures, there is 

a long history in the use of animal models to examine the underlying cellular 

mechanisms that operate around different phases of seizure activity. The motivation 

behind this interest is the hypothesis that understanding these cellular mechanisms 

may allow for novel strategies to manipulate them in order to restore the balance 

between excitation and inhibition, which could ultimately provide insight into the 

development of new anti-seizure therapies. This has led to a variety of ideas about 

how changes in cellular physiology and synaptic transmission contribute to the 

onset and progression of seizure activity. Given the experimental focus of this 

thesis, my review of these physiological mechanisms will concentrate on why 

inhibitory synaptic mechanisms may fail to match the excitatory synaptic 

mechanisms in the circuit. 

1.4.1 Presynaptic mechanisms that could reduce the efficacy of inhibition 

The study of focal seizure activity in animal models has revealed that it is associated 

with intense inhibitory barrages in the surrounding territories (Trevelyan and 

Schevon, 2013; Trevelyan, 2016). This work showed that the pathologic ‘epileptic 

focus’ projects excitatory signals onto adjacent neurons of the ‘penumbra’ via 

glutamatergic synaptic release. The penumbra, however, is not immediately 

recruited to the seizure activity. Instead, endogenous feedforward inhibitory 

mechanisms oppose seizure spread by establishing a powerful inhibitory restraint, 

which restricts epileptiform recruitment (Trevelyan et al., 2006, 2007). This  
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Figure 1.3. Inhibitory restraint and depolarising block of PV interneurons 
around the onset of epileptiform events. A schematic illustration (left) of an 
epileptiform event initiated from a focus of damaged tissue (black area in the centre) 
and the recruitment of the surrounding healthy tissue or ‘penumbra’ (blue). As the 
epileptiform event spreads, the inhibitory restraint mechanisms of the penumbra are 
recruited. A dual intracellular current-clamp recording of a pyramidal neuron and 
an adjacent PV interneuron are shown on the right. PV interneurons contribute to 
the inhibitory restraint by generating high frequency action potentials opposing the 
spreading excitation (right top trace). If the inhibitory restraint is not sufficient to 
prevent the spread of excitation, pyramidal neurons are recruited to the epileptiform 
event at the same time that PV interneurons experience depolarisation block (black 
arrowhead on expanded traces at the bottom of the box). IC0, current-clamp. 
Modified from Cammarota et al. (2013). 
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phenomenon has also been demonstrated in humans (Schevon et al., 2012). The PV 

interneurons appear to be a principal mediator of this inhibitory restraint that 

counters the propagation of seizure activity (Cammarota et al., 2013; Sessolo et al., 

2015). However, when the inhibitory restraint fails, seizure activity is allowed to 

propagate freely within the brain (Figure 1.3). 

As alluded to above, an important question in the field is why does synaptic 

inhibition fail at seizure onset? A number of possible presynaptic mechanisms have 

been hypothesised. For example, a frequency-dependent depression at the synapse 

between basket cells and pyramidal neurons in the hippocampus has been 

described, which could cause failure of inhibition at seizure onset (Kraushaar and 

Jonas, 2000). It was postulated that underlying this synaptic depression could be 

processes that precede presynaptic vesicular release of GABA, including the 

decreased probability of successful action potential conductance (Lüscher and 

Shiner, 1990), possible inactivation of voltage-gated Ca2+ channels at presynaptic 

terminals (Patil et al., 1998), or a reduction in release probability caused by 

desensitisation of the Ca2+-sensitive proteins involved in neurotransmitter release 

(Südhof, 2012). 

Zhang et al. (2012), however, suggested that the releasable pool of GABA-

containing synaptic vesicles actually becomes depleted, and proposed that seizure 

onset may be triggered by exhausted presynaptic GABA release. Zhang et al. (2012) 

monitored inhibitory postsynaptic currents generated by osmotically-triggered 

neurotransmitter release. The result was that presynaptic GABA release diminished 
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in the period immediately prior to the onset of epileptiform activity, even though 

postsynaptic GABAA receptor responses to muscimol were maintained. 

Others meanwhile have shown that, concurrently with the failure of 

inhibitory restraint and the onset of epileptiform activity, PV interneurons can enter 

a state of depolarisation block (DB) that impairs their spiking output (Figure 1.3) 

(Cammarota et al., 2013). DB can occur as a result of the incomplete return of 

voltage-gated Na+ channels to a fully deinactivated state between action potentials 

(Bianchi et al., 2012). If K+ currents are not able to repolarise the neuronal 

membrane, spiking is impaired due to a reduced availability of voltage-gated Na+ 

channels. However, no studies have so far investigated the functional significance 

of DB in PV interneurons and whether this phenomenon indeed contributes to the 

failure of inhibitory restraint, or if it is effectively irrelevant due to the depletion of 

GABA-containing vesicles. To address these unknowns, chapter 5 of this thesis 

will investigate the phenomena of inhibitory restraint and DB in PV 

interneurons. 

1.4.2 Postsynaptic ion changes related to seizure activity 

In addition to mechanisms associated with presynaptic GABAergic transmission, 

altered ion homeostasis has emerged as an important factor that can increase the 

propensity for seizure generation (Raimondo et al., 2015). I will use this section to 

outline perturbations in ion homeostasis associated with seizure activity. 

Ion channels are key for regulating neuronal excitability, and their function 

depends on the state of the transmembrane ion gradients. These gradients enable 
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ion channels to mediate ion fluxes, which stand as a fundamental process 

underpinning electrical signalling between neurons in the brain (Hille, 1978). 

Alteration of these ion concentration gradients across the neuronal membrane can 

disrupt normal excitability and lead to positive feedback loops, promoting 

pathologic states, including seizure activity (Somjen, 2002). 

One of the earliest established associations between ion concentration 

changes and seizure activity involves K+ ions. It was observed that raising the 

intracerebral K+ concentration can generate seizure activity (Feldberg and 

Sherwood, 1957). At the same time, neuronal activity has been shown to generate 

elevations in extracellular K+ levels (Orkand, 1980; Amzica and Steriade, 2000). 

Consistent with this, significant extracellular K+ accumulation has been revealed 

during epileptiform events (Figure 1.4) (Meyer et al., 1961; Pumain et al., 1985; 

Yaari et al., 1986; Avoli et al., 1987). Under normal conditions, K+ ions are 

approximately 25 times more concentrated inside neurons, and the extracellular 

concentration is typically low, around 4 mM (Raimondo et al., 2015). Under resting 

conditions, K+ currents are an important contributor to the leak conductance, which 

is a principal determinant of neuronal excitability (Lesage, 2003). Therefore, small 

alterations in extracellular K+ concentration can determine important changes in the 

reversal potential of K+ ions, which, in turn, can affect the leak current and 

depolarise the neurons (Fröhlich et al., 2008). 

During network activity, K+ efflux from neurons occurs via several 

mechanisms. For example, spiking activity depends on voltage-gated K+ channels  
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Figure 1.4. Ion dynamics during epileptiform activity. An intracellular current-
clamp recording of a CA3 principal neuron in an in vitro preparation shows the 
typical membrane potential changes during an epileptiform event triggered by 
removing Mg2+ from the extracellular solution (top). A ‘pre-event’ period precedes 
the onset of epileptiform activity, which comprises a ‘tonic’ or ‘discharge’ phase 
(grey region) of sustained depolarisation accompanied by high frequency, low-
amplitude oscillations in the membrane voltage, and a ‘clonic’ or ‘after-discharge’ 
phase (light grey region) characterised by rhythmic bursting occurring from a more 
hyperpolarised membrane potential relative to the tonic phase. Finally, during the 
‘post-event’ phase, the membrane potential further hyperpolarises before ultimately 
recovering to pre-event levels. Traces below illustrate the approximation of 
different ion dynamics during the epileptiform event. Both extracellular K+ ([K+]e) 
and intracellular Cl− ([Cl−]i) are thought to peak towards the end of the tonic phase, 
whilst intracellular acidification (pHi) reaches its maximal extent at the end of the 
clonic phase. Figure modified from Raimondo et al. (2015). 
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that are essential for action potential generation (Lodish et al., 2000). Ca2+-activated 

K+ channels also contribute to K+ effluxes if cytoplasmic Ca2+ levels increase 

(Faber and Sah, 2003), which occurs as a result of spiking activity or via 

glutamatergic ionotropic receptors (Shih et al., 2013). These effects are further 

exacerbated if neurons are depolarised, because the driving force for K+ extrusion 

from neurons increases. A number of mechanisms oppose the extracellular 

accumulation of K+, including passive diffusion, transmembrane transport and 

cellular mechanisms (Kofuji and Newman, 2004). The Na+/K+ ATPase is an 

important contributor to recovering K+ gradients. This primary transporter moves 

Na+ ions out and K+ ions into the neuron, and is fuelled by the catalysis of ATP 

(Skou and Esmann, 1992). Other transmembrane transport mechanisms that help to 

clear extracellular K+ include co-transporters such as NKCC1 in neurons and 

inwardly rectifying K+ channels in glia (Butt and Kalsi, 2006). The discovery of the 

latter process led to the idea that the glial syncytium may be contributing to a 

‘spatial buffering’ by which K+ is shunted between areas with different K+ 

concentrations to prevent local accumulation (Amzica et al., 2002; Kofuji and 

Newman, 2004). In this context, it is interesting that hippocampal astrocytes from 

patients suffering from temporal lobe epilepsy were found to have dysfunctional K+ 

conductances (Hinterkeuser et al., 2000). 

One would predict that changes in extracellular K+ concentration will affect 

both excitatory and inhibitory neurons alike. By contrast, seizure-related changes 

in another key ion, Cl−, have attracted interest because these are predicted to impact 

the efficacy of inhibition by specifically affecting GABAergic transmission. 
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Recordings from epileptic tissue resected from patients suffering from medically 

intractable temporal lobe epilepsy has revealed that GABAergic signalling is 

excitatory (Cohen et al., 2002). This led to the hypothesis that Cl− homeostasis may 

be perturbed in this epileptic tissue. Subsequently, there has been a growing interest 

into investigating the mechanisms by which Cl− regulation may be disrupted. For 

example, Muñoz et al. (2007) studied the expression of co-transporters that mediate 

physiologic Cl− accumulation in neurons, such as NKCC1, relative to co-

transporters that facilitate Cl− extrusion, such as KCC2. Interestingly, in the 

sclerotic area corresponding to the epileptic focus, KCC2 expression was reduced 

and NKCC1 expression was increased. This observation is in line with previous 

measurements of mRNA for these transporters in tissue from human epileptic 

patients (Palma et al., 2006). And blocking NKCC1 with bumetanide was able to 

recover the anomalous GABAergic signalling in human tissue (Huberfeld et al., 

2007). These observations argue that changes in postsynaptic ion homeostasis are 

important (Miles et al., 2012). Seizure-induced NKCC1-mediated neuronal Cl− 

accumulation has been hypothesised as a potential mechanism by which excitatory-

inhibitory balance is disrupted in epilepsy (Dzhala et al., 2010). Indeed, Cl− 

accumulation in excitatory neurons can, under certain conditions, determine a 

network to generate epileptiform activity (Alfonsa et al., 2015). 

The fact that Cl− changes can compromise postsynaptic inhibition is 

therefore relevant to the question of why inhibition might fail at seizure onset. To 

understand the role of disrupted Cl− dynamics in the development of seizures, one 

needs to first consider the synaptic mechanisms in which they are involved. Fast 



Section 1.4  41 

synaptic inhibition is mediated by GABAARs that are mainly permeable to Cl− 

(Kaila and Voipio, 1987). Thus, the electrochemical gradient of Cl− ions is a 

determining factor for GABAergic transmission. As typical reversal potentials for 

the GABAAR conductance (around -70 mV) are relatively close to the resting 

membrane potential of neurons, small changes in the Cl− gradient or in the 

membrane voltage can strongly influence the strength and direction of the ionic 

flow (Raimondo et al., 2012c). Consistent with this idea, inhibitory synapses have 

been found to be particularly prone to a process termed ‘short-term ionic plasticity’ 

(Rivera et al., 2004; Raimondo et al., 2012c; Kaila et al., 2014), whereby 

GABAergic activity can lead to Cl− accumulation in the postsynaptic neuron (Kaila 

and Voipio, 1987; Staley et al., 1995; Staley and Proctor, 1999). This process is 

further exacerbated by membrane depolarisation of the postsynaptic neuron, such 

as occurs during seizure events, because the driving force for Cl− influx increases if 

neurons are depolarised. Indeed, intracellular Cl− accumulation in excitatory 

neurons has been revealed during epileptiform activity (Figure 1.4) (Ilie et al., 

2012; Raimondo et al., 2013; Ellender et al., 2014). When Cl− inflow exceeds the 

capacity of Cl−-extruding mechanisms such as KCC2, the collapsing Cl− gradient 

reduces the strength of fast GABAergic inhibition, and GABAergic signalling can 

become facilitatory and even excitatory (Ilie et al., 2012; Raimondo et al., 2012c; 

Ellender et al., 2014). In agreement with these ideas, it has been shown in a variety 

of models that Cl− increases during seizure/epileptiform activity (Raimondo et al., 

2013; Sato et al., 2017). 
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The vast majority of work has focused on Cl− homeostasis and dynamics in 

principal neurons. By contrast, not much is known about Cl− homeostasis in 

GABAergic interneurons, although there is some evidence that Cl− may be 

regulated differently in interneurons. For example, at the same time that 

GABAergic synaptic transmission changes from depolarising to hyperpolarising in 

developing pyramidal cells, GABAergic transmission in interneurons has been 

shown to remain shunting (Banke and McBain, 2006). Other work has suggested 

that the level and regulation of intracellular Cl− in interneurons may play an 

important role in maintaining stable network dynamics (Vida et al., 2006). As a 

consequence, there are a series of unanswered questions regarding Cl− regulation in 

interneurons. For example, it is not clear if inhibitory neurons experience a collapse 

in the transmembrane Cl− gradient during seizure events. Are there any differences 

in activity-dependent Cl− dynamics experienced by distinct interneuron subtypes 

during epileptiform events? To address these questions, chapter 4 of this thesis 

will investigate Cl− levels in genetically-defined interneuron subtypes using a 

novel fluorescent reporter, under baseline conditions and during epileptiform 

events. 

GABAergic signalling is intricately linked to the regulation of another key 

ion, H+, which has also been implicated in seizure activity. In addition to Cl−, the 

ionotropic GABAAR is also permeable to HCO3
−, which can influence intracellular 

H+ ions as a result of its central role in intracellular pH buffering mechanisms (Kaila 

and Voipio, 1987). The pH level has been shown to regulate synaptic transmission 

and neuronal excitability in a variety of ways (Drapeau and Nachshen, 1988). The 
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gradient of H+, for example, is fundamental for neurotransmitter uptake into 

synaptic vesicles (Forgac, 2007). Moreover, multiple transmembrane channel 

proteins (Tombaugh and Somjen, 1996, 1997) and receptors, including glutamate 

receptors, are modulated by pH (Giffard et al., 1990; McDonald et al., 1998; Ruffin 

et al., 2014). Generally, a low pH has been associated with reduced excitability, 

whilst a high pH has been associated with elevated neuronal activity (Schuchmann 

et al., 2006; Sinning and Hübner, 2013). Therefore, the control of pH is important 

for maintaining a stable excitatory-inhibitory balance in the brain. Endogenous 

buffering and transport mechanisms exist to control pH levels in the brain. Most 

notably, the bicarbonate buffering system relies on carbonic anhydrases to catalyse 

the reversible reaction between CO2 and H2O to HCO3
− and H+ (Supuran, 2008; 

Raimondo et al., 2015). Under experimental conditions, however, the CO2 

concentration is typically clamped in the extracellular space. Given CO2 readily 

permeates the neuronal membranes following production, clamping the 

extracellular CO2 will prevent changes in pH caused by fluctuating CO2 levels. As 

with K+, under physiological conditions, the link between pH and neuronal activity 

can be considered as bidirectional, in the sense that neuronal activity is capable of 

inducing transient changes in H+ concentration, in spite of pH buffering 

mechanisms (Chesler, 2003). With regards to seizures, excitatory neurons have 

been shown to acidify as a result of intense network activity (Figure 1.4) (Xiong et 

al., 2000; Raimondo et al., 2012a). At the same time, manipulation of intracellular 

pH has been demonstrated to impact epileptiform activity. This suggests that 

intraneuronal acidification may play an important role in seizure termination 
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(Xiong et al., 2000). Although pH dynamics have been studied in the extracellular 

compartment and in excitatory neurons, pH regulation and seizure-related dynamics 

have not been investigated in inhibitory interneurons. This raises a series of 

questions, such as whether GABAergic interneurons experience pH changes during 

seizure activity, and whether all interneuron subtypes regulate their pH homeostasis 

in a similar fashion. To try to answer these questions, chapter 4 of this thesis 

will explore pH levels in genetically-defined GABAergic interneurons under 

resting conditions and during epileptiform events. 

1.4.3 Interacting ion dynamics 

An important theme that has emerged from studies into ion dynamics is that there 

are many opportunities for interaction, or ‘crosstalk’, through ion regulatory 

mechanisms. For example, the extracellular accumulation of K+ can reduce fast 

GABAergic transmission by depolarising the reversal potential of GABAARs 

(Thompson and Gähwiler, 1989). This is caused by a reduction in Cl− extrusion by 

KCC2, because of the diminished K+ gradient. Furthermore, if intracellular levels 

of Cl− are low and extracellular K+ is high, KCC2 can switch transport direction and 

facilitate K+ and Cl− influx (Staley and Proctor, 1999). Another example involves 

the interplay of pH and Cl− via GABAARs. As GABAARs are permeable to both 

HCO3
− and Cl−, intracellular pH and Cl− regulatory mechanisms can have either 

synergistic or opposing effects on EGABAA
 (Raimondo et al., 2015). 

These sorts of interactions can generate significant challenges for 

experimentally measuring both resting and dynamic ion concentrations. The field 

of Cl− imaging, for example, has suffered from methods where different ions can 
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confound independent quantification. The application of genetically-encoded Cl− 

reporters such as ‘Clomeleon’ (Kuner and Augustine, 2000; Dzhala et al., 2010; 

Grimley et al., 2013; Glykys et al., 2014) and ‘Cl-sensor’ (Markova et al., 2008) 

has been limited by the sensitivity that these reporters also have for pH. The 

inherent problem is that the cells’ pH, and any changes in pH, will confound all 

estimates of Cl−. Importantly, the development of ClopHensor (Arosio et al., 2010) 

and of its optimised version for expression in neuronal tissue, ClopHensorN 

(Raimondo et al., 2013), has enabled simultaneous readout of absolute pH and Cl− 

concentration and, for the first time, has afforded the functional dissociation of the 

two ions in neurons. These inter-dependences of ion species emphasise the 

importance of using experimental tools that are able to distinguish between the 

separate ion dynamics, especially during periods of intense transmembrane fluxes, 

such as occurring during seizure events. For this reason, the pH and Cl− reporter 

used in chapter 4 of this thesis, is well-suited for differentiating between H+ and Cl− 

ion transients during epileptiform activity. 

1.5 The hippocampal formation 

The experimental work in this thesis was performed on the mouse hippocampal 

formation. I will therefore use this section to briefly introduce this brain structure, 

and its relevance to epilepsy. The hippocampus has been shown to have a 

particularly high seizure susceptibility (Burnham, 2002) and it is the region of the 

brain that often contains the epileptic focus in temporal lobe epilepsy patients. To 

understand why the hippocampus is prone to generating seizures, we first need to 

consider its circuitry. 
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Figure 1.5. Architecture of the hippocampus. A coronal section of the 
hippocampal formation illustrates its main subdivisions: DG, dentate gyrus; CA3, 
Cornu Ammonis area 3; CA1, Cornu Ammonis area 1; Sub, subiculum; EC, 
entorhinal cortex. Modified from Cajal, 2002. 

 

The hippocampal formation is part of the limbic system located in the 

medial part of the temporal lobe of the cerebrum. The hippocampus has been 

extensively studied since the report on patient H.M., who suffered a severe 

impairment in forming new memories as a result of bilateral neurosurgical resection 

of the hippocampus, which was performed in an attempt to treat the patient’s 

refractory epilepsy (Scoville and Milner, 1957). Accumulating evidence suggested 

that this is a critical structure for storing and retrieving memories. At present, it is 

thought that the hippocampus provides a spatio-temporal framework that enables 

the different elements of sentience to be interlaced and stored in a way that allows 

for future retrieval of experiences (Knierim, 2015). 
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The hippocampal formation consists of the dentate gyrus (DG), the 

subiculum, the entorhinal cortex and the hippocampus proper. Furthermore, within 

the hippocampus proper there are three major subdivisions, namely the Cornu 

Ammonis (CA) subfields CA1 to CA3 (Schultz and Engelhardt, 2014). At a 

synaptic level, the classically described ‘trisynaptic circuit’ is thought to convey 

information unidirectionally via a loop starting from the entorhinal cortex, through 

the hippocampus and ending back to the entorhinal cortex (Figure 1.5). Principal 

neurons from the entorhinal cortex project through the perforant path to the DG, 

forming the first synapse. The DG then sends axons via mossy cell fibres to the 

CA3 region, establishing the second synapse. The CA3 then projects to CA1 

through the Schaffer Collateral pathway, creating the third synapse. Finally, CA1 

relays the information back to the entorhinal cortex to complete the circular circuit. 

In addition to this, CA3 pyramidal neurons send collaterals to other CA3 neurons. 

This recurrent connectivity within CA3 has been suggested to underly important 

neural processes, such as the formation of sparsely encoded associative memory 

(Bennett et al., 1994). 

This recurrent connectivity within the hippocampus could explain why it is 

so prone to seizures. Several specific features of CA3 pyramidal neurons are likely 

to contribute to the role that the hippocampus plays in seizures and epilepsy 

(Schwartzkroin, 1994). Among the numerous voltage-gated membrane 

conductances, pyramidal neurons express high threshold Ca2+ channels across their 

entire somatodendritic axis (Wong et al., 1979; Fisher et al., 1990). These channels 

enable the pyramidal neurons to sustain physiological bursts of activity, which are 
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similar to paroxysmal discharges that are characteristic to seizure events. However, 

the difference is that in seizures, this activity is synchronised across large ensembles 

of pyramidal neurons. And this synchronisation is particularly pronounced in the 

CA3 region because of the recurrent connectivity that is characteristic of this brain 

area. Under normal conditions, synaptic inhibition prevents hippocampal activity 

from evolving into runaway excitation. Indeed, loss of inhibitory control has been 

shown to lead to synchronous firing of large groups of hippocampal neurons 

through recurrent pathways (Miles and Wong, 1987). Moreover, the sustained 

neuronal depolarisation can release the Mg2+ block of NMDA channels, which may 

further promote excitability (Kampa et al., 2004). 

Despite these characteristics that promote excitability, activity in the 

hippocampus is normally contained by a variety of powerful intrinsic inhibitory 

circuits. This inhibitory system contributes to the ‘dentate gateway’ that is thought 

to filter the excitatory afferents to the hippocampus (Heinemann et al., 1992; 

Lothman et al., 1992). As I have discussed above (section 1.2.2), the rodent 

hippocampus has been the ‘powerhouse’ for discovering and characterising 

different classes of GABAergic interneurons and inhibitory circuit motifs. In fact, 

as well as being an important structure in epilepsy, the hippocampus has long been 

the brain region of choice for anatomical and electrophysiology experiments (Bliss 

and Gardner-Medwin, 1973; Bliss and Lomo, 1973). Given its propensity for 

seizure generation, in vitro slice preparations of hippocampus have been used as a 

model of seizures or epilepsy. Organotypic hippocampal brain slices for example, 

have been shown to replicate several features of human epilepsy, such as 
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denervation, synaptic reorganisation leading to formation of excitatory recurrent 

connections, mossy fibre sprouting and the development of spontaneous 

epileptiform events (Dyhrfjeld-Johnsen et al., 2010). This model will be used in this 

thesis to study epileptiform activity and the inhibitory system of the hippocampus. 

1.6 Thesis aims 

The overall objective of this thesis was to study the role played by different 

populations of GABAergic interneurons of the rodent hippocampus in the 

mechanisms underlying seizure/epileptiform activity. To achieve this, I set out to 

complete the following experimental aims: 

The first aim of this thesis was to examine the potential to enhance 

inhibitory synaptic mechanisms using chemogenetic recruitment of GABAergic 

interneurons in the hippocampus. Given their heterogeneity, it is predicted that the 

choice of interneuron subtype will be important. I will therefore first establish 

whether different, genetically-defined interneuron subtypes are compatible with 

chemogenetic recruitment, and then compare these subtypes in terms of their ability 

to disrupt epileptiform activity (chapter 3). 

The second aim of this thesis was to examine how pH and Cl− ion dynamics 

differ across different neuronal populations of the hippocampus and how this might 

relate to the onset and maintenance of epileptiform activity. Previous work has 

focused almost exclusively on pyramidal neurons, and there is a paucity of 

information on ion dynamics in interneuron populations. To address this issue, I 

will target a genetically-encoded fluorescent reporter to defined neuronal 
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populations, which will include pyramidal neurons and a series of major 

interneuron subtypes. Ion concentrations will be compared quantitatively across the 

different cell populations under resting conditions and during epileptiform activity 

(chapter 4). 

The third aim of this thesis was to examine mechanisms underlying the 

failure of synaptic inhibition around the onset of epileptiform activity. More 

specifically, I will focus on the impact of DB in attenuating the inhibitory output 

from PV-expressing interneurons. I will examine whether this process is associated 

with the loss of inhibitory restraint at seizure onset, and whether targeted 

optogenetic strategies can be used to reverse these events (chapter 5). 
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Chapter 2: Materials and Methods 

2.1 Preparation and viral transduction of organotypic 
hippocampal brain slices 

All animal work relating to in vitro preparations was carried out in accordance with 

the Animals (Scientific Procedures) Act, 1986 (UK) and under project and personal 

licenses approved by the Home Office (UK). Organotypic hippocampal brain slice 

cultures, from here onwards referred to as ‘brain slices’ or ‘slices’, were prepared 

from 5-7 day-old male and female transgenic mice, as described by Stoppini et al., 

1991. These mice were either heterozygous or homozygous PV-cre mice 

(B6;129P2-Pvalbtm1(cre)Arbr/J), SST-IRES-cre mice (Ssttm2.1(cre)Zjh/J), VIP-IRES-cre 

mice (Viptm1(cre)Zjh/J), or CamK2a-cre mice (Tg(Camk2a-cre)T29-1Stl/J). 

Heterozygous mice were produced by crossing homozygous animals of the above 

cre-expressing lines with C57BL/6J mice. All mice were purchased from The 

Jackson Laboratory (USA), and were maintained in rooms with controlled light, 

temperature, and humidity, where they had ad libitum access to water and food. All 

reagents were purchased from Sigma-Aldrich (USA), unless stated otherwise. The 

whole brain was extracted and transferred into cold (4°C) dissection media 

containing Earle's Balanced Salt Solution with CaCl2 and MgSO4 (Thermo Fisher 

Scientific, UK), supplemented with 25.5 mM HEPES, 36.5 mM D-glucose and 5 

mM NaOH. The hemispheres were separated, and the individual hippocampi were 

dissected and immediately sectioned into 400-μm-thick slices on a McIlwain tissue 

chopper (Mickle, UK). Cold dissection media was then used to rinse slices before 

placing the onto sterile, porous Millicell-CM membranes. Slices were maintained 
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in culture for 2-8 weeks in media containing 78.8% (vol/vol) Minimum Essential 

Media with GlutaMAX-I (Thermo Fisher Scientific), 20% (vol/vol) heat-

inactivated horse serum (Thermo Fisher Scientific), 1% (vol/vol) B27 (Thermo 

Fisher Scientific), 30 mM HEPES, 26 mM D-glucose, 5.8 mM NaHCO3, 1 mM 

CaCl2, 2 mM MgSO4·7H2O. Brain slices were incubated at 35.5-36°C in a 5% CO2 

humidified incubator. 

After 3-5 days in culture, brain slices were transduced with adeno-

associated virus (AAV, serotype 8) containing loxP-flanked, inverted DNA 

sequences under the control of the human Synapsin 1 promoter (University of North 

Carolina Gene Therapy Center Vector Core and Addgene, USA). Viral DNA 

contained the double-floxed sequence for hM3Dq-mCherry (Addgene #44361), 

which was used to target the excitatory DREADDs to specific cre-expressing 

populations. In control and interneuron expression profiling experiments, viral 

DNA contained the double-floxed sequence for the enhanced green fluorescent 

protein (EGFP, Addgene #50457). For pH and Cl− imaging experiments, viral DNA 

contained the double-floxed sequence for ClopHensorN. Transduction was 

achieved by injecting viral particles (mixed with 1% wt/vol fast-green for 

visualisation) into 5-to-10 locations along the pyramidal cell layer of the 

hippocampus in each brain slice. Injection pipettes were pulled from glass 

capillaries (1.2 mm outer diameter, 0.69 mm inner diameter; Warner Instruments) 

using a horizontal puller (Sutter P-97, USA). Pipettes were mounted on a manual 

manipulator (Narishige, Japan) and monitored under a microscope (Leica S6E, 

Germany) coupled with an external fibre optic light source (Photonic Leica CLS 
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100X, Germany). A Picospritzer II system (General Valve, Germany) delivered 

controlled pressure pulses (5-to-10 psi for 1 s) to facilitate gradual diffusion of the 

viral solution into the tissue. Typical titres were ∼1012 IU/ml and injection volumes 

were ∼250 nL per slice. Feeding media was supplemented with 1% (vol/vol) 

antibiotic and antimycotic solution (with 10,000 units penicillin, 10 mg 

streptomycin and 25 μg amphotericin B per mL) for up to two feeding sessions after 

injection and brain slices were allowed at least two weeks for expression before 

being used. 

2.2 Electrophysiological recordings in vitro 

Brain slices were transferred to a submerged recording chamber and maintained at 

28°C. The chamber was continuously superfused with artificial cerebrospinal fluid 

(aCSF) containing (in mM): NaCl (120), KCl (3), MgCl2 (0.5-to-1.5), CaCl2 (2-to-

3), NaH2PO4 (1.2), NaHCO3 (23), D-glucose (11) and ascorbic acid (0.2). 

Osmolarity was adjusted to 290 mOsm and pH was adjusted to 7.36 with NaOH. 

Oxygen and pH levels were stabilised by bubbling the aCSF with 95% O2 and 5% 

CO2. Neurons within the hippocampal formation were visualised with 10x and 60x 

water-immersion microscope objectives (Olympus BX51WI, Japan) and targeted 

for single or dual-patch whole-cell recordings. Patch pipettes of 4-9 MΩ tip 

resistance were pulled from filamental borosilicate glass capillaries with an outer 

diameter of 1.2 mm and an inner diameter of 0.69 mm (Warner Instruments, USA), 

using a horizontal puller (Sutter P-97, USA). For current-clamp recordings, pipettes 

were filled with a K-gluconate internal solution (134 mM K-gluconate, 2 mM NaCl, 

10 mM HEPES, 2 mM Na2ATP, 0.3 mM NaGTP, 2 mM MgATP), which had been 
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prepared to a pH of 7.36 using KOH, and an osmolarity of 290 mOsm. For voltage-

clamp recordings, pipettes were filled with a caesium-gluconate internal solution 

(120 mM Cs-gluconate, 4 mM NaCl, 40 mM HEPES, 2 mM MgATP, 0.3 mM 

NaGTP and 0.2 mM QX-314). Before use, internal solutions were filtered with a 

0.22 μm syringe filter (Merck Millipore, USA). Pipettes were mounted to a 

headstage (CV‐7b, Molecular Devices, USA) and controlled via a Multiclamp 700B 

amplifier (Molecular Devices, USA). Following entry into whole-cell 

configuration, access resistance (Ra) was monitored every 2 min and experiments 

were only included if Ra remained stable (less than 25% change) and below 25 MΩ. 

For a subset of voltage-clamp recordings (Figure 5.1B), pipettes were filled with 

the K-gluconate internal solution, and neurons were clamped at -60 mV to allow 

the detection of both excitatory and inhibitory synaptic currents. Recordings were 

low-pass filtered online at 2 kHz (8-pole Bessel), acquired using Clampex software 

(pClamp 10, Molecular Devices, USA), and exported into Matlab (R2017a, 

Mathworks, USA) for off-line analysis using custom-made scripts. 

To examine the direct effects of activating excitatory DREADDs upon 

interneuron excitability, current-clamp recordings were conducted in aCSF 

containing kynurenic acid (3 mM) and hM3Dq receptors were activated by bath 

application of CNO (10-20 μM, Bio-Techne, USA). Spontaneous action potential 

firing rate of each interneuron was recorded 5 min before and 8 min after CNO 

application. This included a 3-min delay to allow for CNO to fully perfuse the 

recording chamber. Voltage-clamp recordings were performed to measure the 

postsynaptic GABAergic currents induced by activating hM3Dq receptors in 
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specific interneuron populations. Here, CA1 and CA3 pyramidal neurons were 

clamped at the reversal potential for glutamatergic current (EGLUT) in the presence 

of kynurenic acid. Once recordings had stabilised, the amplitude of postsynaptic 

inhibitory conductances were compared across 2-min periods recorded under 

baseline conditions, after bath application of CNO and then after co-administration 

of CNO and the sodium channel blocker tetrodotoxin (TTX, 1-2 μM). 

2.3 Quantification of epileptiform discharges in vitro 

The in vitro electrographic equivalent of seizures is referred to as ‘epileptiform 

discharges’ (EDs). A semi-automated detection algorithm was used to identify the 

start and end of individual EDs in vitro. Current-clamp traces were down-sampled 

to 1 kHz and then band-pass filtered (typically 0.05-to-0.2 Hz) using a Bessel filter 

(2nd order). The signal was corrected for the rise time of the filter and then rectified, 

thresholded and binarised. This merged events that were close in time (typically 

under 60 s apart) while ignoring events shorter than 5 s. Experiments measuring the 

effects of a specific drug (e.g. CNO) consisted of a 15-min baseline period, a three-

min period to allow the drug to reach the recording chamber, and finally a 15-min 

period in which the brain slice was continuously superfused with drug-containing 

aCSF. The 15-min time periods (‘baseline’ and ‘drug’) were assessed using the 

same ED detection settings. Total ED activity was defined as the sum of time that 

the brain slice displayed ED activity during a 15-min period. ED frequency was 

calculated from the number of EDs that were initiated during a 15-min period and 

ED length was the mean duration of individual EDs that were completely contained 

within a 15-min period. 
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2.4 NMDA-evoked experimental seizure model 

To induce EDs, local ‘puffs’ of 1 mM N-methyl-D-aspartate (NMDA) in aCSF 

were delivered by a Picospritzer III system (General Valve, USA) connected to a 

patch pipette positioned over the CA3 region using a micromanipulator (MP225, 

Sutter Instrument, USA). The amount and temporal spacing of puffed NMDA were 

adjusted until a brain slice-dependent threshold for reliably triggering EDs was 

reached. During the pre-ED phase, action potentials from cell-attached recordings 

were automatically detected as peaks with an amplitude of more than 3 mV 

following filtering of the electrophysiological trace with a high-pass 0-phase, 1st 

order Butterworth filter at 100 Hz. 

2.5 Optogenetic manipulation 

Photoactivation of archaerhodopsin was achieved by illuminating the entire brain 

slice using a widefield, green light-emitting diode (LED, 530 nm peak, Luxeon) 

placed directly under the slice chamber. Light pulses were 5 ms long and were 

delivered at 50 Hz using an external electrical stimulator (Grass S48, Grass Medical 

Instruments, USA) coupled to an LED controller. Current-induced DB was elicited 

in single PV interneurons by 1 s long positive current steps delivered in 50 pA 

increments until an impairment in action potential firing was observed. The DB 

threshold was defined as the first current step at which the PV interneuron stopped 

firing action potentials during the step. 

2.6 Viral transduction of hippocampal interneurons in vivo 

All animal procedures relating to in vivo experiments were carried out with the 

approval of the local ethics committee for animal research in Bucharest and in 
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accordance with European Union Directive 2010/63/EU on the protection of 

animals used for scientific purposes. For viral injections, adult animals of either sex 

were anaesthetised with isoflurane (maintained at 1.5-2%, 0.4 L/min) and mounted 

on a stereotaxic instrument (Kopf, RWD Life Science, USA). The level of 

anaesthesia was continuously monitored, eye drops (Corneregel, Bausch & Lomb, 

USA) were applied to avoid corneal desiccation and a heat pad system (DC 

Temperature Controller, FHC, USA) was used to maintain the body temperature in 

the physiological range. Wiretrol II glass capillaries (Drummond Scientific, USA) 

were pulled using a vertical puller (Narishige PC-10, Japan) and connected to the 

Hamilton syringe via compression fittings (RN 1 mm, Hamilton, USA). Small 

craniotomies were generated with a precision drill (FBS 240/E, Proxxon Micromot, 

Luxemburg) and hippocampal bilateral injections were performed both dorsally 

(-2.18 anteroposterior (AP), 2.3 mediolateral (ML), 2.4-1.85 dorsoventral (DV), 

relative to bregma) and ventrally (-2.7 AP, 2.9 ML, 3.1-2.25 DV, relative to 

bregma) at a rate of 1.66 nL/s, slowly retreating the injection pipette (0.91 µm/s) to 

maximise delivery throughout the hippocampus. The injection was controlled via a 

micromanipulator (NeuroCraft MCM, FHC, USA) attached to a syringe (705RN, 

50 µL, Hamilton, USA). Each of four injection tracks was infused with 1350 nL of 

virus (Addgene, USA), of which 170 nL were delivered at each end of the track. 

After infusing the target volume of viral solution, a time window of 5 min allowed 

the virus solution to spread through the hippocampal tissue before the injection 

pipette was completely retracted. After allowing 2 to 6 months for expression, and 

at least 3 days before commencing seizure experiments, mice were anaesthetised 
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and implanted with an infusion cannula (C315GS-5 guide cannula, Plastics One, 

USA) directly over the viral injection site in the right dorsal hippocampus. The 

cannula was secured to the skull via bone cement (Refobacin R40, Zimmer Biomet, 

UK). 

2.7 Quantification of seizure behaviour in vivo 

For each seizure experiment, mice were briefly anaesthetised with isoflurane to 

allow insertion of the infusion cannula into the guide cannula, such that the tip of 

the infusion cannula was located within the hippocampus at -2.18 AP, 2.3 ML, 2.2 

DV, relative to bregma. At this point, an intraperitoneal (i.p.) bolus of solution 

containing CNO (4 mg/kg with 4% dimethyl sulfoxide (DMSO) in saline) or 

vehicle (4% DMSO in saline) was administered and the mouse was allowed to fully 

recover from anaesthesia for 15 min before starting experiments. To monitor 

behaviour, the mouse was placed in a square arena (400 mm by 400 mm) in which 

it was able to move freely virtue of a connector assembly (C313C, Plastics One, 

USA) and swivel system (375/22PS blue, 22 gauge, Instech, USA), which 

connected the infusion tubing to a 1 µL syringe (7101, Hamilton, USA) controlled 

by an infusion pump (IVAC P6000, Cardinal Health, USA). Following a 20-min 

baseline period, 4-aminopyridine (4-AP) was infused directly into the hippocampus 

according to a spaced delivery protocol (three 4-AP infusions, each separated by 12 

min and consisting of a 200 nL injection of 2 mM 4-AP over 2 min). Infusions were 

terminated immediately if the mouse reached the stage of generalised motor 

convulsions. Throughout each experiment video recordings were performed using 

two high speed, high definition cameras located at a right angle from each other 
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(Hero 3+ Silver, GoPro, USA) at 60 frames per second, 1920×1080 pixels per 

frame. Polarised filters were used to reduce glare from the arena walls. A third 

camera captured the animals’ movements directly from above, allowing to track the 

location and locomotor activity of the mouse at any given time point. Seizure 

behaviour scoring was done blindly using the Racine scale. The Racine scale was 

adapted to reflect the observed natural progression of seizure behaviour induced by 

4-AP – orofacial clonic activity associated with rearing was included in stage 4, and 

jumping behaviour was included in stage 5. Individual behaviours were considered 

as binary point events across time at a sampling frequency of 1 Hz. Racine 1 and 2 

behaviours were classified as ‘non-convulsive’ events, and Racine 3, 4 and 5 

behaviours were considered ‘convulsive’ events (Bergstrom et al., 2013; Tse et al., 

2014; Sharma et al., 2018). For the cumulative convulsive Racine index, convulsive 

events were weighted according to the Racine classification of the behaviour: (1) 

limb clonic activity (Racine 3), (2) retreating/rearing with orofacial clonic activity 

(Racine 4), (3) rearing and falling and/or jumping (Racine 5 – full motor 

convulsions). 

2.8 Immunohistochemistry and quantification of interneuron 
distribution 

For in vitro studies, brain slices expressing hM3Dq-mCherry or EGFP in specific 

interneuron populations were fixed overnight at 4°C in 4% paraformaldehyde with 

4% sucrose, in 0.01 M phosphate buffer solution (PBS), pH 7.4. The slices used for 

immunofluorescence were washed and embedded in 3% agar, and re-sectioned at 

50 μm on a vibrating microtome (Microm HM 650V, Thermo Fisher Scientific). 
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For in vivo studies, mice expressing hM3Dq-mCherry were transcardially perfused 

and the brains sectioned at 50 μm. PV expression was visualised by incubating 

sections in 1:500 guinea pig primary antibody (cat. no. 195 004, Synaptic Systems) 

in PBS with 0.3% Triton-X (PBST) with 1% normal goat serum (NGS, Thermo 

Fisher Scientific, UK) overnight at 4°C, followed by 1:500 Alexa 488 goat anti-

guinea pig secondary antibody (Thermo Fisher Scientific, UK) in PBST with 1% 

NGS overnight at 4°C. For SST immunolabelling, the tissue was processed with a 

basic antigen retrieval kit at 95°C for 10 min (R&D Systems, USA). All sections 

were pre-incubated in 10% NGS in PBST for at least 2 hr at room temperature. SST 

expression was visualised by incubating sections in 1:250 rat primary antibody 

(MAB 354, Millipore, USA) in PBST with 1% NGS for 11 days at 4°C, followed 

by 1:500 Alexa 488 goat anti-rat secondary antibody (Thermo Fisher Scientific, 

UK) in PBST with 1% NGS for 2 days at 4°C. VIP expression was visualised by 

incubating sections in 1:5000 rabbit primary antibody (donation from Professor 

Peter P. Somogyi) in PBST with 1% NGS for 2 days at 4°C, followed by 1:500 

Alexa 488 goat anti-rabbit secondary antibody (Thermo Fisher Scientific, UK) in 

PBST with 1% NGS overnight at 4°C. Finally, all sections were mounted in 

Vectashield (Vector Laboratories, UK) and images were captured with an LSM 880 

confocal microscope equipped with 488 nm and 561 nm lasers, a 20x water-

immersion objective (W Plan-Apochromat, NA 1.0) and controlled via the ZEN 

black software (Zeiss, Germany). 

To determine the number and distribution of soma and processes associated 

with each interneuron subtype, quantitative image analysis was performed on brain 
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slices from PV-cre, SST-cre and VIP-cre mice that had been injected with floxed 

AAVs. Slices were subjected to confocal microscopy and, in the resulting images, 

the CA areas were linearised along the pyramidal layer and the soma of fluorescent 

neurons were automatically detected via a custom-made, two-pass algorithm 

extracting maximally stable extremal region features using Matlab (Matas et al., 

2004; Nistér and Stewénius, 2008). The number of virally-transduced interneurons 

was derived directly from the number of fluorescent soma per optical section. 

Meanwhile, to describe the distribution of processes associated with each 

interneuron subtype, soma were digitally removed from the linearised images to 

generate a transverse expression profile of fluorescent processes relative to the 

pyramidal cell layer. To compare across multiple interneuron populations, these 

expression profiles were normalised by the area under each curve. 

2.9 Subcloning of the floxed ClopHensorN 

Subcloning of the floxed version of ClopHensorN was performed by Tatsiana 

Waseem by inserting the inverted sequence of ClopHensorN into a backbone from 

another double floxed plasmid (Addgene #20298). The newly resulted construct 

included an elongation factor 1α (EF-1α) promoter, the Woodchuck hepatitis virus 

posttranscriptional regulatory element (WPRE), a polyadenylation termination 

sequence (polyA), an inverted terminal repeat sequence (ITR), and the ampicillin 

resistance (AmpR) gene. The 22 aminoacid linker from the original ClopHensor 

construct was maintained (Arosio et al., 2010). High titre virus (∼1012 IU/ml) has 

been made by packaging the floxed ClopHensorN construct into AAV serotype 8 

at the University of North Carolina Gene Therapy Center Vector Core (USA). 



64  Materials and Methods 

2.10 ClopHensorN imaging of intracellular pH and Cl− 

All ClopHensorN imaging and calibration experiments were performed using the 

same Zeiss LSM 880 optical system described above. ClopHensorN was used as a 

ratiometric probe and was excited at 561 nm using a diode-pumped solid-state laser, 

and at 458 nm and 488 nm using an argon laser. Emitted fluorescence was collected 

by one photomultiplier tube (PMT) in the 635-700 nm range when ClopHensorN 

was excited at 561 nm, and by a different PMT in the 500-550 nm range during 458 

nm and 488 nm excitation. ClopHensorN is a fusion protein comprising the pH and 

Cl− sensitive E2GFP linked to tdTomato, which is insensitive to both pH and Cl−. 

The excitation spectrum of E2GFP displays a particular wavelength at which 

emission is stable regardless of pH. This is called the pH isosbestic point and the 

corresponding wavelength is 458 nm (Arosio et al., 2010). Thus, the ratio of emitted 

fluorescence during excitation at 458 nm and 561 nm was converted into Cl− , and 

the ratio of emitted fluorescence during excitation at 488 nm and 458 nm was 

converted into pH, using the calibration curves described in thesis section 2.11. 

Fluorescence was always collected over the cell body and background fluorescence 

was subtracted. Data was then exported and processed using custom-made Matlab 

scripts. Under- and over-exposure thresholds were used to exclude regions of 

interest that had low signal-to-noise ratio or were overexposed. For recordings 

during seizure activity, bleaching correction was separately performed for all three 

wavelengths. The reason for performing bleaching correction separately – even for 

signals recorded from the same fluorophore, such as for pH measurements – was 

that, when excited at different wavelengths, bleaching of the background 
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fluorescence might contribute differentially to the collected emission signal. EDs 

were first detected and fluorescence data during epileptiform events was excluded 

before fitting exponential decay or polynomial functions to approximate the 

bleaching rate and to stabilise the optical signals. Following bleaching correction, 

the pH (F488/F458) and Cl− (F458/F561) ratios were calculated and used to infer the pH 

and Cl− concentration according to determined calibration curves. If pH ratios were 

not within the pH calibration curve range, they were not considered for inferring 

pH. Cl− ratios were excluded if they were lower than the minimum ratio of the Cl− 

calibration curve range for the corresponding inferred pH. Resting Cl− 

concentration values and Cl− concentration peak changes during EDs that were 

more than two interquartile ranges (IQRs) below the first quartile or above the third 

quartile of the respective population were excluded as outliers. Cl− values above 

200 mM were considered artefacts and excluded from analysis. Only experiments 

in which Cl− values recovered within 40 mM of the baseline values after ED were 

included for analysing ED-induced Cl− dynamics. 

2.11 ClopHensorN calibration 

ClopHensorN calibration was performed as previously described (Raimondo et al., 

2013). HEK239 cells were transduced by Tatsiana Waseem with lentivirus 

containing the ClopHensorN construct. Intra- and extracellular pH and Cl− 

concentration were equilibrated by using the K+/H+ exchanger nigericin (20 μM), 

the Cl−/OH− exchanger tributyltin chloride (40 μM) and the Cl− ionophore I (1 μM) 

in high-K+ buffer solution containing (in mM) K-gluconate (123), HEPES (23), D-

glucose (11), NaH2PO4 (1.2), MgSO4 (2) and Ca-gluconate (2). This method has 
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been previously described and used to calibrate fluorescent reporters or dyes 

(Boyarsky et al., 1988; Arosio et al., 2010; Raimondo et al., 2013). Separate 

calibration curves were obtained by monitoring the pH and Cl− ratios while 

systematically changing the extracellular pH or Cl− concentration. 

2.11.1 pH calibration 

The intracellular pH was controlled by titrating KOH or HNO3 to the HEPES-based 

buffer solution containing the ionophore cocktail described above. Following each 

pH adjustment, the intra- and extracellular compartments were left to equilibrate at 

least 15 min before the pH ratio was measured by imaging ClopHensorN. 

According to the Grynkiewicz equation (Grynkiewicz et al., 1985), the formation 

of a 1:1 proton:ClopHensorN complex would lead to the following relationship: 

𝑝𝐻௜ = 𝑝𝐾௔ + log ቆ
𝑅௣ு − 𝑅஺

𝑅஻ − 𝑅௣ு
ቇ + log ቆ

𝐹ସହ଼,஺

𝐹ସହ଼,஻
ቇ 

In this equation, pH୧ is intracellular pH, pKୟ is acid dissociation constant of 

ClopHensorN, R୮ୌ is the pH ratio, R୅ and R୆ are the pH ratios for ClopHensorN 

in the most acidic and basic conditions, respectively, and Fସହ଼,୅ and Fସହ଼,୆ represent 

the fluorescence of ClopHensorN when excited at 458 nm in its most acidic and 

basic form, respectively. Given that the fluorescence of E2GFP does not change 

with pH when the fluorophore is excited at 458 nm, the equation above can be 

simplified as shown below: 

𝑝𝐻௜ = 𝑝𝐾௔ + log ቆ
𝑅௣ு − 𝑅஺

𝑅஻ − 𝑅௣ு
ቇ 
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The calibration data were then fitted using this rearranged equation: 

𝑅௣ு =
𝑅஻ × 10௣ுି௣௄ೌ + 𝑅஺

1 + 10௣ுି௣௄ೌ
 

For fitting this equation, the pH ratio data within one standard deviation of the mode 

for each pH value was used. This allowed for pKୟ, R୅ and R୆ to be calculated. 

2.11.2 Cl− calibration 

The intracellular Cl− concentration was controlled by systematically adjusting the 

extracellular pH and Cl− concentration, which was changed by replacing determined 

amounts of potassium gluconate from the HEPES-based buffer solution containing 

the ionophore cocktail with KCl. Following each adjustment of pH and/or Cl− 

concentration, the intra- and extracellular compartments were left to equilibrate for 

at least 15 min before the Cl− ratio was measured by imaging ClopHensorN. 

According to the Grynkiewicz equation, the formation of a 1:1 Cl−-ClopHensorN 

complex would result in the following relationship: 

[𝐶𝑙-]௜ = 𝐾ௗ
஼௟-

[𝑝𝐻௜] × ൬
𝑅஼௟- − 𝑅௙௥௘௘

𝑅௕௢௨௡ௗ[𝑝𝐻௜] − 𝑅஼௟-
൰ × ቆ

𝐹ହ଺ଵ,௙௥௘௘

𝐹ହ଺ଵ,௕௢௨௡ௗ
ቇ 

In this equation, [Cl-]୧ is the intracellular Cl− concentration, Kୢ
େ୪-

[pH୧] is the Cl− 

dissociation constant that depends on pH, Rେ୪- is the Cl− ratio, R୤୰ୣୣ is the Cl− ratio 

of ClopHensorN in its Cl−-free form, Rୠ୭୳୬ୢ[pH୧] is the Cl− ratio of ClopHensorN 

in its Cl−-bound form and Fହ଺ଵ,୤୰ୣୣ and Fହ଺ଵ,ୠ୭୳୬ୢ represent the fluorescence of 

ClopHensorN when excited at 561 nm in its Cl−-free and Cl−-bound form, 



68  Materials and Methods 

respectively. Given the fluorescence of tdTomato does not change with pH or Cl− 

when the fluorophore is excited at 561 nm, the equation above can be simplified as: 

[𝐶𝑙-]௜ = 𝐾ௗ
஼௟-

[𝑝𝐻௜] × ൬
𝑅஼௟- − 𝑅௙௥௘௘

𝑅௕௢௨௡ௗ[𝑝𝐻௜] − 𝑅஼௟-
൰ 

The calibration data were then fitted using the following rearranged equation: 

𝑅஼௟- =
[𝐶𝑙-]௜ × 𝑅௕௢௨௡ௗ[𝑝𝐻௜] + 𝐾ௗ

஼௟-
[𝑝𝐻௜] × 𝑅௙௥௘௘

𝐾ௗ
஼௟-

[𝑝𝐻௜] + [𝐶𝑙-]௜

 

Separate Cl− calibrations were performed at different pH values, which allowed the 

calculation of Kୢ
େ୪-

[pH୧], R୤୰ୣୣ and Rୠ୭୳୬ୢ[pH୧]. Rୠ୭୳୬ୢ[pH୧] was assumed to 

relate linearly with pH, and Kୢ
େ୪-

[pH୧] relates with pH according to the relationship 

shown below: 

𝐾ௗ
஼௟-

[𝑝𝐻௜] = 𝐾 
ଵ

ௗ
஼௟-

× ቆ
1 + 10௣௄ೌି௣ு೔

10௣௄ೌି௣ு೔
ቇ 

K 
ଵ

ୢ
େ୪-

 represents the dissociation constant for Cl− in the fully protonated form of 

ClopHensorN. 

2.12 Data analysis 

Digital signal processing and presentation were performed using custom-made 

programs in the Matlab environment (R2017b, Mathworks, USA). Figures were 

built using vector-based graphic design in CorelDraw (X6, Corel Corporation, 

USA) and the statistical software GraphPad Prism (v6.01, GraphPad Software, 

USA). Video data processing for tracking locomotor activity of animals was 

performed using the open-source software Bonsai v2.3 (Lopes et al., 2015). Data 
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are presented as mean ± standard error of mean, and the statistical tests are reported 

at the relevant points in the text (GraphPad Prism; Matlab). Non-parametric tests 

were used when a normal distribution of data could not be ascertained. Appropriate 

post-hoc tests were used when ANOVA tests confirmed a statistically significant 

effect. The choice of post-hoc tests was guided by recommendations of the software 

in order to reduce the probability of type II error. 
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Chapter 3: Chemogenetic recruitment of specific 
interneurons suppresses seizure activity 

3.1 Introduction 

In the introduction to this thesis I described how different mechanisms can account 

for the generation and propagation of seizure activity. In focal epilepsy, the 

‘epileptic focus’ refers to a region of brain which is able to generate recurrent, 

spontaneous (or unprovoked) seizures, and typically contains neurons characterised 

by an abnormal functional organisation. Seizures are characterised by 

hypersynchronous, hyperexcitable neuronal activity. These pathologic events are 

thought to occur when a large enough ensemble of excitatory neurons become 

synchronised by abrupt paroxysmal depolarising shifts (PDS) that then lead to high 

frequency bursts of action potentials (Jefferys, 1990). The generation of the PDS 

relies on two key factors: the main excitatory neurotransmitter in the brain, 

glutamate and the intrinsic depolarising conductances of the pyramidal neurons 

recruited into these synchronous discharges. Under physiologic conditions this 

excessive excitation and synchronisation is prevented by local GABAergic 

interneurons. However, if a critical mass of inter-connected excitatory neurons 

constituting the ‘epileptic core’ are involved in the paroxysmal electrical 

discharges, GABAergic inhibition can become ineffective, allowing for a seizure to 

develop. Furthermore, in some cases, seizure activity is able to extend by overriding 

the intact inhibitory mechanisms in the surrounding tissue, referred to as 

‘penumbra’. This permits for more neurons to be recruited and allows the seizure 

to propagate. 
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Drugs that enhance GABA-mediated synaptic inhibition can be potent 

anticonvulsants (Czapiński et al., 2005). However, because of their system-wide 

actions, these drugs exhibit multiple deleterious side-effects, such as cognitive 

impairment or acute respiratory failure (Snodgrass, 1992; Mula, 2011). Whilst 

GABAergic signalling can become altered in the dysfunctional cells within the 

epileptic focus (Cohen et al., 2002; Huberfeld et al., 2007), inhibitory mechanisms 

are thought to remain effective in the neighbouring healthy tissue of the core and 

the surrounding penumbra, and are able to oppose seizure spread (Trevelyan et al., 

2006, 2007; Schevon et al., 2012; Cammarota et al., 2013). Therefore, selectively 

enhancing these endogenous inhibitory mechanisms may offer the potential to 

disrupt the initiation and propagation of epileptic seizure activity. 

The first aim of this chapter was to investigate whether GABAergic 

interneurons, specifically PV interneurons, can be manipulated using the novel 

chemogenetic tool – hM3Dq receptors – described in the introduction to this thesis. 

To achieve expression of hM3Dq receptors in different neuronal populations, I 

combined promoter-specific cre recombinase mice with viral-mediated delivery of 

chemogenetic constructs. The second aim of this chapter was to use chemogenetics 

to assess the potential of suppressing epileptiform activity by enhancing the 

synaptic output from three major interneuron populations in the mouse 

hippocampus: PV, SST and VIP expressing interneurons. To this end, I performed 

targeted electrophysiological recordings in an in vitro model of chronic, drug-

resistant temporal lobe epilepsy. Finally, the third aim of this chapter was to test the 
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potential of this chemogenetic strategy to reduce seizure activity in vivo. To achieve 

this, I performed behavioural video-scoring in an in vivo model of acute seizures. 

3.2 Recruiting distinct hippocampal GABA-releasing 
interneuron populations with excitatory DREADDs 

To examine the potential of enhancing the synaptic output of hippocampal 

interneurons chemogenetically, I used mouse organotypic hippocampal brain slices, 

referred to in this thesis as ‘brain slices’. This system enabled me to perform 

targeted patch-clamp recordings to determine the presynaptic and postsynaptic 

efficacy of DREADDs, as well as the opportunity to examine the impact of 

interneuron recruitment upon spontaneously generated epileptiform activity. 

Organotypic slices can be used as a model of temporal lobe epilepsy because when 

kept in culture beyond 2 weeks, they develop spontaneous EDs without any 

pharmacological treatment, analogous to epileptogenesis in post-traumatic epilepsy 

(Dyhrfjeld-Johnsen et al., 2010; Lillis et al., 2015). 

As shown in previous work (Trevelyan et al., 2006; Sessolo et al., 2015), 

my recordings from excitatory pyramidal neurons within the CA areas revealed 

reproducible spontaneous EDs that exhibited a sustained duration (mean duration 

48.3±8 s) and stable event frequency (Figure 3.1A,B). Consistent with epileptiform 

activity in many systems (Trevelyan et al., 2006; Sessolo et al., 2015), these 

spontaneous EDs recruited both excitatory and inhibitory neurons within the 

network. Paired recordings revealed that during each ED, pyramidal neurons 

received intense barrages of both glutamatergic and GABAergic postsynaptic  
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Figure 3.1. Epileptiform activity in mouse organotypic hippocampal brain 
slices is resistant to first-line anti-seizure drugs.(A) Current-clamp recording of 
a CA3 pyramidal neuron from a mouse brain slice reveals repeated EDs. The 
vertical red dotted lines in the expanded trace mark the onset and the termination of 
the underlying ED, as determined by an automated detection algorithm. (B) A 15-
min time window was used to assess the stability of the epileptiform activity. Total 
ED activity, defined as the cumulative duration of ED activity (left, 96.8±13.9 s 
during 1st half, 97.9±10.9 s during 2nd half; N=22 slices, W(21)=110.5, p=0.8715, 
two-tailed Wilcoxon signed-rank test), ED frequency (middle, 22.2±2.7 EDs/h 
during 1st half, 22.9±2.7 EDs/h during 2nd half; N=22 slices, W(12)=34, p=0.7153, 
two-tailed Wilcoxon signed-rank test) and individual ED length (right, 52.8±13.4 s 
during 1st half, 43.9±9.2 s during 2nd half; N=22 slices, W(21)=71, p=0.1281, two-
tailed Wilcoxon signed-rank test) were stable across the 15-min time window. (C) 
A dual current-clamp (IC0) electrophysiological recording of a CA3 pyramidal 
neuron (PyN) and a GABAergic interneuron (INT) reveal spontaneous EDs in a 
mouse brain slice (left). Expanded traces (right) show that both excitatory and  
(figure legend continued on facing page) 
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currents (Figure 3.1C,D). The brief negative voltage transients preceding the onset 

of EDs likely resulted from the particularly intense inhibitory currents occurring 

around the onset of EDs, as illustrated in Figure 3.1D. The few large negative 

current transients during the recording of excitatory currents in Figure 3.1D could 

represent dendritic Ca2+ spikes, as it is unlikely these were action potentials since 

the internal solution contained QX-314. To further characterise EDs, I tested the 

effect of first-line anti-seizure drugs, valproate (Figure 3.1E) and carbamazepine 

(Figure 3.1G). At therapeutically-relevant doses, both drugs were ineffective at 

suppressing EDs (Figure 3.1F,H), consistent with the idea that organotypic slices 

represent a model of drug-resistant temporal lobe epilepsy (Albus et al., 2008; 

Avaliani et al., 2016). By combining promoter-specific cre recombinase mice with  

 

inhibitory neurons are recruited during the EDs. (D) Simultaneous current-clamp 
and voltage-clamp (VC) recordings from pairs of pyramidal neurons demonstrate 
that strong barrages of excitatory (bottom-left, red) and inhibitory (bottom-right, 
blue) postsynaptic currents occur throughout the EDs, as monitored by current-
clamp recordings from a neighbouring pyramidal neuron (top). EGABA, reversal 
potential for GABAergic current; EGLUT, reversal potential for glutamatergic 
current. (E) A representative recording showing that 1.5 mM valproic acid (VPA) 
did not disrupt the spontaneous EDs. (F) No effect could be detected of VPA on the 
total ED activity (left, 146.6±20.4 s during baseline and 142.6±22 s during VPA; 
N=11, t(10)=0.31, p=0.7643, two-tailed paired t-test), frequency (middle, 25.5±4 
EDs/h during baseline and 21.1±3.9 EDs/h during VPA; N=11, t(10)=1.17, 
p=0.2674, two-tailed paired t-test) or individual ED length (right, 27±5 s during 
baseline and 29.5±5.2 s during VPA; N=11, W(11)=22, p=0.3652, two-tailed 
Wilcoxon signed-rank test). (G) A representative recording showing that 50 μM 
carbamazepine (CBZ) did not disrupt the spontaneous EDs. (H) No effect could be 
detected of CBZ on the total ED activity (left, 242.7±37.8 s during baseline and 
350.3±84.2 s during CBZ; N=11, t(10)=2.136, p=0.0584, two-tailed paired t-test), 
frequency (middle, 19.6±2.7 EDs/h during baseline and 25.5±6.5 EDs/h during 
CBZ; N=11, t(10)=1.03, p=0.3266, two-tailed paired t-test) or individual ED length 
(right, 57.8±18.3 s during baseline and 68.1±27.4 s during CBZ; N=9, W(9)=21, 
p=0.9102, two-tailed Wilcoxon signed-rank test). VPA and CBZ drug 
concentrations were equivalent to effective doses in vivo (Albus et al., 2008). 
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Figure 3.2. Chemogenetic recruitment of hippocampal PV interneurons. (A) 
Cartoon of hippocampal circuitry (left) showing the targeting of the hM3Dq receptor 
to PV interneurons. Confocal image (right) of a brain slice from a PV-cre mouse 
illustrates the distribution of fluorescence of virally-transduced PV interneurons. 
The superimposed white dashed line marks the centre of the pyramidal cell layer. 
Continuous white lines indicate the DG and the outline of the CA areas. (B) The 
confocal image was linearised (left) to facilitate the quantification of the transverse 
expression profile for PV interneurons, relative to the pyramidal cell layer (dashed 
line at zero). This confirmed that PV interneurons (+ soma) as well as their 
processes (- soma) were restricted to the pyramidal cell layer (right). (C) The 
immunohistochemical characterisation of PV interneurons transduced with AAV8-
hSyn-DIO-hM3Dq-mCherry demonstrates high targeting specificity and efficiency 
(N=14 sections from 6 slices). (D) An example current-clamp recording of a PV 
interneuron expressing hM3Dq receptors shows that CNO promotes action potential 
firing (left). The firing pattern of the neuron in response to a 500 pA square wave 
current pulse is shown in grey. The break in the recording reflects a period during 
which the intrinsic properties of the neuron were monitored. Recordings were 
conducted in kynurenic acid to isolate the direct effects of hM3Dq receptor 
activation, and to prevent the occurrence of EDs. Population data shows a 
significant increase in firing rate following CNO (right; N=9 slices, W(7)=0, 
p=0.0156, two-tailed Wilcoxon signed-rank test). 
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floxed chemogenetic constructs, I was then able to investigate the cellular and 

network effects of delivering DREADDs to specific interneuron populations. 

PV interneurons, a principal GABAergic population, reside primarily within 

the pyramidal layer of CA areas, and their axons target the somatic compartment of 

pyramidal neurons (Pawelzik et al., 2002; Bartos and Elgueta, 2012). Consistent 

with this, injection of AAV containing floxed constructs into brain slices from PV-

cre mice resulted in somatic and process expression that was restricted to the 

pyramidal cell layer (Figure 3.2A,B). Immunohistochemical experiments 

confirmed that the PV interneurons could be efficiently and specifically targeted 

with the excitatory DREADD receptor, hM3Dq. Two-to-four weeks after viral 

transduction with AAV8-hSyn-DIO-hM3Dq-mCherry, the majority of expressing 

neurons were immunopositive for PV (95.2±1.5% ‘specificity’) and the majority of 

all PV immunopositive neurons were expressing hM3Dq-mCherry (90.5±1.4% 

‘efficiency’; Figure 3.2C). To assess whether activating hM3Dq receptors could 

increase the output of the PV interneuron population, current-clamp recordings 

were targeted to hM3Dq-mCherry positive neurons. The addition of the hM3Dq 

ligand, CNO, led to a significant increase in the firing rate of PV interneurons, from 

0.5±0.3 Hz during baseline, to 1.9±1.1 Hz in the presence of CNO (Figure 3.2D). 

I performed similar experiments in slices generated from SST-cre mice and 

VIP-cre mice (Figure 3.3). Here, I found that the soma and processes of SST 

interneurons were located within stratum oriens and lacunosum-moleculare, and 

tended to avoid the pyramidal cell layers (Figure 3.3A,B). This is consistent with  
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Figure 3.3. Distinct subtypes of hippocampal GABAergic interneurons can be 
recruited via excitatory DREADDs. (A) Cartoon (left) showing the targeting of 
hM3Dq receptors to SST hippocampal interneurons. A confocal image of a SST-cre 
mouse slice (right) illustrates the fluorescence distribution profile of virally-
transduced SST interneurons. Continuous white lines outline the DG and CA areas. 
(B) The confocal image was linearised (left) to facilitate quantification of the  
(figure legend continued on facing page) 
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previous evidence that SST interneurons target the dendritic compartments of 

hippocampal principal neurons (Katona et al., 1999; Lovett-Barron et al., 2012). 

Immunohistochemistry confirmed that the SST interneurons were efficiently 

(89.6±1.5%) and specifically (94.1±1.6%; Figure 3.3C) targeted with hM3Dq 

receptors. Consistent with the results in PV interneurons, CNO significantly  

 

transverse expression profile for SST interneurons, relative to the pyramidal cell 
layer (dashed white line at zero). This confirmed that SST interneurons (+ soma) as 
well as their processes (- soma) were associated with stratum oriens and lacunosum-
moleculare (right). (C) Immunohistochemical characterisation of SST interneurons 
transduced with AAV8-hSyn-DIO-hM3Dq-mCherry demonstrates high targeting 
specificity and efficiency (N=16 sections from 6 slices). (D) Current-clamp 
recording from a SST interneuron expressing hM3Dq in the presence of kynurenic 
acid, showing that CNO promotes action potential firing (left). The firing pattern of 
the neuron in response to a 500 pA square wave current pulse is shown in grey. 
Population data shows a significant increase in firing rate in the presence of CNO 
(right, N=13 slices, W(9)=4, p=0.0273, two-tailed Wilcoxon signed-rank test). (E) 
Cartoon (left) shows the targeting of hM3Dq receptors to VIP interneurons and 
confocal image (right) illustrates the fluorescence distribution profile of virally-
transduced interneurons in a VIP-cre slice. (F) Linearising the confocal image (left) 
confirmed that the expression profile for VIP interneurons (+ soma) and their 
processes (- soma) was associated with stratum radiatum/lacunosum-moleculare, 
pyramidale and oriens (right). (G) Immunohistochemical characterisation of VIP 
interneurons transduced with AAV8-hSyn-DIO-hM3Dq-mCherry demonstrates 
high targeting specificity and efficiency (N=4 sections from 2 slices). (H) Example 
current-clamp recording from a VIP interneuron expressing hM3Dq in kynurenic 
acid, showing that CNO promotes action potential firing (left). The firing pattern of 
the neuron in response to a 500 pA square wave current pulse is shown in grey. 
Population data (right) shows a significant increase in firing rate in the presence of 
CNO (N=27 slices, W(13)=1, p=0.0005, two-tailed Wilcoxon signed-rank test). (I) 
Comparison of the fluorescence distribution profiles following viral-transduction 
of the three interneuron populations (PV, N=38 slices; SST, N=37 slices; VIP, 
N=57 slices). Each distribution was normalised by the area under the profile curve 
and shown to be significantly different between the cell types (interaction between 
cell type and location: F(8,516)=58.81; p<0.0001, repeated measures two-way 
ANOVA). (J) There was no difference in the CNO-induced fold-increase in spiking 
rate (normalised to baseline) between the three interneuron populations 
(χ2

(2)=0.9136, p=0.6333, Kruskal-Wallis test). There was also no difference in 
absolute changes in spiking rate (1.5±0.8 Hz for PV; 2.6±1.1 for SST; 0.1±0.1 for 
VIP; χ2

(2)=4.343, p=0.114, Kruskal-Wallis test). 
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increased the firing rate of SST interneurons, from 1.1±0.5 Hz during baseline, to 

3.7±1.3 Hz (Figure 3.3D). 

Consistent with previous evidence that distinct VIP interneuron subtypes 

target oriens lacunosum-moleculare interneurons and the perisomatic regions or 

proximal dendrites of pyramidal neurons (Léránth et al., 1984; Acsády et al., 1996; 

Chamberland et al., 2010; Tyan et al., 2014) (Figure 3.3E), I found that the soma 

and processes of virally-transduced VIP interneurons were located within stratum 

radiatum/lacunosum-moleculare, pyramidale and oriens in slices from the VIP-cre 

mice (Köhler, 1982; Taniguchi et al., 2011) (Figure 3.3F). The majority of 

expressing neurons were immunopositive for VIP (81.2±2.4% specificity) and the 

majority of VIP immunopositive neurons expressed the floxed construct 

(81.6±4.4% efficiency; Figure 3.3G). Finally, CNO increased the firing rate from 

0.01±0.01 Hz during baseline, to 0.1±0.1 Hz (Figure 3.3H). 

A summary plot for the three interneuron populations confirmed that the 

expression profiles of PV, SST and VIP interneurons were significantly different 

from one another (Figure 3.3I) and were consistent with data from acute 

preparations of mouse hippocampus (Taniguchi et al., 2011; Lovett-Barron et al., 

2012). These results are in accordance with previous observations that organotypic 

slices retain fundamental features of the circuit, including the subcellular targeting 

of perisomatic and dendritic domains of pyramidal neurons by distinct interneuron 

populations (Streit et al., 1989; De Simoni et al., 2003; Cristo et al., 2004). 

Meanwhile, CNO-mediated activation of hM3Dq receptors resulted in comparable 

fold-increases in spiking activity across the three interneuron populations: PV 
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interneurons showed a 4.1±2.4 fold increase in their firing rate, SST interneurons 

showed a 3.4±1.2 fold increase and VIP interneurons showed a 7.9±4.4 fold 

increase (Figure 3.3J). 

3.3 Chemogenetic enhancement of GABAergic interneuron 
populations can attenuate epileptiform activity in vitro 

Having shown that different interneuron subtypes can be chemogenetically 

manipulated, I next tested the effects of enhancing the activity of each interneuron 

population on EDs. Spontaneous EDs were recorded from pyramidal neurons 

before and after CNO-mediated activation of the relevant interneuron population. I 

quantified total ED activity, ED frequency and individual ED duration. In PV-

targeted slices (Figure 3.4A), CNO-mediated activation of hM3Dq receptors 

significantly reduced the total ED activity (from 247.5±47.8 s during baseline to 

116.5±47.4 s during CNO), which resulted from a significant decrease in ED 

frequency (from 17.6±5.3 EDs/h during baseline to 8.4±3.3 EDs/h during CNO), 

without affecting the duration of individual EDs (65.8±15.7 s during baseline and 

77.5±27.4 s during CNO) (Figure 3.4B). In SST-targeted slices (Figure 3.4C), 

CNO also significantly reduced total ED activity (from 263.2±41.4 s during 

baseline to 133.3±40.2 s during CNO), which involved a decrease in ED frequency 

(from 26±6.8 EDs/h during baseline to 13.3±3.5 EDs/h during CNO), without 

significantly affecting individual ED length (72±21.7 s during baseline and 

47.6±14.5 s during CNO) (Figure 3.4D). In VIP-targeted slices (Figure 3.4E), 

CNO did not decrease the total ED activity (234.3±40.6 s during baseline and  
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Figure 3.4. Chemogenetic enhancement of specific GABAergic interneuron 
populations attenuates hippocampal EDs. (A) PV-cre mice and floxed viral 
constructs were used to target hM3Dq receptors to PV interneurons in brain slices. 
The effects of CNO upon spontaneous EDs were monitored by current-clamp 
recordings from CA1 or CA3 pyramidal neurons. (B) Population data from 
experiments targeting PV interneurons (N=10 slices) showed a reduction in total 
ED activity (left, W(10)=1, p=0.0039, two-tailed Wilcoxon signed-rank test), a 
decrease in ED frequency (middle, W(9)=0, p=0.0039, two-tailed Wilcoxon signed-
rank test), and no change in ED length (right, W(8)=12, p=0.4609, two-tailed 
Wilcoxon signed-rank test) following addition of CNO. (C) SST-cre mice were  
(figure legend continued on facing page) 
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256.3±62.7 s during CNO). Whilst enhancing VIP interneuron output led to a 

decrease in ED frequency (from 21.7±4.3 EDs/h during baseline to 17.3±4 EDs/h 

during CNO), there was a simultaneous increase in the duration of individual EDs 

(from 43.5±10.3 s during baseline to 69.4±19.6 s during CNO) (Figure 3.4F). 

Finally, to assess potential off-target effects of CNO, the drug was bath-applied 

during the recording of spontaneous EDs in control slices virally-transduced with 

the same AAV type expressing EGFP in a cre-dependent manner, and not hM3Dq  

 

used to target hM3Dq receptors to SST interneurons. (D) Population data from 
experiments targeting SST interneurons (N=12 slices) showed a reduction in total 
ED activity (left, W(12)=1, p=0.001, two-tailed Wilcoxon signed-rank test), a 
decrease in ED frequency (middle, W(12)=6, p=0.0166, two-tailed Wilcoxon signed-
rank test), and no change in ED length (right, W(10)=10, p=0.0840, two-tailed 
Wilcoxon signed-rank test) following addition of CNO. (E) VIP-cre mice were used 
to target hM3Dq receptors to VIP interneurons. (F) Population data from 
experiments targeting VIP interneurons (N=12 slices) showed no change in total 
ED activity (left, W(12)=25, p=0.3013, two-tailed Wilcoxon signed-rank test), a 
reduction in ED frequency (middle, t(11)=2.24, p=0.0468, two-tailed paired t-test), 
and an increase in ED length (right, W(10)=6, p=0.0273, two-tailed Wilcoxon 
signed-rank test) following addition of CNO. (G) Control experiments were 
conducted on slices that had not received floxed DREADD constructs. (H) 
Population data (N=10 slices) demonstrated no change in total ED activity (left, 
t(9)=-0.08, p=0.9337, two-tailed paired t-test), ED frequency (middle, t(9)=1.31, 
p=0.2229, two-tailed paired t-test), or ED length (right, W(8)=6, p=0.1094, two-
tailed Wilcoxon signed-rank test) following the addition of CNO to control slices. 
(I) Total ED activity was significantly reduced by chemogenetically enhancing 
either PV or SST interneurons, compared to enhancing VIP interneurons 
(F(2,31)=9.747, p=0.0005, one-way ANOVA, followed by Tukey’s post-hoc multiple 
comparison tests; VIP vs PV, p=0.0013; VIP vs SST, p=0.0025). (J) The frequency 
of EDs was reduced when PV interneurons, SST interneurons or VIP interneurons 
were targeted. No significant difference in the reduction in ED frequency was 
detected across the three interneurons (F(2,31)=1.583, p=0.2215, one-way ANOVA). 
(K) Individual EDs became significantly longer when VIP interneurons were 
recruited, compared to SST interneurons (F(2,25)=3.772, p=0.037, one-way 
ANOVA, followed by Tukey’s post-hoc multiple comparison tests; VIP vs SST, 
p=0.0337). * indicates p<0.05, ** indicates p<0.01. 
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(Figure 3.4G). In these experiments, no changes were detected for total ED activity, 

ED frequency, or individual ED length (Figure 3.4H). 

Total ED activity changes were different across the four groups – including 

the control group (F(3,40)=8.275, p=0.0002, one-way ANOVA). Compared to the 

change in total ED activity in control experiments, Dunnett's post-hoc multiple 

comparison tests confirmed that total ED activity reduction was greater following 

activation of either PV interneurons (down 54.6±18.1%; p=0.0121) or SST 

interneurons (down 47.1±17.3%; p=0.0255), but not of VIP interneurons (up 

16.3±17.3%; p=0.6695). ED frequency changes were not different across the four 

groups, likely because of lack of statistical power for this comparison (F(3,40)=2.702, 

p=0.0583, one-way ANOVA). Nevertheless, ED frequency reduction tended to be 

greater relative to control following activation of either PV interneurons (down 

48.4±17.5%), SST interneurons (down 29.8±16.7%), or VIP interneurons (down 

19.4±16.7%). Meanwhile, ED length changes were different across the four groups 

(F(3,32)=3.629, p=0.0232, one-way ANOVA). Compared to control experiments, 

Dunnett's post-hoc multiple comparison tests confirmed that ED length increase 

was greater following activation of VIP interneurons (up 72±26.7%; p=0.0293), but 

not following the activation of either PV interneurons (up 18.9±28.1%; p=0.8412) 

or SST interneurons (down 1.6±26.7%; p=0.9999). 

Comparisons across the different interneuron populations confirmed 

subtype-specific effects. Total ED activity was reduced by more than half following 

activation of either PV interneurons (down 58.2±10.3%) or SST interneurons 

(down 50.8±10.5%), and both of these reductions were significantly greater than 
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the change in total ED activity induced by recruiting VIP interneurons (up 

12.7±15.4%) (Figure 3.4I). Each of the interneuron populations was able to 

decrease ED frequency: PV interneurons by 55.4±10.1%, SST interneurons by 

36.7±13% and VIP interneurons by 26.3±10.4% (Figure 3.4J). Meanwhile, only 

the VIP population increased individual ED length by 57.5±28.4% (Figure 3.4K). 

In summary, chemogenetically enhancing the output of interneuron populations can 

generate effective suppression of epileptiform synchronisation, but the 

effectiveness of this approach varied by interneuron subtype. 

3.4 Chemogenetically-enhanced interneuron subtypes differ in 
their postsynaptic inhibition of pyramidal neurons 

To examine the cellular basis of these effects, I performed voltage-clamp recordings 

to compare how chemogenetic recruitment affects the postsynaptic inhibition 

converging upon pyramidal neurons. Inhibitory postsynaptic currents were isolated 

at the reversal potential for glutamatergic current (EGLUT) (Figure 3.5A,C,E). For 

each of the three interneuron populations, CNO-activation of hM3Dq receptors 

resulted in a significant increase in postsynaptic inhibitory input (Figure 3.5A,C,E), 

which was abolished by bath application of TTX (1-2 μM; Figure 3.5A,C,E), 

confirming that it was mediated by action potential-evoked GABA release. Total 

inhibitory postsynaptic input to pyramidal neurons increased from 11±4.2 pA to 

34±6.1 pA when PV neurons were recruited, from 9.3±2.6 pA to 126.6±14.6 pA for 

SST interneurons and from 5.7±1.1 pA to 16.2±2.4 pA for VIP interneurons 

(Figure 3.5B,D,F). At the population level, the overall increase in postsynaptic  
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Figure 3.5. Chemogenetic recruitment of interneuron populations generates 
different amounts of postsynaptic inhibition in pyramidal neurons. (A) hM3Dq 
receptors were targeted to PV interneurons and voltage-clamp recordings (at EGLUT) 
were performed from pyramidal neurons (left). CNO application elicited a 
pronounced increase in inhibitory postsynaptic currents converging upon the 
pyramidal neuron (middle). This increase was associated with spiking activity as it 
was abolished by bath application of TTX. Overlapping histograms (right) illustrate 
the probability distribution functions for the inhibitory postsynaptic currents during 
baseline, CNO, and co-administration of CNO plus TTX. (B) PV recruitment 
resulted in a significant change in total postsynaptic inhibitory charge converging 
onto pyramidal neurons (F(2,26)=9.541, p=0.0008, one-way ANOVA, followed by 
post-hoc Sidak’s multiple comparisons tests; baseline vs. CNO, N=12, p=0.0047; 
CNO vs. CNO plus TTX, N=5, p=0.0013). (C) hM3Dq receptors were targeted to 
SST interneurons and all conventions are the same as in ‘A’. (D) SST recruitment 
resulted in a significant change in total postsynaptic inhibitory charge converging 
onto pyramidal neurons (χ2

(2)=29.77, p<0.0001, Kruskal-Wallis test, followed by 
post-hoc Dunn’s multiple comparisons tests; baseline vs. CNO, N=16, p<0.0001; 
CNO vs. co-administration of CNO plus TTX, N=5, p<0.0001). (E) hM3Dq 
receptors were targeted to VIP interneurons and all conventions are the same  
(figure legend continued on facing page) 
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inhibitory input resulting from CNO-mediated activation of hM3Dq receptors was 

highest for the SST interneuron population (increase of 116.7±15.5 pA), then the 

PV interneuron population (increase of 22.6±5.7 pA), followed by the VIP 

interneuron population (increase of 10.3±2.3 pA). 

Next, I aimed to compare measurements of inhibitory efficacy across 

different individual interneuron subtypes. First, the CNO-induced increase in 

postsynaptic inhibitory input was normalised by the number of hM3Dq-expressing 

cells, as determined from stereological cell counts (Figure 3.5G; see Materials and 

Methods, thesis section 2.8). The increase in inhibitory postsynaptic input was 

similar for an individual PV interneuron (1.0±0.3 fold, relative to a PV interneuron) 

and an SST interneuron (1.1±0.1 fold, relative to a PV interneuron), both of which  

 

as in ‘A’. (F) VIP recruitment resulted in a significant change in total postsynaptic 
inhibitory charge converging onto pyramidal neurons (F(2,39)=14.09, p<0.0001 by 
one-way ANOVA, followed by post-hoc Sidak’s multiple comparisons tests; 
baseline vs. CNO, N=18, p=0.0003; CNO vs. co-administration of CNO plus TTX, 
N=6, p=0.0001). (G) The average number of hM3Dq expressing interneurons (per 
24 μm optical section) differs significantly between the three interneuron 
populations, with an average of 29.1±2.7 PV cells, 138.1±16.8 SST interneurons, 
and 59.7±3.2 VIP cells (χ2

(2)=54.44, p<0.0001, Kruskal-Wallis test, followed by 
Dunn’s multiple post-hoc comparisons; PV vs SST, p<0.0001; PV vs VIP, 
p<0.0001; SST vs VIP, p=0.0118). (H) Normalising by the size of each interneuron 
population (i.e. number of hM3Dq-expressing cells per slice), PV and SST 
interneurons were associated with similar amounts of postsynaptic inhibition, and 
both were significantly greater than that associated with VIP interneurons 
(χ2

(2)=20.46, p<0.0001, Kruskal-Wallis test, followed by Dunn’s multiple post-hoc 
comparisons; PV vs SST, p>0.9999; PV vs VIP, p=0.0064; SST vs VIP, p<0.0001). 
(I) Normalising by the size of each interneuron population, PV interneurons had the 
greatest effect upon the total ED activity (shown in Figure 3.4I) (F(2,31)=21.03, 
p<0.0001, one-way ANOVA, followed by post-hoc Bonferroni’s multiple 
comparisons tests; PV vs SST, p=0.0002; PV vs VIP, p<0.0001; SST vs VIP, 
p=0.2808). * indicates p<0.05, ** indicates p<0.01, *** indicates p<0.001. 
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Figure 3.6. Excitatory DREADDs can be specifically and efficiently targeted to 
hippocampal PV interneurons in vivo. (A) To deliver hM3Dq receptors to PV  
(figure legend continued on facing page) 
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were five times greater than for an individual VIP interneuron (0.2±0.1 fold, relative 

to a PV interneuron; Figure 3.5H). Second, I normalised the effects upon total ED 

activity by the number of hM3Dq-expressing cells. Individual PV interneurons were 

associated with the greatest reduction in epileptiform activity (1.0±0.2 fold, relative 

to a PV interneuron), which was at least five times more than an individual SST 

interneuron (0.2±0.04 fold, relative to a PV interneuron) or VIP interneuron 

(-0.1±0.1 fold, relative to a PV interneuron; Figure 3.5I). These observations are 

consistent with previous evidence showing that individual PV interneurons can 

mediate effective inhibition of pyramidal neurons due to their peri-somatic 

targeting and extensive axonal arbours (Freund and Buzsáki, 1996; Miles et al., 

1996). 

3.5 Chemogenetic recruitment of PV interneurons attenuates 
seizure activity in vivo 

I next assessed the potential of this chemogenetic strategy to reduce seizure activity 

in vivo. Given my findings in vitro, the PV interneurons were selected as an 

effective cell population to target. The hM3Dq receptor was delivered to PV 

hippocampal interneurons by bilateral injections of AAV8-hSyn-DIO-hM3Dq-  

 

interneurons in vivo (left), PV-cre mice received bilaterally injections of AAV8-
hSyn-DIO-hM3Dq-mCherry into the ventral and dorsal hippocampus (right). (B) 
Immunohistochemical characterisation confirmed that hippocampal PV 
interneurons (‘PV’, top) were efficiently transduced with hM3Dq-mCherry (‘AAV’, 
bottom). Insets in red squares indicate cells co-expressing PV and hM3Dq-mCherry 
(arrow heads). (C) Serial sections illustrate extensive AAV spread and hM3Dq-
mCherry expression throughout the hippocampus. AP, anteroposterior. (D) 
Population data showing high targeting specificity and efficiency of the hM3Dq-
mCherry expression in PV interneurons (N=7 animals). 
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Figure 3.7. Chemogenetic recruitment of hippocampal PV interneurons 
suppresses convulsive behaviours in vivo. (A) Cartoon showing experimental 
design for assessing seizure activity in animals expressing the hM3Dq receptor in 
hippocampal PV interneurons. Fifteen min before behavioural monitoring, each 
animal received an i.p. injection of either vehicle control or CNO. Baseline 
behaviour was then monitored for 20 min (blue period), after which the intra-
hippocampal 4-AP infusion protocol was started and monitoring continued for a 
period of 60 min (red bars indicate the timing of each infusion). Behaviour was 
recorded by two high-speed, high-definition cameras oriented at right angles to one 
another, while a third camera tracked the animal from above. (B) Table describing  
(figure legend continued on facing page) 
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mCherry in the hippocampus of 4-to-14-month-old PV-cre mice (Figure 3.6A). The 

virus was delivered at multiple depths in the ventral and dorsal hippocampus, which 

resulted in extensive expression of the hM3Dq receptor across the rostro-caudal axis 

(Figure 3.6B,C). The majority of all virally-transduced neurons were 

immunopositive for PV (86.42±1.43% specificity) and the majority of PV 

immunopositive neurons expressed hM3Dq-mCherry (89.17±2.12% efficiency; 

Figure 3.6D). 

The final aim of this chapter was to investigate the effect of activating PV 

interneurons on seizure activity in vivo. Here, I triggered acute seizures by local 

application of the potassium channel blocker 4-AP to one of the hippocampi, which 

allows for a controlled focal induction of seizure activity (Salam et al., 2017). Local 

application of 4-AP likely disrupted the activity of both pyramidal cells and 

 

the Racine scale used to score the animal’s seizure behaviour from video analysis 
offline. (C) There was a general tendency for seizure behaviours to be supressed by 
CNO across the Racine categories. The frequency of Racine 4 and 5 convulsive 
events was significantly reduced when CNO was administered compared to vehicle 
(N=12 vehicle and 10 CNO experiments; Racine 1: U(12,10)=34, p=0.0571; Racine 
2: U(12,10)=59.5, p>0.9999; Racine 3: U(12,10)=37, p=0.1335; Racine 4: U(12,10)=31, 
p=0.0372; Racine 5: U(12,10)=24.5, p=0.0127, two-tailed Mann–Whitney tests). (D) 
Convulsive behaviour, plotted as a normalised cumulative score was significantly 
lower following administration of CNO compared to vehicle (N=12 vehicle and 10 
CNO experiments, U(12,10)=29.5, p=0.0411, two-tailed Mann–Whitney test). (E) For 
mice expressing the hM3Dq receptor in hippocampal PV interneurons, plots 
illustrate tracking data and corresponding spatial distribution of time spent across 
the behavioural arena (400 mm x 400 mm). Representative data are shown for an 
animal receiving an i.p. injection of vehicle (top) or CNO (bottom). In each case, 
data is shown for a 20-min period following the start of the 4-AP infusion protocol. 
(F) There was no difference between the vehicle and CNO groups in terms of the 
percentage of time spent moving (N=10 vehicle and 11 CNO experiments, 
treatment: F(1,104)=1.686, p=0.197, two-way ANOVA). 
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interneurons in a limited brain area and thus generated focal seizures at the injection 

site, which then spread leading to generalised convulsions. This resembles the 

clinical situation where focal seizures are initiated in an area of limited abnormal 

brain tissue from where they propagate through normal brain networks. Such 

models of acutely triggered focal seizures have been important in the development 

of anti-seizure drugs (Kupferberg, 2001) and allow for investigating seizure spread 

regardless of the initial cause of seizure initiation. Animals were randomised to 

receive an i.p. injection of either CNO or vehicle in their first experiment, and then 

alternated between CNO and vehicle for subsequent experiments. Each i.p. 

injection was delivered 15 min before the animal was placed in an arena, and their 

freely moving behaviour was monitored for a period of 80 min using high-speed, 

high-definition cameras (Figure 3.7A). Following a 20-min baseline period, 4-AP 

was infused directly into the hippocampus according to a spaced delivery protocol 

(three 4-AP infusions, each separated by 12 min; see Materials and Methods). 

To provide a detailed description of seizure activity and seizure spread, each 

animal’s behaviour was scored blindly using the five-point Racine scale (Figure 

3.7B), at a sampling frequency of 1 Hz across at least 70 min per experiment (see 

Materials and Methods). These analyses revealed that CNO-mediated recruitment 

of hippocampal PV interneurons caused a reduction in the frequency of convulsive 

behaviours across the Racine 4 and 5 categories (Figure 3.7C). To characterise the 

temporal nature of these effects, the Racine scoring scale was used to generate an 

integrated measure of convulsive behaviour that could be tracked over time (see 

Materials and Methods, thesis section 2.7). This integrated measure revealed that 
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CNO-mediated recruitment of hippocampal PV interneurons reduced the 

occurrence of all convulsive behaviours by more than 80% compared to controls 

(Figure 3.7D). By contrast, CNO did not have any effect on non-convulsive focal 

seizure activity (Racine 1-3). Taken together, these results are consistent with the 

idea that increasing PV activity beyond the area affected by 4-AP reduced seizure 

spread and propagation. CNO has been shown to metabolise to clozapine, which 

passes the blood-brain-barrier in vivo (Gomez et al., 2017; Manvich et al., 2018), 

and locomotor activity has been shown to be affected by clozapine (McOmish et 

al., 2012; Ilg et al., 2018). To assess whether the reduction in convulsive seizures 

was associated with non-specific effects upon behaviour possibly mediated by 

clozapine, I monitored the animals’ locomotor activity throughout the experiment. 

The distribution of time spent throughout the arena was indistinguishable between 

the vehicle and CNO-treated groups (Figure 3.7E,F), supporting the conclusion 

that the CNO-mediated reduction in convulsive seizures was not associated with a 

non-specific effect upon locomotor activity. In summary, my results suggest that 

chemogenetic recruitment of PV interneurons is effective at supressing the spread 

of convulsive seizure activity in vivo. 

3.6 Discussion 

In this chapter I have used a combination of in vitro and in vivo studies in rodent 

models to demonstrate that chemogenetic enhancement of distinct populations of 

GABAergic interneurons can robustly reduce seizure activity. Targeted whole-cell 

recordings from both presynaptic interneurons and postsynaptic principal neurons 

revealed that PV, SST and VIP interneuron populations all increased their firing 
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rate and synaptic output following CNO-mediated activation of hM3Dq DREADD 

receptors. Chemogenetic enhancement of either the PV or SST interneurons 

decreased drug-resistant synchronised epileptiform activity in vitro, through a 

reduction in the frequency of EDs. By contrast, enhancing VIP interneuron activity 

did not reduce total epileptiform activity. When accounting for the relative density 

of cells, PV interneurons generated the strongest effect per cell in terms of their 

ability to suppress EDs. Finally, to confirm the potential of such an intervention 

strategy, chemogenetic activation of PV interneurons was shown to produce a five-

fold reduction in convulsive behaviours in an in vivo model of temporal lobe 

seizures. 

GABAAR positive allosteric modulators such as benzodiazepines and 

phenobarbital have previously been shown to be ineffective in suppressing EDs in 

organotypic slices, while GABAA agonists demonstrated mixed efficiency against 

EDs (Albus et al., 2008; Wahab et al., 2009). Investigating the effect of GABAergic 

drugs is important in determining the efficacy of enhancing the overall GABAergic 

activity. However, given the non-specific action of such drugs, for example also 

inhibiting interneurons that express GABAARs, my study focused on exploring the 

potential to selectively enhance synaptic inhibition from specific interneuron 

subtypes. 

Previous work has shown that targeting pyramidal neurons with inhibitory 

DREADDs can mitigate seizure activity (Kätzel et al., 2014; Avaliani et al., 2016). 

My study extends this by demonstrating that, although they make up a relatively 

small proportion of the network, chemogenetically recruiting GABAergic 
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populations can mediate robust anti-seizure effects. Enhancing such endogenous 

inhibitory mechanisms may represent an attractive intervention strategy, as 

interneurons can exert widespread effects on the tissue and inhibitory circuits are 

recruited as excitatory network activity intensifies (Trevelyan et al., 2006; 

Derchansky et al., 2008; Schevon et al., 2012; Cammarota et al., 2013). However, 

given their diversity, the particular interneuron population that is targeted is likely 

to be important. In line with this prediction, my data show that chemogenetic 

enhancement of VIP interneurons did not reduce overall ED activity, and in fact 

increased the duration of individual EDs. This is in accordance with observations 

that the preferential postsynaptic targets of VIP interneurons are other GABAergic 

interneurons (Acsády et al., 1996), and that activating VIP interneurons may 

prevent downstream GABAergic interneurons from counteracting seizure-related 

excitation, since VIP interneurons specialise in disinhibitory control (Lee et al., 

2013; Pi et al., 2013). In addition, it is possible that the activation of VIP 

interneurons leads to direct VIP release, which could increase excitability by 

enhancing NMDA receptor responses and excitatory transmission (Cunha-Reis et 

al., 2005; Yang et al., 2009). Consistent with these ideas, optically inhibiting VIP 

interneuron activity has been shown to generate anti-seizure effects (Khoshkhoo et 

al., 2017). In the context of structural changes that occur as a result of seizure 

activity, VIP interneurons of the hippocampus were reported to survive in 

experimental epilepsy (Sloviter, 1987). Future studies could investigate VIP 

interneuron function in chronic epilepsy, and test whether targeting VIP 

interneurons with inhibitory DREADDs can attenuate epileptiform activity. 
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By comparison, PV and SST interneurons have been shown to preferentially 

target principal neurons. PV interneurons comprise mainly basket cells and axo-

axonic cells, which synapse on the soma and axon-initial segment of pyramidal 

neurons (Klausberger et al., 2003). The dense axonal branching of PV interneurons 

is therefore restricted to the pyramidal layer, but exhibits a broad transverse extent 

(~1 mm in rodent hippocampus). This can generate widespread synaptic inhibition, 

with each cell targeting around 1500-2000 pyramidal neurons (Freund and Buzsáki, 

1996). SST interneurons meanwhile, mainly synapse on the dendrites of pyramidal 

neurons (Katona et al., 1999), where they regulate dendritic activation (Miles et al., 

1996) and may account for as much as half of the firing rate increase following 

complete removal of inhibition (Lovett-Barron et al., 2012). In addition, SST 

interneurons can directly release SST when activated, which in turn can reduce 

neuronal excitability by acting via G-protein coupled receptors (Tallent and Qiu, 

2008). 

Activating hM3Dq receptors at single cell level resulted in increased spiking 

activity, in the absence of pronounced somatic depolarisation (Figure 3.2D, Figure 

3.3D,H). The mechanism of action for hM3Dq receptors was proposed to be 

downregulation of the function of K+ channels involved in generating the M-current 

(Alexander et al., 2009). These K+ channels are concentrated at the axon initial 

segment (Pan et al., 2006). It is therefore likely that the increase in spiking observed 

at single cell level in my preparation was caused by antidromically propagated 

action potentials from the axon initial segment. This spiking behaviour could not 

be caused by excitatory input to interneurons, since brain slices were bathed in 
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aCSF containing kynurenic acid, to avoid ED activity. The enhanced subthreshold 

membrane potential noise detected after CNO application in the current-clamp 

recordings investigating the hM3Dq-mediated cellular effects (Figure 3.2D, Figure 

3.3D,H) may have been contributed to by inhibitory input from other activated 

interneurons, especially since interneurons are known to establish reciprocal 

connections. This could also potentially explain the lack of somatic depolarisation. 

The putative augment in inhibitory synaptic inputs, coupled with the possibility that 

intracellular mediators were dialysed by whole-cell patching, may account for the 

subtle increase in spiking activity recorded at single cell level in interneurons, 

compared to the robust increase in postsynaptic inhibitory currents measured in 

pyramidal neurons (Figure 3.5). Cell-attached recordings with blockers of both 

GABAergic and glutamatergic transmission may constitute a better experimental 

strategy to record the hM3Dq-mediated cellular effects on spiking activity. 

In my experiments, DREADD activation of either PV or SST interneurons 

resulted in pronounced increases in spike-evoked, postsynaptic inhibitory currents 

in pyramidal neurons and strong attenuation of spontaneous EDs. For both cell 

types, I observed a ~50% reduction in the total ED activity, which was driven by a 

decrease in the probability of ED initiation. It has been shown that relevant 

concentrations of CNO can lead to competitive binding of some endogenous 

receptors (Gomez et al., 2017). However, my control experiments show that CNO 

did not affect epileptiform activity in the absence of DREADD expression. 

Therefore, my data supports the conclusion that the anti-seizure effects are 

mediated by the chemogenetic activation of the interneurons and are not an artefact 
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of CNO off-target activity. Potential long-term drifts in network activity might 

influence ED measurements, but ED activity appeared to be stable in my 

preparation (Figure 3.1A,B). An additional way to account for possible drifts in 

network activity would be to randomise experiments to begin with either a control 

or drug temporal window. However, hM3Dq receptor activation results in long-

lasting effects in vivo even after CNO or clozapine are removed from plasma 

(Alexander et al., 2009). Indeed, in a subset of voltage-clamp experiments in which 

I investigated the postsynaptic effects of activating hM3Dq receptors (Figure 3.5), 

the CNO-triggered effect persisted even after 30 min following the wash out of 

CNO. Therefore, examining network activity during CNO wash out would be 

complicated by the timing of the offset of hM3Dq receptor activation. 

At the population level, enhancing SST interneurons generated the largest 

postsynaptic inhibitory currents in pyramidal neurons. Although when adjusted for 

cell numbers, I estimated that individual PV interneurons elicited equivalent 

postsynaptic inhibitory currents and a five-fold greater attenuation of ED activity. 

These observations are consistent with evidence that GABAergic inputs to the axo-

somatic region can exert particularly powerful inhibitory effects (Cobb et al., 1995) 

and that PV interneurons contribute significantly to a synaptic restraint that can 

oppose the initiation and propagation of seizure activity (Cammarota et al., 2013; 

Paz and Huguenard, 2015a). In the context of epilepsy, the targeting of PV 

interneurons may also be more preferable because there are reports that SST 

interneurons become depleted (Robbins et al., 1991), whereas PV interneurons 
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survive in epileptic animals (Sloviter, 1991; Sloviter et al., 2003) and epilepsy 

patients (Sloviter et al., 1991). 

In agreement with these ideas and my in vitro results, I demonstrate that 

excitatory DREADDs in PV interneurons can generate potent anticonvulsant effects 

in vivo. Direct application of 4-AP to one hippocampus likely generated initial focal 

seizure activity by blocking K+ conductances and altering the activity of both 

pyramidal and inhibitory neurons within local networks (Gustafsson et al., 1982; 

Segal, 1987; Storm, 1988; Martina et al., 1998). Under control conditions, these 

focal seizures spread and progressed to full convulsions (Racine 5). However, 

chemogenetically increasing the activity of PV interneurons prevented the 

propagation, as reflected by an 80% reduction in convulsive behaviour. It has 

recently been shown that CNO does not cross the blood brain barrier in naive rats, 

but is rather metabolised to clozapine that can cross the blood brain barrier and 

activate DREADDs directly (Gomez et al., 2017). It therefore seems likely that the 

CNO-mediated effects in my in vivo studies involved the metabolism of CNO to 

clozapine, although seizure-related activity could influence the permeability of the 

blood brain barrier and the relative contribution of CNO (Vliet et al., 2007). 

Although unlikely, there is a possibility that seizure activity can be affected directly 

by CNO or clozapine. To test this, future experiments could assess the effect of 

administering CNO or clozapine to mice that do not express hM3Dq receptors. 

Clozapine is known to affect locomotion (McOmish et al., 2012). However, I did 

not detect any change in locomotor activity, potentially due to low levels of in vivo 

metabolism of CNO to clozapine. The hippocampus is known to support learning 



100                                                        Chemogenetic Recruitment of Interneurons 

and memory (Teyler and DiScenna, 1985; Bennett et al., 1994). Therefore, it would 

be interesting to assess if the CNO-mediated manipulation of PV interneurons in 

the hippocampus has any impact on working memory. Future studies could also test 

the potential to enhance DREADD activity in interneurons by direct clozapine 

administration. Indeed, clozapine is already approved as a drug for use in humans 

and DREADD activation requires very low concentrations of clozapine (Gomez et 

al., 2017), which may make it an attractive option for translational studies. 

At the time of submission of my thesis, a report was just published that 

showed that PV interneuron chemogenetic activation in a chronic model of epilepsy 

was also effective (Wang et al., 2018). The same study shows that chemogenetic 

inactivation of excitatory neurons resulted in impaired cognitive function. This 

indicates that chronic enhancement of interneuron activity would seem to be the 

more promising strategy for controlling seizure activity compared to direct 

silencing of excitatory neurons, which might have more serious side effects, for 

example on memory processes. The suppression of focally-evoked seizures in vivo 

in the current study complements my results from the in vitro drug-resistant model 

of epilepsy, demonstrating efficacy across both acute and chronic models of seizure 

activity. More generally, my data confirms that chemogenetically enhancing a 

specific interneuron population can produce effective suppression of epileptiform 

activity. 
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Chapter 4: Monitoring pH and Cl− concentration 
dynamics in specific GABAergic interneuron subtypes 

4.1 Introduction 

In the previous chapter I described the potential of recruiting different interneuron 

subtypes via excitatory DREADDs. In this chapter, using the same in vitro model 

of temporal lobe epilepsy, I will investigate the ionic changes that transiently occur 

in different cell types during epileptiform events, specifically changes in 

intracellular pH and Cl−. 

Protons are essential for cell function since pH fundamentally controls the 

stability of many cellular processes, including protein structure and function, 

enzymatic processes, transmembrane conductances, migration and proliferation. In 

addition, protons play an essential role in cell metabolism, specifically in the 

synthesis of adenosine triphosphate (ATP), the so-called ‘molecular currency’ of 

intracellular energy transfer (Drapeau and Nachshen, 1988; Denker and Barber, 

2002; Putney and Barber, 2003; Abad et al., 2004; Srivastava et al., 2007). At the 

same time, Cl− ions are also crucial for optimal neuronal function by controlling a 

variety of processes. These include fast synaptic inhibition via the Cl−-permeable 

GABAARs, synaptic vesicle filling, neurotransmitter uptake and neurite growth 

(Kaila and Voipio, 1987; Chen et al., 2004; Faundez and Hartzell, 2004; Nakajima 

and Marunaka, 2016; Chang et al., 2018b). 

Pyramidal neurons have been previously reported to acidify and load Cl− 

during epileptiform events (Raimondo et al., 2013). However, these ionic states 
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have not yet been studied in the various GABAergic interneuron populations. 

Intracellular H+ and Cl− concentrations were identified to influence neuronal 

excitability and synaptic transmission (Drapeau and Nachshen, 1988; Tabb et al., 

1992; Rivera et al., 2004; Kaila et al., 2014). In the context of epileptiform events, 

both pH and Cl− dynamics have been shown to play a role in the development of 

this aberrant network activity within pyramidal cells (Xiong et al., 2000; Alfonsa et 

al., 2015). However, it is unknown how these ion dynamics influence the role 

GABAergic interneurons play during hypersynchronous hyperexcitable network 

states. 

The first aim of this chapter was to construct a genetically-encoded probe 

that can be targeted to specific neuronal populations and report absolute 

intracellular pH and Cl− concentration. To this end, a new plasmid containing a 

fluorescent reporter was generated. This reporter is a floxed version of 

ClopHensorN (Raimondo et al., 2013), which enables the targeting of genetically-

defined cell types in a cre-dependent manner. The second aim of this chapter was 

to investigate the resting states of intracellular pH and Cl− concentration in 

pyramidal neurons and PV, SST and VIP interneurons of the hippocampus. To this 

end, the probe was first calibrated under controlled pH and Cl− concentration 

conditions. To measure the absolute intracellular pH and Cl− concentration in 

distinct neuronal populations, the floxed ClopHensorN was delivered to 

hippocampi from mice expressing cre recombinase in specific cell types. The third 

and final aim of this chapter was to study the temporal dynamics of the intracellular 

pH and Cl− concentration in pyramidal neurons and PV, SST and VIP interneurons 
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during EDs. To this end, the membrane potential of pyramidal neurons was first 

shown to faithfully reflect network activity and the recruitment of each interneuron 

subtype during EDs. This permitted the imaging of specific cell types expressing 

ClopHensorN, while the electrical activity of the network was concurrently 

monitored from nearby pyramidal neurons. Confocal and electrophysiological data 

were synchronised and EDs were quantified to study the relationship between these 

ion dynamics and various properties of EDs. 

4.2 A cre recombinase dependent ClopHensorN can be used to 
target genetically-defined cell types 

Multiple proton- or Cl−-sensitive dyes and genetic biosensors are available to 

measure changes in pH and Cl− optically. Genetically encoded Cl− reporters such as 

‘Clomeleon’ (Kuner and Augustine, 2000; Grimley et al., 2013) and ‘Cl-sensor’ 

(Markova et al., 2008) are fusion proteins containing the yellow fluorescent protein 

(YFP), combined with the relatively Cl−-insensitive cyan fluorescent protein (CFP). 

In contrast to CFP, YFP is quenched by Cl−, which allows the linked YFP-CFP 

protein to be used as a ratiometric indicator. However, such fluorescent reporters 

are also sensitive to pH, such that any changes or cell differences in pH can be 

mistakenly interpreted as changes or differences in Cl−. 

The development of ClopHensor (Arosio et al., 2010) enabled simultaneous 

ratiometric pH and Cl− measurements. ClopHensor is a fusion of the pH and Cl− 

sensitive E2GFP with DsRed, which is insensitive to both pH and Cl−. By taking 

advantage of the pH isosbestic point in the excitation spectrum of E2GFP, the proton 

concentration can be measured independently of Cl−. However, ClopHensor has 
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been reported to form aggregates when expressed in mammalian neurons 

(Raimondo et al., 2013), which has precluded its use as a ratiometric reporter in the 

nervous system. Raimondo et al. (2013) recently resolved this problem by 

developing ClopHensorN: a new fusion protein linking E2GFP to tandem dimer 

tomato (tdTomato), which is effectively expressed in mammalian neurons and has 

afforded the functional dissociation of intracellular pH and Cl− concentration 

measurements in neurons (Raimondo et al., 2013; Martineau et al., 2017). 

To selectively express ClopHensorN within genetically-defined neuronal 

populations, I made use of the cre-lox system to design a floxed version of 

ClopHensorN (Figure 4.1A). The novel construct expresses under the control of the 

EF-1α promoter, and employs the WPRE and a polyA sequence (Figure 4.1A). The 

floxed ClopHensorN sequence is inverted in the presence of the enzyme cre 

recombinase, allowing the expression of the ratiometric probe. This enabled me to 

target ClopHensorN to distinct neuronal populations of the hippocampus via AAV 

viral vectors by delivering AAV8-EF-1α-FLEX-ClopHensorN-WPRE into brain 

slices expressing cre recombinase under the control of different promoters. After 1-

4 weeks post viral transduction, expressing neurons were visualised under a 

confocal laser scanning microscope, while the electrical activity of the neuronal 

network was continuously monitored using whole-cell current-clamp recordings 

(Figure 4.1B). 

Pyramidal neurons were targeted by transducing brain slices from CamK2a-

cre mice, resulting in a pattern of ClopHensorN expression typical for excitatory 

neurons along the pyramidal layer of the hippocampus (Figure 4.1C). Neurons 
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showed robust expression, and both tdTomato and E2GFP expression was detected 

(Figure 4.1D). PV interneurons were targeted by transducing brain slices from PV-

cre mice, resulting in ClopHensorN expression within soma and processes restricted 

to the pyramidal cell layer (Figure 4.1E,F). SST interneurons were targeted by 

transducing brain slices from SST-cre mice, generating ClopHensorN expression in 

the soma and processes located within stratum oriens and lacunosum-moleculare 

(Figure 4.1G,H). VIP interneurons were targeted by transducing brain slices from 

VIP-cre mice, resulting in ClopHensorN expression within the soma and processes 

located in stratum radiatum, lacunosum-moleculare, pyramidale and oriens (Figure 

4.1I,J). 

4.3 Calibrating the floxed ClopHensorN enables imaging of 
intracellular pH and Cl− concentration 

ClopHensorN showed robust expression in hippocampal neurons following viral 

transduction, as demonstrated in Figure 4.1, and was used as a ratiometric indicator 

of pH and Cl− concentration. To this end, ClopHensorN was excited sequentially at 

561 nm, 458 nm and 488 nm using a confocal laser scanning microscope. Emitted 

fluorescence was collected by one PMT in the 635-700 nm range during excitation 

at 561 nm, and by a different PMT in the 500-550 nm range during 458 nm and 488 

nm excitation. Calibration was achieved by systematically changing the pH and Cl− 

concentration in the extracellular environment, in the presence of the proton and 

Cl− permeable ionophores (nigericin, tributyltin chloride and chloride ionophore 1) 

that collapsed the transmembrane concentration gradients for the two ion species 

(see Materials and Methods, thesis section 2.11). The pH ratio – the ratio of emitted 
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Figure 4.1. A novel pH and Cl− genetically-encoded fluorescent reporter can 
be targeted to specific GABAergic interneuron populations. (A) A map of the 
ClopHensorN plasmid containing the inverted genetic sequence for the E2GFP- 
tdTomato fusion protein flanked by loxP and lox2272 sites. The construct includes  
(figure legend continued on facing page)  
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fluorescence from the E2GFP protein when excited sequentially at 458 nm and 488 

nm (F488/F458) – was found to depend on intracellular pH with a pKa of 7.14 (Figure 

4.2A). The fluorescence of the tdTomato protein is insensitive to pH or Cl− 

concentration variations. By contrast, when excited at 458 nm – the pH isosbestic 

point in the excitation spectrum of E2GFP – the emitted fluorescence from E2GFP 

is insensitive to pH, but depends on the Cl− concentration. Thus, the Cl− ratio – the 

ratio of emitted fluorescence from the tdTomato and E2GFP proteins when excited 

sequentially at 561 nm and 458 nm, respectively (F458/F561) – was  

 

an elongation factor 1α (EF-1α) promoter, WPRE, polyA, ITR and the AmpR gene. 
The cre recombinase enzyme catalyses the recombination of the floxed 
ClopHensorN sequence, which allows the transcription of the fluorescent reporter. 
(B) A cartoon of the experimental setup in which a confocal laser scanning 
microscope, operating a 561 nm diode-pumped solid-state laser and a 458 nm and 
488 nm argon laser, was used to image neurons expressing ClopHensorN. 
Electrophysiological data was synchronously acquired via patch-clamp recordings 
in current-clamp (IC0) mode. Illustration was modified from Raimondo et al. 
(2013). (C) Confocal image of a brain slice from a CamK2a-cre mouse illustrates 
the fluorescence pattern of virally-transduced pyramidal neurons expressing 
ClopHensorN. The continuous white line marks the edge of the hippocampus, and 
the pyramidal layer is delineated with dashed white lines. (D) Confocal images of 
a pyramidal neuron expressing ClopHensorN. The tdTomato protein was imaged 
using the 561 nm laser, and the fluorescence emission was collected between 635 
and 700 nm (left). The E2GFP protein was imaged using the 458 nm (middle) and 
488 nm (right) lasers, and the fluorescence emission in both cases was collected 
between 500 and 550 nm. (E) Confocal image of a brain slice from a PV-cre mouse 
illustrates the fluorescence pattern of virally-transduced PV interneurons 
expressing ClopHensorN. (F) Confocal images of a PV interneuron expressing 
ClopHensorN (as shown in ‘D’). (G) Confocal image of a brain slice from a SST-
cre mouse illustrates the fluorescence pattern of virally-transduced SST 
interneurons expressing ClopHensorN. (H) Confocal images of a SST interneuron 
expressing ClopHensorN (as shown in ‘D’). (I) Confocal image of a brain slice 
from a VIP-cre mouse illustrates the fluorescence pattern of virally-transduced VIP 
interneurons expressing ClopHensorN. (J) Confocal images of a VIP interneuron 
expressing ClopHensorN (as shown in ‘D’). 
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Figure 4.2. ClopHensorN pH and Cl− calibration. (A) Calibration curve relating 
the pH sensitive fluorescence ratio (F488/F458) of cells expressing ClopHensorN to 
their intracellular pH. To measure the pH ratio, ClopHensorN was excited 
sequentially at two wavelengths (458 nm and 488 nm), and emission was collected 
in the same 500-550 nm window. Intracellular pH was systematically varied by 
controlling the extracellular pH in the presence of a proton-permeable ionophore. 
Data was fit using established equations (Grynkiewicz et al., 1985; Raimondo et 
al., 2013), and pKa was found to be 7.14 with a 7.1-7.17 95% confidence interval. 
(B) Calibration curve relating the Cl− sensitive fluorescence ratio (F458/F561) of cells 
expressing ClopHensorN to their intracellular Cl− concentration. To measure the 
Cl− ratio, ClopHensorN was excited sequentially at two wavelengths (458 nm and 
561 nm), and emission was collected between 500-550 nm and 635-700 nm, 
respectively. Intracellular Cl− was manipulated by changing the extracellular Cl− in 
the presence of Cl−-permeable ionophores. Data was fit using established equations 
(as in ‘A’), and Kd was found to be 4.95 mM at pH 6, 7.97 mM at pH 7, and 38.21 
mM at pH 8. 
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shown to depend on the intracellular Cl− concentration with an average Kd of 12.29 

mM around the physiological 7.2-7.5 intracellular pH range (Figure 4.2B). 

In summary, the pH and Cl− ratios shown in Figure 4.2 allowed the 

independent and simultaneous measurement of absolute intracellular pH and Cl− 

concentration, regardless of the amount of expression of the ratiometric probe in 

different cells. This enabled the quantification of steady-states and temporal 

dynamics of the intracellular pH and Cl− concentration in distinct neuronal 

populations during network events. 

4.4 Resting intracellular pH and Cl− concentration differ 
between cell types 

To investigate the steady-state pH and Cl− concentration in distinct neuronal 

populations of the hippocampus, I delivered ClopHensorN to specific cell types by 

virally transducing brain slices from mice expressing cre recombinase under the 

control of different promoters (CamK2a, PV, SST and VIP) with AAV8-EF-1α-

FLEX-ClopHensorN-WPRE. After 1-4 weeks post transduction, I examined brain 

slices under a confocal laser scanning microscope and selected individual 

ClopHensorN-expressing cells for imaging experiments. 

Concurrently to imaging the neurons, I performed whole-cell patch-clamp 

recordings. This was done to confirm that measurements of resting ion 

concentration were made during periods in which the network was relatively 

quiescent. My measurements of resting intracellular pH and Cl− concentration in 

hippocampal pyramidal neurons are consistent with rat measurements by  

 



112                               Monitoring pH and Cl- Dynamics in Interneurons 

 

Figure 4.3. Distinct cell types have different intracellular resting pH and Cl− 
concentration. (A) VIP interneurons were found to have the most acidic resting 
intracellular somatic environment compared to other interneuron subtypes 
(χ2

(3)=13.5, p=0.0037, Kruskal-Wallis test, followed by post-hoc Dunn’s multiple 
comparisons tests; CamK2a vs PV, p=0.8379; CamK2a vs SST, p=0.3609; 
CamK2a vs VIP, p>0.9999; PV vs SST, p>0.9999; PV vs VIP, p=0.0354; SST vs 
VIP, p=0.0078). (B) PV interneurons were found to have the highest intracellular 
somatic Cl− concentration (χ2

(3)=19.56, p=0.0002, Kruskal-Wallis test, followed by 
post-hoc Dunn’s multiple comparisons tests; CamK2a vs PV, p=0.0001; CamK2a 
vs SST, p=0.1099; CamK2a vs VIP, p=0.0046; PV vs SST, p=0.1817; PV vs VIP, 
p=0.8356; SST vs VIP, p>0.999). * indicates p<0.05, ** indicates p<0.01, *** 
indicates p<0.001. 
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Raimondo et al. (2013). In my experiments, pyramidal cells had an intracellular pH 

of 7.31±0.04 and a mean resting intracellular Cl− concentration of 5.8±2.9 mM. In 

addition to pyramidal neurons, I found that the resting intracellular pH was different 

between distinct interneuron populations, with VIP interneurons having the lowest 

somatic pH under baseline conditions (Figure 4.3A). The average resting 

intracellular pH was 7.4±0.04 for PV interneurons, 7.38±0.03 for SST interneurons, 

and 7.27±0.02 for VIP interneurons. The intracellular Cl− concentration was also 

significantly different across cell types, with PV interneurons having the highest 

somatic Cl− concentration (Figure 4.3B). The average resting intracellular Cl− was 

32.5±6.6 mM for PV interneurons, 12.9±2.3 mM for SST interneurons, and 22.6±4 

mM for VIP interneurons. 

This data demonstrates the ability of the floxed version of ClopHensorN to 

independently report the intracellular pH and Cl− concentration in genetically-

defined cell types of the hippocampus. The remainder of this chapter will focus on 

the temporal dynamics of the somatic pH and Cl− concentration during epileptiform 

activity. 

4.5 Temporal dynamics of intracellular pH and Cl− 
concentration during epileptiform events depend on cell type 

To investigate if ClopHensorN is able to detect ion dynamics exhibited by different 

cell types during epileptiform events, I imaged different neuron populations whilst 

simultaneously acquiring electrophysiological data from pyramidal neurons. I first 

conducted paired patch-clamp recordings to confirm the prediction that all cell  
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Figure 4.4. The activity of different GABAergic interneuron subtypes and 
pyramidal neurons is correlated during epileptiform events. (A) Cartoon of the 
hippocampal circuitry (left), referring to the example traces (right) recorded in 
current-clamp mode from a PV interneuron (top) and a pyramidal neuron (bottom) 
pair. (B) Cartoon of the hippocampal circuitry (left), referring to the example traces 
(right) recorded from a SST interneuron (top) and a pyramidal neuron (bottom) pair. 
(C) Cartoon of the hippocampal circuitry (left), referring to the example traces 
(right) recorded from a VIP interneuron (top) and a pyramidal neuron (bottom) pair. 
(D) During epileptiform events, the electrical activity of PV (N=24 EDs from 8 
pairs), SST (N=15 EDs from 8 pairs) and VIP (N=28 EDs from 9 pairs) interneurons 
was closely related to the activity of nearby pyramidal neurons (interaction between 
neuron pair type and time window: F(2,64)=3.771, p=0.0283, repeated measures two-
way ANOVA followed by Sidak’s post-hoc multiple comparisons of baseline vs 
ED: PV-CamK2a, p<0.0001; SST-CamK2a, p<0.0001; VIP-CamK2a, p<0.0001). 
The level of synchrony during EDs was not different across each of the different 
neuron pair types (Sidak’s post-hoc multiple comparisons, p>0.05). *** indicates 
p<0.001. 
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types of interest are highly correlated during epileptiform activity, and that 

recordings from pyramidal neurons are therefore a good way to monitor the general 

network activity (Figure 4.4A,B,C). During epileptiform events, pyramidal neurons 

were highly correlated with PV interneurons (Pearson’s coefficient of 0.93±0.01), 

with SST interneurons (Pearson’s coefficient of 0.96±0.01), and with VIP 

interneurons (Pearson’s coefficient of 0.93±0.01), and the degree of synchrony 

during EDs was not different across the three neuron pair types (Figure 4.4D). 

Having confirmed the activity of the different neuron populations is 

correlated during epileptiform events, I combined confocal imaging of single cells 

expressing ClopHensorN with whole-cell patch-clamp recordings of pyramidal 

neurons in brain slices. This allowed me to concurrently acquire pH and Cl− 

concentration measurements from the cell body of interest, whilst also closely 

monitoring the electrical activity of the network without perturbing the physiology 

of the imaged neuron (Figure 4.5). Epileptiform activity occurred spontaneously in 

the brain slices (Dyhrfjeld-Johnsen et al., 2010; Lillis et al., 2015). To investigate 

ion dynamics over longer ED durations, magnesium ions were transiently removed 

from the circulating aCSF (Gutiérrez et al., 1999) in a subset of experiments (23 

EDs from pyramidal neurons, 40 EDs from PV cells, 26 EDs from SST cells, and 

34 EDs from VIP cells). When analysed separately, data generated using the two 

models of epileptiform activity showed similar trends. Therefore, to increase 

statistical power, data from both models were grouped and analysed together. The 

electrophysiological recordings enabled me to detect the precise onset and duration  
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Figure 4.5. Recording intracellular pH and Cl− dynamics in genetically-defined 
cell types during epileptiform events. (A) Cartoon (top panel) shows the 
experimental setup. Network events were monitored by current-clamp recording 
from a nearby pyramidal cell (black trace, second panel). The intracellular pH (blue 
trace, third panel) and Cl− (red trace, bottom panel) are determined by imaging a 
pyramidal neuron expressing ClopHensorN. Vertical dotted grey lines mark the 
onset of spontaneous EDs. (B) The intracellular pH and Cl− are determined by 
imaging a PV interneuron expressing ClopHensorN (as shown in ‘A’). (C) The 
intracellular pH and Cl− are determined by imaging a SST interneuron expressing 
ClopHensorN (same conventions as in ‘A’). (D) The intracellular pH and Cl− are 
determined by imaging a VIP interneuron expressing ClopHensorN (as shown in 
‘A’). 
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of the epileptiform events using an automated algorithm (see Materials and 

Methods, thesis section 2.3), and to correlate the imaging data with the state of the 

neuronal network (Figure 4.6). Following acquisition, the imaging data was 

processed to correct for differential bleaching of the two fluorophores of the 

reporter, and to stabilise the fluorescence signal (see Materials and Methods, thesis 

section 2.10). Using this setup, I found that EDs were associated with marked 

transients in intracellular pH and Cl− concentration across all cell types investigated, 

as shown in the example recordings in Figure 4.5. Pyramidal neurons (Figure 4.5A, 

Figure 4.6A) and GABAergic interneurons (Figure 4.5B,C,D, Figure 4.6B,C,D) 

experienced different degrees of acidifications during epileptiform events. By 

contrast, the Cl− fluxes in PV interneurons (Figure 4.5B, Figure 4.6B) were 

remarkably different to those experienced by the other cell types (Figure 4.5A,C,D, 

Figure 4.6A,C,D). Pyramidal cells, as well as SST and VIP interneurons, 

experienced significant increases in intracellular Cl− concentration. Interestingly, 

the PV interneurons showed the opposite, with these cells experiencing an 

intracellular Cl− decrease. Superimposed population summary data on intracellular 

pH and Cl− concentration transients time-locked to ED onset and end are shown in 

Figure 4.6E. 

4.6 Intracellular pH and Cl− transients relate to resting state and 
epileptiform event duration 

To quantify the maximum amplitude of the ED-induced intracellular pH and Cl− 

concentration transients relative to baseline (i.e. before ED onset), the direction  
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Figure 4.6. Different cell types exhibit distinct intracellular pH and Cl− 
dynamics during epileptiform events. (A) Cartoon (left) shows the experimental 
setup. The relative membrane potential of the pyramidal neuron recorded using 
patch-clamp (Δ Vm) and the intracellular pH (Δ pH) and Cl− concentration (Δ Cl−) 
determined from imaging pyramidal neurons are shown (right), time-locked to ED 
onset and end. (B) Data resulted from experiments imaging PV interneurons (as 
shown in ‘A’). (C) Data resulted from experiments imaging SST interneurons (as 
shown in ‘A’). (D) Data resulted from experiments imaging VIP interneurons (as 
shown in ‘A’). (E) Population data on Δ Vm (left), Δ pH (middle) and Δ Cl− (right) 
for pyramidal neurons and PV, SST and VIP interneurons are shown superimposed. 
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of each response was first determined by measuring the area under the curve for the 

time interval between 50-250% of the corresponding ED duration. The peak relative 

change induced by the epileptiform event was then detected within the same time 

interval. This eliminated short-lasting artefacts at ED onset, potentially associated 

with cells briefly shifting focal depth due to tissue movement at the start of 

epileptiform activity. 

All cell types I investigated appeared to acidify during EDs, with the VIP 

interneurons experiencing the lowest ED-induced change in pH. On average, 

epileptiform events generated somatic acidic pH shifts that were of similar 

amplitude in pyramidal neurons and SST interneurons (-0.17±0.01 pH units for 

pyramidal neurons; -0.17±0.02 pH units for SST interneurons), whereas PV 

interneurons showed the largest acidic shifts (-0.25±0.02 pH units), and VIP 

interneurons had the smallest intracellular pH shifts (-0.09±0.01 pH units) (Figure 

4.7A). 

To further investigate differences in ED-triggered pH shifts between the 

different cell types, I studied the relationship between the peak amplitude of pH 

responses, the resting pH and the duration of the corresponding EDs. All four cell 

types experienced significantly larger acidic shifts in their somatic pH when they 

started from a more alkaline intracellular resting pH before EDs (Figure 4.7B). 

However, the gradient of the relationship between resting pH and Δ pH varied 

between the four cell types. The VIP interneurons showed a significantly lower 

gradient for this relationship compared to the other cell types. This finding suggests  
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Figure 4.7. Intracellular pH transients during epileptiform events relate to 
resting state and event duration. (A) Distinct cell types registered different 
relative amplitudes of pH change during EDs (χ2

(3)=86.74, p<0.0001, Kruskal-
Wallis test, followed by post-hoc Dunn’s multiple comparisons tests; CamK2a vs 
PV, p=0.0352; CamK2a vs SST, p>0.9999; CamK2a vs VIP, p<0.0001; PV vs SST, 
p=0.0002; PV vs VIP, p<0.0001; SST vs VIP, p<0.0001). (B) For each cell type, 
the relative amplitude of intracellular pH change (Δ pH) correlates with the cell’s 
resting pH (interaction between relative pH change and resting pH: F(3)=5.2, 
p=0.0015, one-way ANCOVA followed by Tukey-Kramer post-hoc multiple 
comparisons for slopes: CamK2a vs PV, p=0.9639; CamK2a vs SST, p=0.9078; 
CamK2a vs VIP, p=0.0098; PV vs SST, p=0.6904; PV vs VIP, p=0.0186; SST vs 
VIP, p=0.0061). (C) The relative amplitude of intracellular pH change is related to 
ED length (interaction between cell type and condition: F(9,1379)=5.789, p<0.0001, 
two-way ANOVA followed by Sidak’s post-hoc multiple comparisons of resting vs 
short EDs: CamK2a, p<0.0001; PV, p<0.0001; SST, p<0.0001; VIP, p=0.6409; 
short vs long EDs: CamK2a, p=0.0136; PV, p=0.6151; SST, p<0.0001; VIP, 
p<0.0001; resting vs post ED, p>0.05 for all cell types). * indicates p<0.05, *** 
indicates p<0.001. 
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that the resting pH of VIP interneurons tended to be less predictive of their ED-

associated acidification (Figure 4.7B). The gradient of linear fits were -0.51±0.06 

for pyramidal neurons (R2=0.45), -0.47±0.07 for PV interneurons 

(R2=0.38), -0.59±0.12 for SST interneurons (R2=0.19), and -0.21±0.06 for VIP 

interneurons (R2=0.08). 

To examine the impact of the duration of epileptiform activity, events with 

a time span shorter than 60 s were classified as ‘short EDs’ and events lasting longer 

than 60 s as ‘long EDs’. Short EDs had a mean length of 24.7±0.7 s, whilst long 

EDs had a mean duration of 199.6±12.6 s. All cell types generally showed a similar 

monotonic profile, in the sense that long EDs elicited larger acidification compared 

to short EDs, with the possible exception of PV and VIP interneurons, and 

intracellular pH recovered to baseline value after EDs (recovery time interval 

defined between 500-600% of each ED length). While PV interneurons did not 

show further acidification with longer EDs compared to shorter EDs, VIP 

interneurons behaved in an opposite manner, only showing a significant change in 

somatic pH during long EDs (Figure 4.7C). Pyramidal neurons had an intracellular 

resting pH of 7.24±0.02, reached a pH of 7.1±0.02 during short EDs and a pH of 

6.97±0.03 during long EDs, and recovered to a pH of 7.23±0.02 after EDs. SST 

interneurons started with a resting pH of 7.38±0.01, achieved a pH of 7.26±0.01 

during short EDs and a pH of 7.02±0.04 during long EDs, and recovered to a pH of 

7.35±0.01 after epileptiform events. By contrast, PV interneurons had a resting pH 

of 7.41±0.03, reached a pH of 7.17±0.02 during short EDs, which was not  
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Figure 4.8. Intracellular Cl− concentration transients during epileptiform 
events relate to resting state and event duration. (A) Distinct cell types registered 
different relative amplitudes of intracellular Cl− change (Δ Cl−) during EDs 
(χ2

(3)=33.12, p<0.0001, Kruskal-Wallis test, followed by post-hoc Dunn’s multiple 
comparisons tests; CamK2a vs PV, p=0.0003; CamK2a vs SST, p>0.4125; 
CamK2a vs VIP, p>0.9999; PV vs SST, p<0.0001; PV vs VIP, p=0.0014; SST vs 
VIP, p=0.0488). (B) The relative amplitude of intracellular Cl− concentration 
change is correlated to the resting Cl− concentration (interaction between relative 
Cl− concentration change and resting Cl− concentration: F(3)=19.94, p<0.0001, one-
way ANCOVA followed by Tukey-Kramer post-hoc multiple comparisons for 
slopes: CamK2a vs PV, p<0.0001; CamK2a vs SST, p=0.8628; CamK2a vs VIP, 
p=0.0027; PV vs SST, p<0.0001; PV vs VIP, p<0.0001; SST vs VIP, p=0.0482). 
(C) The relative amplitude of intracellular Cl− change correlates to ED length 
(interaction between cell type and condition: F(9,1082)=2.643; p=0.0050, two-way 
ANOVA followed by Sidak’s post-hoc multiple comparisons of resting vs short 
EDs: CamK2a, p=0.7660; PV, p=0.9220; SST, p=0.2374; VIP, p=0.5246; short vs 
long EDs: CamK2a, p=0.0057; PV, p=0.8509; SST, p<0.0229; VIP, p<0.0014; 
resting vs post ED, p>0.05 for all cell types). * indicates p<0.05, ** indicates 
p<0.01, *** indicates p<0.001. 
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significantly different during long EDs (pH of 7.13±0.04), and recovered to a pH 

of 7.37±0.02 after EDs. VIP interneurons started with a pH of 7.26±0.01, which 

was not significantly different to the pH of 7.24±0.01 during short EDs. However, 

during the long EDs, the pH of the VIP interneurons became significantly more 

acidic (7.04±0.02), and then recovered to a pH of 7.26±0.01 after EDs terminated 

(Figure 4.7C). 

In addition to pH transients, the intracellular Cl− concentration also 

exhibited ED-induced dynamics that were independently reported by 

ClopHensorN. On average, all cell types investigated generally loaded Cl− as a 

result of epileptiform events, with the exception of PV interneurons that did not 

load and actually showed a tendency to unload Cl− during EDs. Pyramidal neurons 

experienced peak somatic Cl− concentration shifts of similar amplitude compared 

to VIP interneurons (7.3±1.3 mM Cl− change for pyramidal neurons; 10.4±2 mM 

Cl− change for VIP interneurons) and SST interneurons loaded Cl− more compared 

to the latter (12.5±2.3 mM Cl− change). Interestingly, the PV interneurons appeared 

to extrude Cl− (-4.8±2.4 mM Cl− change) as shown in Figure 4.8A. 

To further investigate the differences in ED-associated Cl− transients 

between distinct cell types, I studied the relationship between the peak amplitude 

of Cl− transients, the resting Cl− concentration and the duration of the corresponding 

EDs. In contrast to the other cell types, PV interneurons experienced a Cl− 

unloading effect directly proportional with the resting intracellular Cl− 

concentration (Figure 4.8B, F(1,59)=46.74, p<0.0001). The slopes of linear fits 

were -0.85±0.11 for pyramidal neurons (R2=0.39), -0.31±0.04 for PV interneurons 
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(R2=0.44), 0.63±0.22 for SST interneurons (R2=0.09), and 0.11±0.08 for VIP 

interneurons (R2=0.02). 

When accounting for the duration of epileptiform activity, all cell types 

converged on a similar Cl− level of 33.5±3.2 mM during long EDs (Figure 4.8C, 

interaction between cell type and condition: F(9,1082)=2.64, p=0.005, two-way 

ANOVA followed by Tukey’s post-hoc multiple comparisons between all cell types 

during long EDs, p>0.05 for each of the pairwise comparisons). Generally, all 

neuronal populations followed a similar pattern of Cl− loading during epileptiform 

activity, experiencing a higher intracellular Cl− influx during long events compared 

to short events. Interestingly, PV interneurons appeared to be an exception to this 

by showing much less variation in intracellular Cl− concentration and exhibiting no 

statistically detectable change during short or long epileptiform events (Figure 

4.8C). Pyramidal neurons had an intracellular resting Cl− concentration of 3.1±1 

mM, reached 6.7±1.6 mM Cl− during short EDs and 29.4±8.5 mM Cl− during long 

EDs, and recovered to 3.3±1 mM Cl− after EDs. SST interneurons started with a 

resting Cl− concentration of 11.6±1.1 mM, achieved 19.2±1.9 mM Cl− during short 

EDs and 35.3±7.7 mM Cl− during long EDs, recovering to 11.5±1.1 mM Cl− after 

EDs. VIP interneurons had a resting Cl− concentration of 19.8±2.2 mM, reaching 

24.6±3.2 mM Cl− during short EDs and 41.9±6.5 mM Cl− during long EDs, and 

recovering to 19.7±2.1 after EDs. PV interneurons started from a relatively high 

intracellular resting Cl− concentration of 36±5.2 mM, reached 32.9±5.1 mM Cl− 

during short EDs and 27.5±6.4 mM Cl− during long EDs, and recovered to 35±4.9 

mM Cl− after EDs (Figure 4.8C). Thus, unlike the other three cell types 



Section 4.7  125 

investigated, PV intracellular Cl− appeared to remain more stable throughout 

epileptiform activity. 

4.7 Discussion 

In this chapter, I use a novel genetically-encoded H+ and Cl− probe to measure the 

absolute intracellular pH and Cl− in various neuron populations at baseline and 

during EDs. The design of the floxed version of ClopHensorN described in this 

chapter allowed this improved fluorescent reporter to be selectively expressed in 

specific cell populations. The novel floxed ClopHensorN construct allowed me to 

be the first to investigate intracellular pH and Cl− across different interneuron 

subtypes. To my knowledge, this is the first time the intracellular pH and Cl− 

concentration dynamics were reported for specific subtypes of GABAergic 

interneurons during epileptiform activity using optical methods. 

In the mammalian nervous system, hippocampal neurons have been 

extensively studied with respect to the mechanisms regulating intracellular pH 

(Chesler, 2003). Protons are considered not to permeate passively through the 

neuronal membrane (Roos and Boron, 1981), but rather the intracellular pH under 

baseline conditions is believed to be governed by the balance between acid loading 

and acid extruding processes (Ruffin et al., 2014). Apart from metabolically-

induced intracellular acidification due to anaerobic respiration (Chesler, 2003), it is 

thought that a Cl−/HCO3
− exchanger (Anion Exchanger 3, or AE3) is the principle 

transport mechanism contributing towards intracellular acidification, by extruding 

alkali equivalents (Hentschke et al., 2006; Svichar et al., 2009). By contrast, acid 

extruders that are important for neuronal pH homeostasis include a number of 
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transmembrane carriers. For example, there are several isoforms of Na+/H+ 

exchangers (NHEs) described, with the isoform most ubiquitously expressed in the 

CNS being NHE1 (Orlowski and Grinstein, 2004; Luo and Sun, 2007). Raley-

Susman et al. (1991) identified that a Na+/H+ antiporter was an important 

mechanism for maintaining the intracellular pH and for recovering from acidic 

challenges in fetal neurons. However, in mature neurons the main mechanism 

regulating intracellular pH is the Na+‐dependent Cl−/HCO3
− exchanger. This co-

transporter is able to perform the coupled influx of one Na+ and two HCO3
− 

equivalents (Schwiening and Boron, 1994; Grichtchenko et al., 2001; Chen et al., 

2008). Nevertheless, NHEs are still important regulators of the steady-state of 

mature neurons (Yao et al., 1999), and are accompanied by other electrogenic or 

electroneutral Na+-dependent HCO3
− transporters (Damkier et al., 2007; Boedtkjer 

et al., 2008; Cooper et al., 2009). In addition to these mechanisms, Na+-independent 

processes have been shown to contribute to pH regulation in mature neurons found 

within the hippocampus (Bevensee et al., 1996; Yao et al., 1999; Adijanto and 

Philp, 2012). Apart from transmembrane transport, buffering of acid equivalents 

also plays a role in establishing pH homeostasis. This can be achieved with using 

the HCO3
−-dependent carbonic anhydrase system (Supuran, 2008), or through 

HCO3
−-independent buffers such as phosphate or imidazole moieties (Burton, 

1978). 

The intracellular pH values that I measured at rest in pyramidal neurons are 

consistent with data from previous studies (Caspers and Speckmann, 1972; 

Raimondo et al., 2012a, 2015). In contrast to the wealth of literature on intracellular 
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pH, I could find no previous reports of intracellular pH in specific subtypes of 

GABAergic interneurons in the mammalian brain. Overall, I found the intracellular 

pH of inhibitory neurons to be similar to pyramidal neurons. However, there appear 

to be specific differences between the different interneuron subtypes. For example, 

VIP interneurons exhibited the lowest intracellular pH at rest, being ~0.12 pH units 

below the resting pH of PV or SST interneurons. This is equivalent to an increase 

of 13 nM (or 31.8%) in H+ concentration. This leads one to the question: what might 

be the functional significance of the more acidic resting pH of VIP interneurons? 

VIP interneurons are bestowed with certain biophysical traits, which are 

presumably important for their signalling properties. Higher input resistance and an 

associated higher excitability have been reported as characteristics of VIP 

interneurons (Cauli et al., 2000; Lee et al., 2010; Miyoshi et al., 2010; Rudy et al., 

2011), consistent with them showing relatively high spontaneous activity across a 

wide range of behavioural states, including at rest (Jackson et al., 2016). This 

suggests that the biophysical properties of VIP interneurons mean that they can be 

more readily excited via afferent input. However, this predisposition to being more 

excitable comes with the risk of excitotoxicity caused by high levels of 

transmembrane Ca2+ influx (Szydlowska and Tymianski, 2010). 

Intracellular acidosis is known to reduce neuronal excitability. Therefore, it 

could be that the lower intracellular pH within the VIP interneurons is employed to 

help mitigate the risk of excitotoxicity. Indeed, an increase in intracellular H+ can 

reduce cytosolic Ca2+ in neurons (Willoughby et al., 2001) and suppress a number 

of conductances such as the high-voltage-activated Ca2+ current (Dixon et al., 1993; 
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Takahashi and Copenhagen, 1996; Tombaugh and Somjen, 1997). This comes with 

the consequence of potentially limiting the temporal summation of excitatory 

postsynaptic potentials, discouraging repetitive firing or reducing neurotransmitter 

release (Dodge and Rahamimoff, 1967; White et al., 1989; De Schutter and Bower, 

1994). Indeed, if the low cytosolic pH of VIP interneurons is part of a 

neuroprotective mechanism that limits Ca2+ conductances, this may be particularly 

important in the context of ischemic insults that result in neuronal superoxide 

production (Valentino et al., 1993; Lam et al., 2013). In summary, the differences 

in steady-state intracellular pH observed across the different interneuron 

populations could be accounted for at least in part by the differential contribution 

of distinct buffering systems and/or transport mechanisms. Further studies should 

investigate the specific mechanism(s) responsible for setting a different resting pH 

in VIP interneurons. 

Having studied the intracellular pH across different cell types at baseline, I 

then sought to study pH dynamics during periods of elevated neural activity. It is 

well established that neuronal activity leads to intracellular acidification (Chesler 

and Kaila, 1992). Consistent with previous observations (Raimondo et al., 2012a, 

2013), I found that pyramidal neurons experienced acidic shifts as they are recruited 

to epileptiform activity. Intracellular pH may lower as a result of neuronal activity 

for a number of reasons, including the metabolic production of acid equivalents 

such as CO2 and lactic acid (Siesjö, 1985; Zhan et al., 1998), the release of protons 

from intracellular stores triggered by increased cytoplasmic Ca2+ levels (Meech and 

Thomas, 1977), the influx of protons from the Ca2+/H+ exchange by plasmalemmal 
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Ca2+-ATPases triggered by activity-induced elevation of the intracellular Ca2+ 

(Schwiening et al., 1993; Makani and Chesler, 2010), and the entry of acid 

equivalents through voltage- or ligand-gated channels, including HCO3
− efflux 

through GABA-activated HCO3
− conductances (Kaila and Voipio, 1987; Kaila et 

al., 1992). Although the Ca2+-dependent proton influx is a principal mechanism for 

activity-induced intracellular acidification (Chesler, 2003), it has been shown to be 

limited by a depolarisation-triggered alkalisation that is thought to be mediated by 

H+ efflux through the voltage-activated HV1 proton conductance (Cheng et al., 

2008). Despite the fact that the likely candidate for activity-induced intracellular 

acidification is the Ca2+-dependent proton influx, all the phenomena listed above 

may be happening concurrently during EDs, resulting in the acidic shifts that I and 

others observed in pyramidal cells (Raimondo et al., 2012a). The extent to which 

each of these different processes contributes to this effect may be further 

investigated by pharmacological studies. For example, one could use specific 

blockers to mechanistically dissect the activity of various transporters or channels 

during epileptiform activity. 

Intracellular pH dynamics during epileptiform activity have not been 

studied before in interneurons. In this chapter, I showed that, similar to pyramidal 

neurons, GABAergic interneuron subtypes exhibit a drop in intracellular somatic 

pH as a result of epileptiform activity. On average, PV interneurons acidified the 

most, whilst SST interneuron pH shifts were similar to pyramidal neurons, and VIP 

interneurons acidified the least. Interestingly, this correlated with resting pH. This 

is demonstrated by the PV interneurons exhibiting a relatively high baseline pH and 
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large acidic shifts during EDs. By contrast, VIP interneurons were the most acidic 

at rest and then had a more modest pH shift during EDs. This relationship was least 

pronounced for VIP interneurons, which may suggest different regulatory 

mechanisms. Intraneuronal acidification is predicted to reduce both Ca2+ inflow and 

the activity of transmembrane transport processes such as the Ca2+-dependent 

proton influx (Willoughby et al., 2001). This may potentially be a self-limiting 

mechanism to prevent the decrease in intracellular pH during EDs. However, in VIP 

interneurons Ca2+-related proton influx mechanisms could play a less important 

role. A potential alternative mechanism prevalent in the VIP interneurons could be 

a depolarisation-triggered alkalisation, which may limit the extent of activity-

induced intracellular acidification more than in other interneuron subtypes. This 

idea is supported by the finding that VIP interneurons acidified only in response to 

long EDs. By contrast, PV interneurons reached their maximal acidification during 

short EDs. The high firing rate of PV interneurons may also lead to a relatively 

faster production of acid equivalents, which could contribute to the fact that short 

EDs produce maximal pH shifts in PV interneurons. 

Overall, my data supports the idea that GABAergic interneurons may 

employ different pH buffering and/or H+/HCO3
− transport mechanisms. Future 

studies could investigate the differential contribution of pH-regulating processes in 

PV, SST and VIP interneurons. For example, single-cell transcriptomics could be 

used to identify likely molecular candidates, such as transporters or ion channels, 

involved in cell-type-specific pH homeostasis. These could then inform 
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pharmacological and molecular knockdown experiments to directly test their 

contribution to controlling intracellular pH dynamics. 

Neuronal pH homeostasis is intricately linked to the regulation of 

intracellular Cl− at multiple levels, mainly through the coupled transport of HCO3
− 

and the activity of carbonic anhydrases promoting the interconversion of CO2 and 

H2O, to HCO3
− and H+ (Supuran, 2008). For example, GABAARs are permeable to 

both Cl− and HCO3
− (Bormann et al., 1987), and their activation leads to 

intracellular acidification due to GABA-mediated HCO3
− efflux, along with a Cl− 

flux that is governed by the electrochemical gradient (Kaila and Voipio, 1987). 

Several of the processes described above represent additional nodes of interaction 

between the regulation of H+ and Cl−, such as the acid loading Cl−/HCO3
− exchange 

that extrudes HCO3
−, and the Na+‐dependent Cl−/HCO3

− transport that accumulates 

HCO3
− intracellularly and exports Cl−. These mechanisms highlight the importance 

of studying H+ and Cl− homeostasis with consideration of their interdependence, as 

well as the use of tools that make it possible to measure both ions independently. 

The main contributors to Cl− homeostasis are considered to be: (1) the 

developmentally regulated cation-chloride co-transporters (CCCs), such as KCC2 

and NKCC1 (Rivera et al., 1999), (2) a variety of transmembrane ion channels that 

are permeable to Cl−, such as synaptic and extra-synaptic ligand-gated GABAARs 

(Jentsch et al., 2002), (3) other transporters, such as the Na+/Cl− co-transporter 

(NCC), and (4) the membrane potential influencing the driving force for Cl−. 

Recently, there has been much debate around whether local impermeant anions may 

influence Cl− homeostasis (Glykys et al., 2014; Luhmann et al., 2014; Voipio et al., 
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2014; Doyon et al., 2016; Düsterwald et al., 2018). The functional balance between 

all these processes sets the intracellular Cl− concentration, which has a profound 

impact on inhibitory neurotransmission in the brain (Doyon et al., 2016). 

To directly investigate the intraneuronal Cl− concentration in specific 

neuronal populations, I corrected ClopHensorN Cl− signals for the concurrent pH 

transients, which allowed independent measurements of absolute intracellular Cl−. 

Consistent with previous work (Raimondo et al., 2013; Ellender et al., 2014), I 

found that pyramidal neurons have a low resting Cl− concentration. This is 

equivalent to a chloride reversal of -80.7 mV, or an EGABAA
 of -68.9 mV, which are 

in agreement with previous in vitro and in vivo studies (Tyzio et al., 2008; Ellender 

et al., 2014). Interestingly, PV interneurons had the highest resting Cl− 

concentration, which is also consistent with previous literature reporting a more 

depolarised EGABAA
 in this population of cells (Vida et al., 2006). This invites the 

obvious question: why might PV interneurons have a high intracellular resting Cl− 

concentration? To answer this, one might consider what are the possible effects of 

having a more depolarised EGABAA
. 

During GABAergic signalling, low postsynaptic intracellular Cl− sustains a 

driving force that determines Cl− ions to enter the cell, causing membrane 

hyperpolarisation (Kaila, 1994; Glickfeld et al., 2009). However, if Cl− ions are 

allowed to accumulate intracellularly, this shifts the EGABAA
 closer to the resting 

membrane potential. When this occurs, the GABAA-mediated conductance is 

depolarising but remains inhibitory through a shunting mechanism (Staley and 
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Mody, 1992; Paulus and Rothwell, 2016). If the amount of Cl− increases further and 

the EGABAA
 is pushed towards the action potential threshold, activation of the 

GABAergic signalling may be able to trigger action potentials. When this occurs, 

GABAergic signalling has become excitatory (Ben-Ari et al., 1989; Szabadics et 

al., 2006). 

As PV interneurons have a high resting intracellular Cl− level, their 

GABAergic conductances are likely to be shunting or depolarising. Indeed, 

shunting inhibition has been demonstrated in PV interneurons, which are thought 

to use this mechanism to promote coherent oscillatory activity in interneuron 

networks (Vida et al., 2006). In addition to the shunting effects, recent work has 

revealed that Cl− loading can result in a lower action potential threshold through 

Ca2+-dependent Cl− channels (CaCCs) that are able to couple excitatory 

postsynaptic potentials and action potential generation with intracellular Cl− (Huang 

et al., 2012; Sørensen et al., 2018). Thus, controlling intraneuronal Cl− levels is 

expected to have a significant impact on cellular and network excitability. With 

specific relevance to PV interneurons, the enhanced excitability endowed by 

increased Cl− levels places this population of cells in a good position to mediate 

feedforward inhibition (Hu et al., 2014). 

To explain the higher resting intracellular Cl− concentration observed in the 

PV interneurons, one needs to consider alternative mechanisms that either promote 

Cl− influx or reduce Cl− efflux. These can include membrane transporters or 

channels, such as NKCC1 (Payne et al., 2003), Cl− channels (Rungta et al., 2015), 

or lower levels of KCC2 (Woodin et al., 2003). This is an exciting area of research 
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and future studies could investigate the precise mechanisms by which such 

discrepancies in resting intracellular Cl− concentration arise between different cell 

types and the functional implications of these differences. For example, blocking 

NKCC1 activity with bumetanide while monitoring EGABAA
 in PV interneurons 

could establish whether NKCC1 has a significant role in setting the higher resting 

intracellular Cl− levels in this cell type. 

Previous work has established that intense GABAergic activity, particularly 

when coupled with membrane depolarisation, can lead to rapid intracellular Cl− 

accumulation in pyramidal neurons (Kaila and Voipio, 1987; Kaila et al., 1989; 

Thompson and Gähwiler, 1989; Staley et al., 1995; Staley and Proctor, 1999; 

Ellender et al., 2014). In this chapter, I have been able to reproduce these findings 

by demonstrating that pyramidal neurons experience a significant Cl− loading effect 

during epileptiform events. I then extend this by showing that activity-dependent 

Cl− dynamics differ among the various GABAergic interneuron subtypes during 

EDs. 

My data shows that SST and VIP interneurons as well as pyramidal neurons 

tend to load with Cl− during EDs. By contrast, PV interneurons did not load but 

instead showed a tendency to extrude Cl− during epileptiform activity. Furthermore, 

I was then able to show that a neuron’s resting Cl− acts as a good predictor of how 

Cl− changes during the EDs. This suggests that the Cl− driving force through 

GABAARs during EDs was likely the most important factor involved in ED-

associated Cl− shifts. Cells that load with Cl− like the pyramidal and SST cells had 

lower intracellular Cl− during baseline conditions, consistent with an increased 
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contribution of Cl− extruders such as KCC2 transporters in setting the resting Cl− 

level. Therefore, in these neuron populations the driving force for Cl− appears to 

have promoted a net Cl− influx. PV interneurons by contrast, which unloaded Cl− 

during EDs, had the highest resting intracellular Cl− concentration. This is 

consistent with this interneuron subtype relying less upon Cl− extruders such as 

KCC2. Hence, in PV interneurons the driving force for Cl− was more likely to lead 

to net Cl− efflux. In addition, PV interneurons with lower Cl− levels at rest showed 

the least evidence of Cl− unloading. 

Interestingly, during the long EDs, intracellular Cl− concentration tended to 

converge to a similar level across all cell types. This again suggests that the driving 

force for Cl− was indeed the most likely contributor to the observed Cl− dynamics 

during epileptiform activity. Given EDs generated by removing Mg2+ from the 

aCSF were on average longer than spontaneous EDs, data segregated by ED length 

inherently biased measurements towards a specific ED model. Spontaneous EDs 

consistently represented >80% of all short EDs across cell types. EDs triggered by 

removing Mg2+ from the aCSF consistently represented >60% of all long EDs 

across cell types. Since data from different models did not appear to show different 

trends for either short of long EDs, data were combined to increase statistical power. 

Pyramidal neurons, SST and VIP interneurons required sustained epileptiform 

activity to significantly change their intracellular Cl− levels. By contrast, PV 

interneurons were less volatile in terms of their intracellular Cl− across a range of 

epileptiform event durations. This feature of PV interneurons suggests that they 

may be more likely to maintain an excitation-inhibition balance, even when 
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challenged with strong GABAergic synaptic currents such as those experienced 

during epileptiform activity. Maintaining the stability of inputs to PV interneurons 

may be an important contributor to limiting epileptiform activity. For example, if 

PV interneurons collapsed their Cl− gradients, they would become more excitable 

and may contribute to a more pronounced Cl− loading in pyramidal neurons, which 

could aggravate epileptiform activity due to the resulting elevated excitability of 

pyramidal neurons. 

In conclusion, the data I have presented in this chapter has shown that a 

novel floxed ClopHensorN can be used to independently report the intracellular pH 

and Cl− dynamics across different cell types. This has revealed important 

differences in pH and Cl− between cell types, which may prove to be relevant for 

the different functions of these neuron populations both physiologically and during 

seizure activity. At the same time, my results underly the importance of the 

reporter’s capacity to distinguish between H+ and Cl−. 
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Chapter 5: Preventing seizure recruitment by optogenetic 
removal of depolarisation block in parvalbumin-
expressing interneurons 

5.1 Introduction 

In the previous chapter, I show that the intracellular Cl− levels in PV interneurons 

are maintained during periods of epileptiform activity. This suggests that PV 

interneurons may be able to sustain a steady excitation-inhibition balance, making 

this interneuron subtype a reasonable target for potential anti-seizure therapies (see 

chapter 3). 

PV interneurons detect rising excitatory drive in the network, and react pre-

emptively by utilising a feedforward mechanism of inhibition to prevent the spread 

of hyperexcitable activity (Trevelyan et al., 2006, 2007; Schevon et al., 2012; 

Sessolo et al., 2015). The ability of PV interneurons to constrain this aberrant 

electrical activity is known as ‘inhibitory restraint’ (Trevelyan et al., 2006). 

However, when this inhibitory restraint fails, spatially-clustered pyramidal neurons 

are recruited to the epileptiform event, allowing the activity to propagate freely 

(Trevelyan et al., 2006; Cammarota et al., 2013). Immediately prior to their 

recruitment into EDs, PV interneurons have been shown to transition from a 

hyperactive state associated with increased network excitation, to a ‘block phase’, 

which is characterised by impaired action potential firing (Cammarota et al., 2013). 

The underlying source for this DB is thought to be the depolarisation-induced 

inactivation of the voltage-gated cation channels required for spiking. 
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In this chapter, I use optogenetic techniques to investigate the DB 

mechanism by which PV interneurons are incapacitated. I also sought to test 

whether rescuing PV function by preventing DB could enhance the potential for 

these cells to counteract epileptiform activity. 

The first aim of this chapter was to establish and describe a reliable seizure 

model in which to investigate the phenomenon of inhibitory restraint against 

epileptiform activity. It was key that the model afforded sufficient time resolution 

to allow the study and manipulation of inhibitory restraint. Here, I confirm the 

prediction that PV interneurons contribute to inhibitory restraint via feedforward 

recruitment prior to the onset of EDs. I then demonstrate that the PV interneuron-

mediated inhibitory restraint diminishes prior to ED onset as a result of impaired 

action potential firing caused by a synaptically-induced DB. 

The second aim of this chapter was to test the hypothesis that pulsed 

activation of a hyperpolarising opsin, archaerhodopsin (Arch), can be used to 

attenuate the effect of DB on PV interneuron spiking. I will show that employing 

this strategy reliably re-enables PV interneuron firing both during current-induced 

DB and during synaptically-induced DB prior to ED onset. 

The third and final aim of this chapter was to investigate whether pulsed 

activation of Arch has the potential to impact epileptiform activity by reversing DB 

across the population of PV interneurons. Experiments testing the network effect of 

pulsed activation of Arch in PV interneurons showed a decreased probability of 

triggering epileptiform events. Moreover, I found that the pronounced change in 
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membrane properties at the onset of epileptiform activity significantly limited the 

potential to attenuate DB using light-induced currents. 

5.2 NMDA-evoked epileptiform events are a reliable model to 
study inhibitory restraint in vitro 

To study inhibitory restraint, I setup an NMDA-evoked seizure model based on 

previous work by Losi et al. (2010, 2016). NMDA was delivered extracellularly via 

a picospritzer and patch pipette to the CA3 area of the hippocampus in brain slices, 

with the aim of promoting local excitability and consequently generating 

epileptiform events. EDs evoked by delivering NMDA in CA3 occurred with a 

delay and simultaneously across the network. This is illustrated by dual whole-cell 

recordings of pyramidal neurons in the CA3 and CA1 regions showing synchronous 

onset of EDs across these two areas (Figure 5.1A). This demonstrated that the 

NMDA-evoked EDs generalise across the entire hippocampal preparation. 

For this seizure model to be adequate for investigating inhibitory restraint, 

it would need to show evidence of recruitment of inhibition immediately prior to 

ED onset. In the period between when NMDA was puffed on to the start of an ED, 

current-clamp recordings revealed high frequency, low amplitude oscillations in the 

membrane potential of pyramidal neurons (Figure 5.1A, oblique arrows). To further 

investigate the synaptic currents during this period, I performed voltage-clamp 

recordings. Clamping the neuron at -60 mV and using a low Cl− internal solution 

allowed me to detect both excitatory and inhibitory synaptic currents, since the -60 

mV membrane potential lies between the reversal potential for glutamate  
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Figure 5.1. Reproducible epileptiform events triggered by NMDA enable the 
study of inhibitory restraint.(A) Cartoon of the experimental setup (left) shows 
the NMDA pressure pulses are delivered in the CA3 region of the hippocampus 
while two pyramidal neurons are simultaneously recorded in CA3 and CA1 in 
current-clamp mode (right). Note the synchronous ED onset (expanded traces on 
the right) and electrical activity of the two pyramidal neurons over the course of the 
event. Arrows point to the high frequency membrane oscillations prior to ED onset. 
The black bars above traces represent the timing of the NMDA puffs and their 
horizontal extension represents the puff duration. (B) An example of a voltage-
clamp recording from a CA1 pyramidal neuron shows the transition from intense 
inhibitory synaptic inputs to net excitatory currents at seizure onset (black arrow 
head). Upward deflections represent inhibitory postsynaptic currents (IPSCs), and 
negative deflections represent excitatory postsynaptic currents (EPSCs). The 
significant amount of IPSCs occurring immediately after NMDA stimulation and 
before ED onset is consistent with previous findings of feedforward GABA-
mediated inhibition, representing an inhibitory restraint against epileptiform 
activity (Trevelyan et al., 2006). (C) Focal NMDA stimulation evoked highly 
consistent epileptiform events. An example recording from a CA1 pyramidal 
(figure legend continued on facing page)  
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responses (approximately 0 mV) and the reversal potential for GABAA responses 

(approximately -70 mV), under these recording conditions. These voltage-clamp 

recordings demonstrated that pyramidal neurons receive intense barrages of 

synaptic inhibition immediately prior to ED onset (Figure 5.1B), which is 

consistent with the previously well-described phenomenon of feedforward 

inhibition (Trevelyan et al., 2006, 2007). This confirms that the seizure model 

involves feedforward inhibition, therefore validating it as a useful in vitro model to 

study inhibitory restraint. 

To find the threshold for triggering EDs, the NMDA pulse duration, 

pressure and/or number were gradually increased until an ED was evoked. Once the 

parameters of the pressure pulse were established, EDs were triggered at 4-5 min 

intervals to study the reproducibility of the epileptiform events. The NMDA 

stimulations regularly evoked an ED and no failures were observed, even when 

stimulations were applied repetitively to the same slice (up to 30) over a long period 

of time (see example in Figure 5.1C). Quantitative analysis of 50 evoked EDs from 

9 experiments revealed a mean duration of 36.4±4.8 s (range 8.6 to 209.3 s) and a 

mean delay of 13.2±1 s (range 1.8 to 28 s) from the delivery of the first NMDA 

pressure pulse. Although ED length and latency varied across experiments, the 

parameters of the repeatedly evoked EDs were highly consistent within the same  

 

neuron illustrates five consecutive triggered EDs. (D) Triggered EDs were 
reproducible in terms of relative duration (top, F(6,43)=1.997, p=0.0871, one-way 
ANOVA) and relative onset latency (bottom, F(6,43)=1.268, p=0.2921, one-way 
ANOVA). The mean relative duration and latency of EDs are shown with respect 
to the mean of the first two events (N≥4, from 9 slices). 
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Figure 5.2. PV interneuron-mediated inhibitory restraint fails at ED onset. (A) 
An example synchronous recording of a PV interneuron (top) in cell-attached mode 
(CA) and a pyramidal neuron (bottom) in whole-cell current-clamp mode shows 
that the PV interneuron is recruited early during the pre-ictal time window, but 
enters a state of depolarising block at the beginning of the ED (black arrow head). 
(B) Population data (N=16 EDs) on PV interneuron firing rate during the pre-ED 
recruitment time window shows increased spiking output during the first 11 s before 
ED onset and an abrupt drop in firing rate at ED onset (χ2

(26)=84.27, p<0.0001, 
Kruskal-Wallis test, followed by post-hoc Dunn’s multiple comparisons tests). * 
indicates p<0.05. 
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slice/experiment (Figure 5.1D). Statistical analysis did not show any significant 

variation for ED length or latency, indicating that EDs are triggered with high 

temporal fidelity (Figure 5.1D), which allows one to control when EDs are 

generated. 

5.3 PV interneuron-mediated inhibitory restraint fails at ED 
onset 

Having determined that the established seizure model involves inhibitory restraint, 

I then investigated whether the PV interneurons are recruited following NMDA 

stimulation. To target PV interneurons for electrophysiology recordings, I 

transduced brain slices prepared from PV-cre mice with AAV vectors containing 

floxed green fluorescent protein (GFP). After 1-3 weeks post-transduction, GFP-

positive PV interneurons were visualised and targeted at the same time as a nearby 

pyramidal neuron for dual-patch recordings (Figure 5.2A). PV interneurons were 

recorded in cell-attached mode, which allowed me to leave the physiology and the 

intracellular environment unperturbed. These experiments confirmed that PV 

interneurons are recruited during the so-called ‘inhibitory restraint’ activity. During 

this period, PV interneurons increased their spiking rate, reaching a peak frequency 

of 9.4±1.8 Hz at 4-to-5 s before ED onset. However, at the onset of epileptiform 

events, the firing rate of PV interneurons abruptly fell to 1±0.5 Hz (Figure 5.2B), 

which was reminiscent of the DB reported by previous work (Cammarota et al., 

2013). This would indicate that DB limits the capacity of PV interneurons to 

contribute towards inhibitory restraint, which ultimately fails at ED onset. 
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Figure 5.3. Pulsed activation of Arch re-enables spiking in PV interneurons 
experiencing depolarising block. (A) Cartoon (left) shows that PV interneurons 
were targeted with the light-driven outward proton pump archaerhodopsin (Arch) 
and recorded in current-clamp mode. Each of the six recordings (right) consists of 
a pair of traces representing the LED activation trace (bottom) and the voltage 
response to somatic current injection (top). The level of injected current is stated on 
the side of each recording. Arch was activated with 5 ms LED pulses at 50 Hz. (B) 
Arch stimulation was sufficient to reliably re-enable spiking at current injection 
levels above the threshold for depolarising block (DB) (interaction between current 
injection level and condition: N=8 cells; F(1,7)=12.7; p=0.0092, repeated measures 
two-way ANOVA matching both factors, followed by Sidak’s post-hoc multiple 
comparisons of firing output between conditions: below DB threshold, p=0.7091; 
above DB threshold, p=0.0075; and of firing output between the different current 
levels: control, p=0.0017; pulsed Arch, p=0.8644). ** indicates p<0.01. 
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5.4 An optogenetic strategy can recover action potential firing in 
PV interneurons undergoing depolarising block 

To test the hypothesis that DB disables PV interneuron spiking, I then tested 

whether manipulating the membrane voltage of PV interneurons could modify this. 

I started by injecting positive current into a PV cell during targeted patch-clamp 

whole-cell recordings. I then used an optogenetic manipulation to modify the 

membrane potential of the PV cell. Here I utilised the light-activated proton pump 

Arch that can be used to elicit membrane hyperpolarisations (Chow et al., 2010). 

This technique allowed me to examine whether brief light-triggered 

hyperpolarisations could reactivate sufficient voltage-sensitive cation channels to 

re-enable firing of PV interneurons. To this end, I selectively expressed Arch in PV 

interneurons by transducing brain slices from PV-cre mice with AAVs delivering 

the floxed Arch construct. Brain slices were incubated for 3-4 weeks to allow 

expression of Arch in PV interneurons. 

First, I performed current-clamp recordings of Arch-expressing PV 

interneurons in whole-cell mode, which enabled me to control the membrane 

voltage through current injections, and allowed me to find the DB threshold, 

defined as the current step during which spiking seized before the end of the step 

(Figure 5.3A, middle control trace). Once the DB threshold was identified, several 

current steps were injected below and above DB threshold, during no activation or 

pulsed activation of Arch (Figure 5.3A). To test the effect of Arch activation during 

DB, a widefield, ultrabright green LED was used to deliver 5-ms-long light pulses  
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Figure 5.4. Pulsed activation of Arch boosts PV interneuron firing before the 
onset of epileptiform events. (A) Cartoons (left) showing that PV interneurons 
were targeted with Arch and recorded simultaneously with a pyramidal neuron 
during NMDA-triggered EDs. Traces (right) show an example dual patch recording 
of a PV interneuron (cell-attached, green) and a pyramidal neuron (current-clamp, 
black). Traces are shown for the two cells under control conditions (top) and during 
Arch pulses (bottom). Note the increase of firing of the PV interneuron when Arch 
is pulsed before the ED onset. The black bars above traces represent the timing of 
the NMDA puffs and their horizontal extension represents the puff duration. (B) 
Population data (N=16 EDs for the control condition and N=6 EDs for the pulsed 
Arch condition) shows an increase in PV interneuron firing prior to ED onset when 
Arch was activated (interaction between time relative to ED onset and condition: 
F(1)=18.97; p<0.0001, one-way ANCOVA followed by Tukey-Kramer post-hoc 
comparison for slopes: control vs pulsed Arch, p<0.0001). (C) The histogram of 
PV cell firing, time-locked to the delivery of Arch pulses, shows increased firing  
(figure legend continued on facing page)  
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at 50 Hz to the entire brain slice. For somatic current injections that did not elicit 

DB, PV interneurons were able to fire action potentials at 109.8±17.9 Hz. At these 

levels of current injection, pulsed Arch activation had no significant effect on firing 

rate (99.7±21.2 Hz). By contrast, for current injections that evoked DB, current-

induced depolarisation significantly decreased the firing rate to 38±6.1 Hz under 

control conditions. This confirmed that DB reduces PV interneuron spiking. When 

Arch was pulsed under these conditions, PV interneurons were able to fire action 

potentials at similar rates to when the neurons were below DB threshold (93.2±18.7 

Hz). This confirmed that brief hyperpolarising pulses can recover the capacity of 

PV interneurons to fire action potentials (Figure 5.3B). 

To investigate whether the same Arch activation strategy can be used to 

boost PV interneuron firing before epileptiform events, I performed paired 

recordings from a pyramidal neuron and an Arch-expressing PV interneuron during 

NMDA-triggered EDs (Figure 5.4A). The timing of evoked EDs was determined 

from the activity of pyramidal neurons recorded in current-clamp mode (Figure 

5.4A, black traces). As described in the previous section (Figure 5.2), under control 

conditions (no activation of Arch in PV interneurons) and before epileptiform 

events were triggered, NMDA stimulation recruited PV interneurons (example  

 

following the light pulse offset (top). The thick green line superimposed to the 
histogram represents the fit of a kernel probability distribution. There was no 
evident entrainment of the pyramidal neuron membrane voltage (below) to the 
delivery of the Arch pulses. (D) Averaged membrane voltage from pyramidal 
neurons, time-locked to PV cell firing, confirmed that PV interneuron action 
potentials elicited postsynaptic inhibitory potentials onto pyramidal neurons. *** 
indicates p<0.001. 
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Figure 5.5. Pulsed activation of Arch in PV interneurons decreases the 
probability of epileptiform events. (A) Cartoons (left) showing that PV 
interneurons were transduced with Arch and activated optically while current-
clamp recordings from pyramidal neurons were used as a readout of the network-
wide NMDA-triggered EDs. Traces (right) show six (1→6) NMDA stimulations 
from the same slice in which EDs were initiated every 5 min and alternated between 
control and pulsed Arch conditions. In control conditions each NMDA stimulation 
evoked an ED. However, when NMDA stimulation was initiated at the same time 
with the train of LED pulses (5 ms pulses at 50 Hz, green bar), the probability of 
eliciting EDs was significantly lower. NMDA pressure pulses are indicated with 
black bars above the traces. (B) Population data (N=11 experiments) showing the 
impact of pulsed Arch activation on EDs. The ED probability dropped by 26.1% 
(top, W(7)=1, p=0.0313, two-tailed matched-pairs Wilcoxon signed-rank test). No 
effect was observed on ED length (middle, W(11)=25, p=0.5195, two-tailed 
matched-pairs Wilcoxon signed-rank test) or latency (bottom, W(11)=27, p=0.6377, 
two-tailed matched-pairs Wilcoxon signed-rank test). 
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shown in Figure 5.4A, top green trace), which increased their firing frequency until 

ED onset at a rate of 0.39±0.05 Hz/s (Figure 5.4B, black trend line). Interestingly, 

pulsed Arch activation appeared to improve the NMDA-evoked recruitment of PV 

interneurons before ED onset (example shown in Figure 5.4A, bottom green trace). 

Under these conditions, the speed at which PV interneurons raised their spiking 

frequency in response to NMDA stimulation increased to 0.77±0.07 Hz/s, leading 

to a peak firing rate of 16.2±1.7 Hz at 3-to-4 s before ED onset (Figure 5.4B). This 

suggests that PV interneuron firing actually becomes impaired before the onset of 

epileptiform events, but can be rescued by brief periods of hyperpolarisation. 

Interestingly, Arch pulses did not appear to entrain the membrane voltage of 

pyramidal neurons, although PV interneuron spiking was confirmed to elicit 

postsynaptic inhibitory potentials onto pyramidal neurons (Figure 5.4C,D). 

5.5 Removing PV interneurons from depolarising block reduces 
the probability of evoking epileptiform events 

Having shown that light-induced hyperpolarisation of PV cells rescues their firing 

capacity, I then investigated the impact of this improved PV interneuron spiking on 

epileptiform events. To this end, EDs were evoked by NMDA stimulation, and 

monitored via patch-clamp recordings from pyramidal neurons in the CA region. 

Epileptiform events were triggered every 4-5 min, alternating between control 

events and events where Arch was pulsed (Figure 5.5A). Under control conditions 

(Figure 5.5A, events 1, 3 and 5), the probability of triggering an epileptiform events 

was high, with an average of 94.4±3%. By contrast, when Arch was pulsed in PV  
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Figure 5.6. After ED onset pulsed activation of Arch cannot affect membrane 
potential due to changes in input resistance. (A) Cartoon (left) shows that PV 
interneurons were transduced with Arch and recorded in current-clamp mode. The 
ED trace (top, right) represents an example whole-cell recording of a PV 
interneuron during a spontaneous ED. Pulsed Arch activation (green bar) was 
initiated before the ED and continued for the entire duration of the ED. Note the 
lack of hyperpolarisation in response to Arch activation during the ED, particularly 
immediately following the onset of the ED (expanded traces below). (B) Data from 
two EDs showing the measured input resistance of a PV interneuron during 
baseline, and inferred input resistances during the EDs, plotted as a function of the 
cell’s membrane potential. This was calculated by assuming a stable pulsed 
photocurrent across time. The input resistance (top) decreased monotonically with 
the membrane voltage (linear regression, p<0.0001, R2=0.95, slope -2.66±0.14). 
The bottom panel illustrates the calculated photocurrent measured before ED, and 
the theoretical photocurrent required to obtain the same amount of 
hyperpolarisation over the range of input resistances inferred during ED 
(exponential growth model, standard deviation of residuals is 608.6 pA). 
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interneurons starting with the first NMDA stimulus, the chance of successfully 

evoking EDs was significantly reduced (Figure 5.5A, events 2, 4 and 6). The 

probability of triggering EDs dropped by more than a quarter, to 68.3±10.2% during 

the pulsed Arch condition (Figure 5.5B). When an ED was initiated, no change was 

detected as a result of Arch activation in terms of ED duration (37±7.7 s during 

control; 56.9±21.2 s during pulsed Arch) or ED latency (13.7±2.3 s during control; 

12.1±2.6 s during pulsed Arch). This suggested that by maintaining the spiking 

output of PV interneurons during the period of inhibitory restraint, it is possible to 

reduce the probability of initiating an ED. In other words, increasing feedforward 

inhibitory strength can oppose epileptiform events. 

5.6 Pulsed activation of Arch is limited by changes in the intrinsic 
properties of PV interneurons during epileptiform events 

To investigate the effect of pulsed Arch activation on the membrane potential of 

PV interneurons, I targeted Arch-expressing PV interneurons for whole-cell 

recordings in current-clamp mode (Figure 5.6A). Arch activation induced an 

average hyperpolarising step of 21.9±0.5 mV during baseline (i.e. before EDs). By 

contrast, at the onset of and during EDs, the hyperpolarising effect was markedly 

reduced, to the extent that it generated negligible effects on the membrane voltage. 

(Figure 5.6A). I hypothesised that this was the result of a dramatic change in the 

cells’ input resistance. Indeed, assuming a stable photocurrent was generated by 

each Arch pulse, I estimated that the input resistance dropped from 100.1±2.3 MΩ 

during baseline to levels below 10 MΩ around ED onset. The input resistance 

subsequently recovered in parallel to the membrane potential hyperpolarisation at 
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a rate of 2.66±0.14 MΩ/mV (Figure 5.6B, top). To illustrate the impact of input 

resistance changes on the optogenetic manipulation, I inferred the theoretical 

photocurrent required to sustain the same amount of baseline membrane 

hyperpolarisation during epileptiform events (Figure 5.6B, bottom). The inferred 

photocurrent followed a non-linear relationship with the input resistance (time 

constant τ=-15.58), and reached values above 3 nA around ED onset. This contrasts 

the calculated Arch-induced photocurrent of 218.6±5.4 pA during baseline (Figure 

5.6B, bottom). These results indicate that the Arch strategy of removing PV 

interneurons from DB, although successful when applied before the onset of EDs, 

is rendered ineffective once EDs have been initiated due to the associated shifts in 

input resistance. 

5.7 Discussion 

In this chapter, I investigated how DB affects PV interneuron function and the role 

this plays in the generation of EDs. Having established a reliable model of evoked 

seizure activity, I confirmed that PV interneurons initiate a mechanism of inhibitory 

restraint in response to surrounding hyperexcitability. However, these cells 

ultimately fall victim to DB that renders them ineffective when EDs are initiated. 

Making use of the optogenetic tool Arch, I was able to attenuate the current- or 

synaptically-induced DB prior to ED onset. Employing this strategy at the network 

level resulted in a lower probability of triggering epileptiform events, consistent 

with enhancing PV interneuron-mediated inhibitory restraint. 

To investigate the cellular mechanisms that regulate the spread of 

epileptiform activity through the ‘penumbra’ region, I used an NMDA-evoked 
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seizure model (Losi et al., 2010, 2016), which I successfully established in mouse 

hippocampus. A reason for which I chose this model is that it provides good 

temporal control over the generation of EDs, and the elicited EDs were consistent 

in terms of latency and duration. Furthermore, using voltage-clamp recordings from 

pyramidal neurons allowed me to confirm the recruitment of inhibitory synaptic 

circuits in the period prior to ED initiation. By providing a temporal delay between 

the delivery of the NMDA stimulus and the onset of the epileptiform event, this 

model afforded the opportunity to study the mechanisms underlying inhibitory 

restraint. Cell-attached recordings confirmed the prediction that the PV interneuron 

population contributes to the stimulus-evoked inhibitory restraint, but that this 

interneuron population progressively enters DB prior to EDs. 

The observed DB prior to EDs rendered PV interneurons incapable of 

sustaining their inhibitory activity to counteract excitation. Interneurons have been 

previously identified to enter a state of DB at the onset of epileptiform events 

(Ziburkus et al., 2006). This can occur as a result of constant inflow of positive 

somatic current of increasing strength and could be explained by the incomplete 

return of the voltage-gated Na+ channels to a fully deinactivated state between 

action potentials (Bianchi et al., 2012). If delayed-rectifier K+ currents are unable 

to counteract this effect and repolarise the membrane, spiking is impaired because 

the availability of voltage-gated Na+ channels is progressively reduced. According 

to this model of DB, it should be possible to reverse this process by invoking 

negative somatic currents that generate membrane hyperpolarisations, de-inactivate 

the voltage-dependent Na+ channels and re-enable spiking. The light-activated 
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proton pump Arch was identified as an optogenetic tool that could serve this 

purpose by extruding protons and hyperpolarising the neuronal membrane (Chow 

et al., 2010). By virtue of its precise temporal manipulation, rapid activation of Arch 

in PV interneurons generated tightly controlled light-induced hyperpolarisations. 

This strategy was effective in reversing both current- and synaptically-induced DB. 

The cell-attached recordings of PV interneurons expressing Arch revealed that 

pulsed Arch activation progressively enhanced action potential firing before the 

onset of epileptiform events. This supports the idea that PV interneurons experience 

some degree of DB prior to the onset of EDs. 

Several factors may contribute to the extent of DB and the enhancement of 

spiking mediated by pulsed Arch activation. Firstly, as described above, the pulsed 

activation of Arch generates brief hyperpolarisations that are expected to facilitate 

de-inactivation of the voltage-gated Na+ channels. Such Arch-induced 

hyperpolarisation is likely to be spatially non-uniform across neuronal 

compartments, since fine structures such as axonal processes and dendrites have a 

lower diameter and hence higher resistance (Magee, 2000). Consequently, the 

amplitude of the Arch-induced hyperpolarisations (Figure 5.6) may be 

underestimated by somatic recordings. Indeed, depending upon the subcellular 

expression pattern of the Arch protein, the extent of the membrane potential change 

may be greater in the axon or axonal terminals, where the effect of the membrane 

potential on voltage-gated Na+ channels may be most important. 

Secondly, both the amount and the kinetics of membrane depolarisation are 

thought to contribute to DB (Mickus et al., 1999). Larger depolarisations are 
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expected to exacerbate DB, as observed during my experiments investigating the 

current-induced DB. However, a degree of DB can also occur during smaller but 

more prolongued depolarisations, such as in the case of the synaptically-induced 

DB prior to ED onset. Indeed, two forms of inactivation of voltage-gated Na+ 

channels have been distinguished, which have been linked to distinct channel 

properties, and operate over different time scales. These have been referred to as 

fast and slow inactivation, although both forms are reversed by hyperpolarisation 

(Rudy, 1978; Vilin and Ruben, 2001). Whilst fast inactivation occurs rapidly over 

the course of an action potential, slow inactivation is elicited by prolonged 

depolarisation over several seconds (Mickus et al., 1999). In my experiments, the 

DB induced by somatic current injection was more likely to incorporate fast 

inactivation, and was evident when PV interneurons fired action potentials at high 

frequency. By contrast, the synaptically-induced DB was more likely to involve 

slow inactivation during the relatively long time window of pre-ED inhibitory 

restraint, and was evident at lower spiking frequencies. Therefore, these two types 

of voltage-gated Na+ channel inactivation could explain why DB was observed at 

different PV interneuron firing rates. The time scale of inhibitory restraint fits with 

that of the slow inactivation of voltage-gated Na+ channels. This suggests that slow 

inactivation of voltage-gated Na+ channels may play a more important role in 

limiting the output of PV interneurons during inhibitory restraint. One could 

imagine experiments to test this by pharmacologically manipulating voltage-gated 

Na+ channel inactivation. An example of such an experiment would be using the δ 

opioid receptor agonist SNC80 (Remy et al., 2004) that has been shown to 
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preferentially enhance slow but not fast inactivation processes. If PV interneuron 

firing during the pre-ED phase is limited mainly by slow inactivation of voltage-

gated Na+ channels, the SNC80 drug could potentially promote the collapse of 

inhibitory restraint. Indeed, SNC80 has been shown to have proconvulsant 

properties when administered systemically in rats (Bausch et al., 2005). Therefore, 

the development of drugs that preferentially remove the slow inactivation of 

voltage-gated Na+ channels may be useful, although a targeted approach for PV 

interneurons is more desirable than a non-specific manipulation that can have 

multiple side effects. This could include modifying voltage-gated Na+ channels 

with impaired slow inactivation, which could be specifically delivered to PV 

interneurons via viral vectors. These hypothetical channels could potentially sustain 

firing in this interneuron population, even when the endogenous voltage-gated Na+ 

channels have undergone slow inactivation. 

Thirdly, brief hyperpolarisations may also promote spiking through rebound 

excitation following the offset of optogenetic stimulation. The underlying cause of 

the potential rebound excitation could be recruitment of the hyperpolarisation-

activated, cyclic nucleotide-gated (HCN) ion channels. These channels are 

predominantly permeable to Na+, and have been shown to be expressed in PV 

interneurons (Aponte et al., 2006). Whereas only a fraction of the HCN channels 

are open at ‘normal’ resting membrane potentials, additional channels are recruited 

by more hyperpolarised states (Poolos, 2012). Thus, Arch-induced 

hyperpolarisations could theoretically trigger greater Na+ fluxes through HCN 

channels, which may generate a rebound depolarisation and action potentials 
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immediately following the offset of Arch activation. Moreover, HCN channels 

appear to be predominantly distributed in the soma of hippocampal interneurons 

(Brennan et al., 2016). Therefore, it may mean that this mechanism is particularly 

relevant for the PV interneuron (Chen et al., 2001; Lupica et al., 2001). However, 

HCN channels are open at membrane potentials more negative to -50 mV (Shah, 

2018) and neuronal depolarisation appears to deactivate them (Brennan et al., 

2016). Taken together, this suggests that although HCN channels may influence PV 

interneuron excitability under baseline conditions, it seems unlikely that HCN 

channels contributed to the action potential firing that occurs at more depolarised 

membrane voltages during epileptiform events. Consistent with this, PV 

interneuron firing following the offset of Arch pulses did not appear to be entrained 

by the light activation (Figure 5.4C), but showed a rather wide distribution of spike 

timing between Arch pulses. 

Having considered these additional factors, the network effects observed by 

optogenetically manipulating PV interneurons seem very likely to have been 

primarily mediated by the successful reversal of a progressive DB during the pre-

ED period. An additional possibility is that Arch pulses resulted in entrainment of 

the network, which might have also increased the recruitment of PV interneurons. 

However, I could not detect any entrainment of the pyramidal neuron membrane 

voltage by the Arch pulses, although PV interneurons did elicit postsynaptic 

inhibitory effects (Figure 5.4C,D). This suggests that, rather than through network 

synchronisation, the recovery from inactivation of PV interneuron firing was the 

main contributor to increasing PV cell spiking. Pulsed Arch activation reduced the 
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probability of triggering EDs by 31.7%, without affecting ED length or latency. The 

fact that I did not detect an effect on ED latency could be explained by me not 

monitoring the position of the recorded neurons relative to the location of the 

NMDA puff. This may have introduced heterogeneity in ED latency measurements. 

Another explanation could be that a small change in ED latency may be masked by 

the variability of latencies to epileptiform events under control conditions. 

Meanwhile, although recruiting PV interneurons can maintain afterdischarge 

activity during later phases of EDs (Ellender et al., 2014), the fact that pulsed Arch 

activation did not significantly affect ED length suggests that this optogenetic 

strategy may be limited to promoting action potential firing in the pre-ED phase. 

PV interneurons could be more susceptible to undergoing DB compared to 

other cell types. This may occur as a result of the fact that PV interneuron function 

relies on K+ channels of the Kv3 type. These ion channels are selectively expressed 

in PV cells, and are essential for determining their fast spiking phenotype (Du et 

al., 1996). Given PV cells rely more on K+ channels, they could be particularly 

sensitive to increases in extracellular K+ during intense network activity. Future 

experiments testing how changes in extracellular K+ concentration alters action 

potential generation in different cell types. If PV cells are revealed to be specifically 

sensitive to extracellular K+ ions, identifying and targeting K+ channels with 

potentially different properties or activation/inactivation kinetics might be useful 

for preventing DB in PV interneurons. 

It is commonly considered that the onset of seizure activity occurs when the 

excitatory neurons are recruited to the depolarising shifts. Consistent with my data, 
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PV interneurons are recruited early by surges in excitation in the network, but 

excitatory neuron activity is limited by a powerful inhibitory restraint to which PV 

cells rapidly contribute (Parrish et al., 2019). It is possible that the increased 

inhibitory input to pyramidal neurons during this phase leads to intracellular Cl− 

loading, which may cause excitatory neuron burst firing, precipitating the ED and 

causing the DB in PV interneurons. To test this, monitoring Cl− levels in pyramidal 

neurons using optical or electrophysiological methods during the pre-ED phase can 

confirm whether excitatory neurons do indeed accummulate Cl− intracelluarly. If 

this is the case, manipulating the intracellular Cl− level in pyramidal neurons should 

impact the network’s progression to EDs. Tools such as Cl-out (Alfonsa et al., 2016) 

or overexpressing KCC2 (Magloire et al., 2018) could help extrude Cl−, while tools 

such as halorhodopsin may be used to investigate if Cl− loading precipitates EDs. 

Drugs that operate on the inactivation of Na+ channels, such as 

carbamazepine, are commonly used as therapy in epilepsy. It is remarkable that 

these drugs do not actually promote DB in PV cells and facilitate seizures, 

especially since PV interneurons can sustain a very high action potential firing rate. 

Interestingly, carbamazepine and other anticonvulsants with Na+ channel blocking 

activity, appear to preferentially affect spiking in pyramidal neurons (Pothmann et 

al., 2014). Therefore, the anticonvulsant action of this class of drugs results from 

sparing feedback and feedforward mechanisms. 

My data has revealed that the Arch-induced hyperpolarisations in PV cells 

became drastically attenuated at the same point that the membrane became rapidly 

depolarised at the start of an ED. Assuming a constant photocurrent is generated by 
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the proton pump, this observation suggests that the input resistance of neurons also 

shows a pronounced drop at the onset of EDs. The sudden drop in input resistance 

is likely explained by the rapid increase in transmembrane channel opening 

probability, given the intense release of neurotransmitters caused by recruitment of 

large numbers of neurons to the epileptiform activity. The observed changes in 

membrane properties ultimately constitute a major limitation for the optogenetic 

strategy that I employed, rendering Arch activation ineffective at the moment of ED 

onset. The estimated amount of photocurrent necessary to maintain Arch-induced 

hyperpolarisations immediately after the start of EDs cannot be delivered by Arch 

(Chow et al., 2010). Other optogenetic strategies may be more effective. For 

example, the enhanced chloride pump Jaws (Chuong et al., 2014) may be 

sufficiently powerful to generate such photocurrents. However, pumping Cl− into a 

cell type identified to have high levels of resting Cl− may result in unwanted 

depolarising effects (Raimondo et al., 2012b). Therefore, the ‘full’ DB observed at 

the onset of EDs could not be rescued by Arch pulses. However, Arch activation 

successfully recovered PV firing before the onset of EDs, consistent with the 

possibility that PV cells may progressively enter a ‘partial’ DB prior to the onset of 

EDs. This could support the hypothesis that DB in PV interneurons causes EDs, 

which is supported by my results from network experiments demonstrating reduced 

probability of EDs when Arch pulses are used to modulate PV interneuron activity. 

Alternatively, it could be possible that, for example, K+ accummulation in the 

extracellular space may be the principle cause, pushing both PV cells to enter DB 

and the pyramidal neurons to become hyperexcitable and generate EDs. If this is 
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the case, manipulating extracellular K+ dynamics during the pre-ED phase, for 

example by promoting the astrocytic uptake, could prevent EDs. 

The effects of pulsing Arch in interneurons should be further explored, since 

Arch acts as a proton pump and may change intracellular pH. Activation of Arch in 

excitatory neurons leads to a limited change in their intracellular pH, which 

stabilises rapidly by reaching a plateau (Chow et al., 2010). Still, it will be 

interesting to study what the pH dynamics are in the different subtypes of 

interneurons. To this end, optical probes such as ClopHensorN may be useful in 

reading intracellular pH during activation of Arch. However, Arch should not be 

fused with a fluorophore, as this can contaminate the fluorescence emmited by 

ClopHensorN. 

More generally, the data presented in this chapter represents a proof of 

principle that an optogenetic strategy can counteract DB and enable PV 

interneurons to maintain inhibitory restraint of epileptiform events. 
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Chapter 6: General Discussion 

In this last chapter I summarise my results and I consider potentially associated 

methodological shortcomings. Then I discuss how my results could be relevant in 

understanding the pathophysiology of seizures and I propose areas where this 

research can be extended in the future. 

6.1 Experimental findings 

In chapter 3 of my thesis I made use of a combination of in vitro and in vivo animal 

models to demonstrate that chemogenetically boosting synaptic output from 

specific GABAergic interneuron subtypes can suppress seizure activity. To achieve 

this, I coupled promoter-specific cre recombinase mice with viral-mediated 

delivery of chemogenetic constructs that I expressed in an in vitro model of drug-

resistant temporal lobe epilepsy. This approach enabled me to manipulate the 

activity of three major interneuron lineages of the hippocampus, namely the PV, 

SST and VIP populations. Targeted electrophysiological recordings from both 

presynaptic interneurons and postsynaptic principal neurons revealed that each of 

the three interneuron populations increased their firing rate and synaptic output 

following CNO-mediated activation of hM3Dq DREADD receptors. Whilst 

recruiting VIP interneurons did not change the total duration of the EDs, boosting 

PV and SST interneuron output robustly reduced epileptiform activity by 

decreasing event frequency. PV interneurons were able to generate the strongest 

effect per cell, exhibiting a five-fold greater ability to suppress EDs compared to 

their SST or VIP counterparts. Consistent with this, recruiting PV interneurons in 
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an in vivo model of acute temporal lobe seizures attenuated convulsive behaviours 

by more than 80%. This confirmed the potential of this chemogenetic strategy to 

suppress seizure activity by boosting endogenous inhibitory mechanisms in a cell-

type-specific manner. 

In chapter 4 I set out to investigate the intracellular pH and Cl− concentration 

dynamics experienced by pyramidal neurons and PV, SST and VIP interneurons 

during EDs. To this end, a floxed version of the pH and Cl− reporter ClopHensorN 

was designed. This allowed me to express the fluorescent probe separately in 

pyramidal cells as well as in all three interneuron subtypes. I combined whole-cell 

patch-clamp recordings of pyramidal neurons with confocal imaging to allow me 

to correlate epileptiform activity with the ion concentration transients reported by 

ClopHensorN. Using this approach, I found that, under baseline conditions, VIP 

interneurons had a more acidic intracellular somatic environment compared to the 

other interneuron subtypes. However, during epileptiform activity, all cell types 

exhibited acidification in a manner that reflected their resting pH. The PV 

interneurons acidified the most and their pH transients were maximal even for short 

epileptiform events. By contrast, the VIP interneurons experienced the lowest 

increase in H+ concentration, reaching their maximal pH response only during 

longer epileptiform events. In terms of Cl− differences, I found that the PV 

interneurons had the highest resting intracellular Cl− concentration. Epileptiform 

activity induced intracellular Cl− loading in pyramidal neurons, SST and VIP 

interneurons. By contrast, PV interneurons did not load Cl−, but in fact appeared to 

unload Cl−. This unloading effect was negatively correlated with the resting Cl− 
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concentration. Moreover, the PV cells were associated with less pronounced 

changes of their intracellular Cl− concentration during EDs compared to the other 

cell types. Taken together, these findings indicate that distinct subtypes of 

hippocampal GABAergic interneuron establish their pH and Cl− homeostasis 

differently. The fact that interneuron subtypes can exhibit different ion transients is 

likely to impact how these cell populations contribute to network activity in health 

and disease. 

In chapter 5 I investigated the DB mechanism that is thought to limit how 

PV interneurons provide inhibitory restraint against epileptiform events. To achieve 

this, I used optogenetics to prevent PV interneurons from entering into DB, in order 

to allow them to enhance the inhibitory restraint and help avert the initiation of EDs. 

I first established an in vitro model of seizure recruitment, in which I confirmed 

that PV interneurons contribute to inhibitory restraint. Combining PV-cre mice with 

viral-mediated delivery of the inhibitory opsin, Arch, allowed me to selectively 

manipulate the membrane potential of PV interneurons. I then demonstrate that 

brief Arch-mediated hyperpolarisations are capable of recovering PV interneuron 

firing both during current- and synaptically-induced DB. When employed at a 

population level, this optogenetic strategy resulted in a reduction in the occurrence 

of epileptiform discharges. This provides a proof of principle that it may be possible 

to enhance PV interneuron-mediated inhibitory restraint within the epileptic 

penumbra, in order to disrupt seizure propagation. 
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6.2 Methodological considerations 

6.2.1 Seizure models 

All of my in vitro experiments were performed in mouse organotypic hippocampal 

brain slices. This system is practical as it lends itself to a wide range of experimental 

methods and procedures, while providing the opportunity to examine spontaneously 

generated epileptiform events. For example, by using organotypic brain slices, I 

was able to perform targeted patch-clamp recordings, to deliver molecular-genetic 

tools and to perform optical measurements in parallel with electrophysiological 

measurements. Organotypic hippocampal slices retain a high degree of similarity 

to the hippocampus in vivo, preserving the tissue organisation and 

electrophysiological properties of the mossy fibre pathway (Gutiérrez and 

Heinemann, 1999). At the same time, at a cellular level, neurons in organotypic 

hippocampal slices develop equivalently and maintain the morphological and 

signalling characteristics of age-matched neurons in the intact hippocampus (De 

Simoni et al., 2003). 

However, under culture conditions, the tissue suffers a loss of afferent 

connections from other brain structures following the explant of hippocampal 

slices, most notably the contralateral hippocampus, the septum and the entorhinal 

cortex. This in turn favours mossy fibre sprouting and the generation of aberrant 

synapses and recurrent excitatory connections between the DG and CA1 areas 

(Gutiérrez and Heinemann, 1999). This pattern of hippocampal circuit 

reorganisation is thought to be a feature of temporal lobe epilepsy, as suggested by 

evidence from several animal models of established epilepsy (Frotscher and 
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Zimmer, 1983; Ben-Ari et al., 1984; Tauck and Nadler, 1985; Cavazos and Sutula, 

1990; Shibley and Smith, 2002) and from hippocampal tissue from patients who 

underwent resective epilepsy surgery (Babb et al., 1991; Isokawa et al., 1993). 

Consistent with this rearrangement of the excitatory circuit, organotypic 

hippocampal slices exhibit increased glutamatergic neurotransmission (De Simoni 

et al., 2003), and appear to undergo a process of post-traumatic epileptogenesis 

allowing them to develop spontaneous epileptiform activity (Dyhrfjeld-Johnsen et 

al., 2010; Lillis et al., 2015). Thus, properties that distinguish organotypic slices 

from the intact hippocampus, such as denervation and synaptic reorganisation, are 

considered hallmarks of temporal lobe epilepsy (Bausch and McNamara, 2000). 

Nonetheless, it is not entirely clear if the organotypic hippocampal slices 

recapitulate aspects pertaining to sclerosis, or to what degree the early bursting 

activity reflects the fact that the tissue is collected at a young age when axonal 

growth is facilitated. Axonal sprouting of mossy fibres may trigger spiking similar 

to a developmental process required to guide the maturation of the newly formed 

synapses (Dyhrfjeld-Johnsen et al., 2010). 

Several regions of the hippocampus may be important in seizure generation. 

Given that mossy fibre sprouting originates in the DG, and if we consider the 

possible contribution of this process to increasing network excitability, the DG 

plays an important part in seizure generation. At the same time, the CA3 area 

contains mutually connected pyramidal neurons, which could also participate in 

producing runaway excitation. Several studies also demonstrated that epileptiform 

activity can be readily triggered by tetanic stimulation and sustained in isolated 
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hippocampal CA1 regions (Fujiwara-Tsukamoto et al., 2004; Isomura et al., 2008). 

Although each of these regions individually are important in generating/sustaining 

epileptiform activity, they contribute cooperatively to support spontaneous 

synchronous activity through aberrant recurrent connections within the trisynaptic 

circuit (Gutiérrez and Heinemann, 1999). 

In my experiments, I was able to exploit this capacity of organotypic 

hippocampal slices to generate spontaneous epileptiform activity. This enabled me 

to both monitor and manipulate the activity and ion dynamics of specific 

interneuron populations of the hippocampus during epileptiform events. Of 

particular relevance to my work on inhibitory interneurons, is the observation that 

GABAergic transmission remains intact in the organotypic hippocampal 

preparation, probably because the axons of local inhibitory circuits are less likely 

to be severed during the slicing procedure (De Simoni et al., 2003). Moreover, to 

validate the fact that GABAergic interneurons retain their specific morphological 

patterns in this preparation, I showed that the distribution profiles of neuronal 

processes from distinct interneuron populations is consistent with that found in the 

intact hippocampus (Léránth et al., 1984; Acsády et al., 1996; Katona et al., 1999; 

Pawelzik et al., 2002; Chamberland et al., 2010; Bartos and Elgueta, 2012; Lovett-

Barron et al., 2012; Tyan et al., 2014) (Figure 3.1, Figure 3.3). Taken together, 

these findings support the conclusion that GABAergic interneurons preserve their 

morphological and functional characteristics in organotypic hippocampal slices. 

Therefore, using this tissue preparation allows for the study of the inhibitory system 

of the hippocampus in the context of EDs. 
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An alternative to organotypic slices would be the use of acute slices, which 

offer the advantage that the brain tissue is left to develop under normal conditions 

in the intact animal up to the point of the explant. This method is thought to preserve 

more of the anatomy and function of the neuronal network as found in vivo. 

However, acute slices do not exhibit spontaneous epileptiform activity, and 

therefore do not represent a model of temporal lobe epilepsy. Epileptiform events 

are not readily triggered in acute hippocampal slices, and the resulting EDs are 

generally short-lived. Furthermore, acute hippocampal slices do not lend 

themselves to imaging studies. This is due to the accumulation of surface debris 

that results from neuronal death induced by the slicing procedure. By contrast, 

organotypic preparations are characterised by a clear tissue surface and afford good 

optical access for imaging experiments using genetically encoded reporters 

(Raimondo et al., 2016). 

In addition to using spontaneous EDs in organotypic slices as a model of 

seizure activity in temporal lobe epilepsy, I also used NMDA in vitro and 4-AP in 

vivo. Local application of NMDA in brain slices has been established as a model of 

focal seizure activity and has been previously used to investigate the initiation and 

spread of epileptiform events with high spatial and temporal fidelity in cortex (Losi 

et al., 2010; Sessolo et al., 2015; Losi et al., 2016). In my experiments, local 

application of NMDA in the hippocampus resulted in epileptiform activity that was 

generalised across the whole preparation, without evidence of gradual propagation. 

This could be explained by the fact that the hippocampus has a different architecture 

compared to the neocortex, and the relatively simpler trisynaptic hippocampal 
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circuitry may allow much faster propagation speeds of epileptiform activity. In 

addition to the different tissue organisation, the organotypic hippocampal slices are 

known to become hyperexcitable as a result of the recurrent excitatory connections 

that form in vitro (Gutiérrez and Heinemann, 1999). A disadvantage of the NMDA 

model is the fact that it is not a model of epilepsy, but rather a model of evoked 

seizures. This model therefore cannot be used to study features of chronic epilepsy. 

However, a major advantage of this model is that by extending the pre-ED time 

window, one is afforded the important opportunity to study the mechanisms 

underlying inhibitory restraint. This ‘restraint’ phenomenon is thought to represent 

a barrage of inhibition in the area surrounding the seizure focus (the so-called 

‘penumbra’) (Trevelyan et al., 2006). In conclusion, although the NMDA model 

does not lend itself to studying chronic epilepsy, it provides a valuable opportunity 

to investigate the critical factors and mechanisms pertaining to inhibitory restraint. 

The in vivo 4-AP model was chosen to confirm the anticonvulsant potential 

of chemogenetically boosting PV interneuron output, because it allows for a 

controlled focal induction of seizure activity (Salam et al., 2017). An alternative to 

this acute model would be a chronic in vivo model of epilepsy, such as the 

pilocarpine or kainic acid models. These models of epilepsy capture the process of 

epileptogenesis underlying the development of spontaneous seizures, which is 

thought to provide a more accurate reproduction of the pathophysiology in epileptic 

patients. However, these chronic models require the animals to undergo a more 

complex protocol, with significant mortality rates. These models consist of 

inducing a single acute prolonged seizure (or status epilepticus) by injecting a 
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proconvulsant drug, such as kainic acid or pilocarpine, either in the brain of the 

animal or intraperitoneally (Reddy and Kuruba, 2013). This is followed by a latent 

period after which animals start to spontaneously exhibit seizures (Kandratavicius 

et al., 2014). The variability in frequency and severity of the spontaneous seizures, 

and the fact that epileptic events may be triggered from outside of the hippocampus, 

are reasons why a more controlled and rapid methodological approach was 

preferred. Moreover, models of acutely triggered focal seizures proved to be 

instrumental in the development of anti-seizure drugs (Kupferberg, 2001). 

When combining cellular manipulations with seizure models, it is important 

to consider how these processes may interact with one another at the cellular level. 

For example, using the K+ channel blocker 4-AP is known to induce recurrent 

epileptiform discharges both in vitro and in vivo (Szente and Baranyi, 1987; 

Armand et al., 1999). It has been shown that 4-AP blocks channels in the Kv1 and 

Kv3 family, as well as D-type currents. This causes a considerable increase in 

neuronal excitability (Gustafsson et al., 1982; Storm, 1988). At the same time, 

blocking K+ channels with 4-AP leads to enhanced presynaptic Ca2+ influx at the 

level of synaptic terminals, by prolonging the duration of presynaptic action 

potentials (Jones and Heinemann, 1987). Interneuron excitability seems to be 

preferentially affected by low doses of 4-AP, perhaps because their generally fast-

spiking phenotype relies more on K+ channels of the Kv3 family (Segal, 1987; 

Martina et al., 1998). Indeed, hippocampal GABAergic interneuron activity was 

shown to be promoted by 4-AP, which can then encourage synchronised activity in 

pyramidal neurons by eliciting postsynaptic hyperpolarising potentials (Segal, 
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1987; Perreault and Avoli, 1992; Sinha and Saggau, 2001). This synchronising 

effect on the network can initiate epileptiform discharges. Furthermore, the 

synchronous release of GABA, coupled with the activity-induced extracellular K+ 

accumulation, are implicated in allowing hyperexcitability to develop (Segal, 1987; 

Perreault and Avoli, 1992). The fact that the 4-AP model may have specific effects 

on interneuron excitability could be a caveat of the current work, since GABAergic 

interneurons were also the target for the chemogenetic manipulation. However, 

whereas the 4-AP was applied focally into the hippocampus, DREADDs expression 

was widespread across the rostro-caudal extent of the hippocampus and the CNO 

was delivered systemically. Therefore, the chemogenetic effects would be expected 

to involve PV interneurons throughout hippocampal regions around the seizure 

focus. Moreover, the fact that convulsive behaviours were preferentially suppressed 

is consistent with preventing seizure spread. 

6.2.2 Estimating the intracellular pH and Cl− concentration 

A floxed version of the ClopHensorN reporter was designed to measure the 

intracellular pH and Cl− concentration in genetically defined neuronal populations 

(chapter 4). Although this fluorescence indicator affords simultaneous and 

independent quantification of pH and Cl− concentration, there are challenges 

associated with using this technique. This is largely due to the relatively complex 

inference process required to translate optical signals into absolute concentrations 

of the two ion species. For example, the requirement to alternate between different 

excitation wavelengths may pose optical challenges related to their differential 

scattering in brain tissue (Sato et al., 2017). Moreover, fluorescence indicators like 
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ClopHensorN require calibration, which is inevitably performed in a different set 

of cells than the one that is ultimately investigated. Furthermore, the need for optical 

signals to be translated into ion concentrations by inference against a population 

average may introduce measurement noise. However, despite these limitations, 

ClopHensorN holds many advantages in measuring intracellular pH and Cl−, which 

is why I chose to employ this technique. Next, I consider potential alternatives to 

using this reporter, and their associated strengths and weaknesses, which ultimately 

explain why ClopHensorN was selected as an appropriate indicator for H+ and Cl−. 

The first measurements of intracellular pH used pH-sensitive 

microelectrodes (Rose and Deitmer, 1995). However, this technique was limited by 

the size of these microelectrodes and by the damage they inflicted to the cells being 

recorded. An alternative approach is to use pH-sensitive dyes, such as fluorescein 

analogues (Boyarsky et al., 1988). However, these have been shown to block the 

Ca2+/H+ ATPase (Gatto and Milanick, 1993; Chesler, 2003), an important 

mechanism contributing to activity-dependent intracellular acidification 

(Schwiening et al., 1993; Svichar et al., 2011). Genetically encoded GFP-based pH 

indicators, such as ClopHensorN, do not suffer from these limitations. In addition, 

these genetic biosensors have a number of advantages such as the capability for 

cell-specific and subcellular targeting, higher signal-to-noise ratio and spatial 

resolution, no interaction with the intracellular pH regulatory processes and no 

fluorophore leakage (Bizzarri et al., 2009). 

As with pH techniques, measurements of intracellular Cl− concentration 

were first made possible by Cl−-sensitive electrodes (Mauro, 1954). However, this 
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technique had slow kinetics for detection and the damage it introduced to the 

recorded cells led to electrophysiology techniques, namely perforated patch-clamp 

recordings, being preferred. This allowed Cl− levels to be indirectly inferred by 

estimating EGABAA
. The gramicidin perforated patch method was shown not to 

perturb intracellular Cl−, since gramicidin pores are not permeable to Cl− (Kyrozis 

and Reichling, 1995). However, these pores are permeable to small cations such as 

Na+, K+ and H+, which could potentially influence EGABAA
 and therefore the inferred 

Cl− concentration. An additional electrophysiological method for estimating Cl− 

involves a dual cell-attached configuration in which GABAA and NMDA receptor 

currents are recorded (Tyzio et al., 2008). Measuring the reversal of NMDA 

receptors permits the estimation of the resting membrane potential, while 

determining EGABAA
 subsequently allows Cl− levels to be inferred. This approach 

has the advantage of being less invasive and enables a more accurate measurement 

of the resting membrane voltage and therefore of the Cl− driving force, virtue of the 

fact that shunting conductances induced by the whole-cell patch-clamp 

configuration are absent (Tyzio et al., 2008). Nonetheless, the cell-attached method 

is suitable for estimating resting states rather than ion dynamics, and generally 

electrophysiological methods sample relatively slowly. Furthermore, the 

electrophysiological methods rely on GABAAR activation in order to calculate 

EGABAA
. This poses a significant challenge when trying to estimate intracellular Cl− 

during epileptiform events, particularly given the significant drop in input 

resistance induced by epileptiform activity (Figure 5.6). 
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The alternative to electrophysiological methods is live cell imaging. Cl−-

sensitive quinolinium-based dyes were used initially as they were easily loaded into 

neurons and they were suitable for two-photon imaging. However, these techniques 

were limited by low signal-to-noise, toxicity, leakage and bleaching (Bregestovski 

et al., 2009). Next came the development of ratiometric genetically encoded Cl− 

indicators such as Clomeleon and Cl-sensor (Kuner and Augustine, 2000; Markova 

et al., 2008; Grimley et al., 2013). These reporters were not plagued by artefacts 

related to reporter concentration, but were influenced by changes in intracellular 

pH. The approach was later improved, which led to the development of ClopHensor 

and ClopHensorN (Arosio et al., 2010; Raimondo et al., 2013). The main advantage 

of these probes is their ability to accommodate for changes in intracellular pH. A 

related molecule to ClopHensorN is a new reporter called LSSmClopHensor, which 

has been shown to be compatible with in vivo imaging if the effects of brain tissue 

on the sensor’s spectrometry are accounted for (Sato et al., 2017). As ClopHensor-

based reporters use multiple wavelengths, they are vulnerable to the effects of tissue 

scattering. Correcting for spectral alteration caused by brain structures is most 

important when imaging deep in tissue, which is needed when imaging in vivo. It is 

unlikely that my measurements were affected by this phenomenon given that the 

neurons I recorded were superficial in the tissue, and organotypic slices are thin. 

One particularity of optically interpreting Cl− is that the calibration curve of 

ClopHensor-based reporters has better resolution for inferring changes in ratio 

values for lower Cl− concentrations. Therefore, high values of inferred Cl− may be 

associated with an increased estimation error, compared to low values of inferred 
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Cl−. This is particularly relevant for Cl− levels estimated in PV interneurons. 

Therefore, the intracellular Cl− concentration in PV interneurons might be slightly 

overestimated. Another limitation of ClopHensorN or LSSmClopHensor is that the 

fitted time constant for Cl− interaction at pH 7 is ~175 ms, which restricts the 

temporal resolution at which Cl− dynamics can be measured. Finally, all ratiometric 

reporters critically depend on the stoichiometry between the two fluorophores from 

which they are constructed. Alterations in intracellular production or degradation 

of proteins may potentially affect the coupling of the two fluorophores. Fortunately, 

I found no evidence of separation and/or aggregation of fluorophores in my 

expression of ClopHensorN in the organotypic slices. 

In summary, whilst electrophysiological methods may have greater 

sensitivity and perhaps accuracy, imaging methods offer the chance to monitor ion 

dynamics throughout the entire course of epileptiform events. Furthermore, once 

the imaging technique is established, it allows for more rapid data collection. 

Amongst imaging methods, ClopHensorN brings technical challenges, but solves 

the important pH sensitivity problem and offers good temporal resolution where 

significant Cl− fluxes occur. 

Having reflected on the methodological considerations, I will now discuss 

the wider implications of my findings and how they might be investigated further 

in future experiments. To structure this wider discussion, I will first reflect on my 

measurements of ion dynamics in genetically-defined interneuron populations and 

then on how my findings speak to manipulating these interneuron subtypes. 
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6.3 Monitoring ion dynamics in GABAergic interneurons during 
epileptiform events 

6.3.1 pH transients during epileptiform activity 

In chapter 4 of this thesis I have shown that PV, SST and VIP interneurons, as well 

as pyramidal neurons, acidify during epileptiform events. Interestingly, these 

interneuron subtypes have different intracellular pH resting states, and this relates 

to the extent to which they acidify during epileptiform activity. From this data, there 

are three questions that arise. First, where do the protons mediating this effect come 

from? Second, how does this phenomenon impact the pH of the extracellular space? 

Finally, what are the functional consequences of these differences in pH both at 

baseline and during epileptiform activity? 

One important mediator of pH changes is thought to be the influx of protons 

resulting from Ca2+/H+ exchange by plasmalemmal Ca2+-ATPases. These co-

transporters work by removing activity-induced intracellular Ca2+ (Schwiening et 

al., 1993; Makani and Chesler, 2010). As these transporters allow for intracellular 

H+ influx, it is thought that this process would lead to an alkalinisation of the 

extracellular space. However, it is also important to consider astrocytes, which have 

been shown to become more alkaline during epileptiform activity (Raimondo et al., 

2016). This is a result of the activity of the electrogenic Na+/HCO3
− co-transporter 

NBCe1, which mediates the influx of one Na+ ion and two HCO3
− ions, forcing the 

extracellular space to become more acidic. These opposing shifts in neuronal and 

astrocytic pH make the extracellular pH dynamics complex. Furthermore, as 

astrocytic alkalinisation is faster than neuronal acidification (Raimondo et al., 
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2016), one would predict that the extracellular space acidifies transiently at the 

onset of epileptiform events. As the epileptiform event progresses and neurons 

become more acidic, the resulting extracellular decrease in H+ would be predicted 

to attenuate the initial acidosis and even promote alkalosis. Such biphasic changes 

in extracellular pH have indeed been reported (Siesjö, 1985; Krishtal et al., 1987; 

Chesler and Kaila, 1992). However, the dynamics of extracellular pH can vary 

depending on the relative contribution of the astrocytic and neuronal components, 

and on the brain structure in which they occur (Chesler and Kaila, 1992). 

Furthermore, intense network activity and the associated high intracellular 

metabolic activity that occur during seizures, can lead to the production and 

diffusion of lactic acid. This can prolong extracellular acidosis, even after seizure 

activity has terminated (Siesjö, 1985). 

As part of a complex interplay between intra- and extracellular 

compartments, the resulting extracellular changes in pH can themselves have a 

marked effect on network excitability. For example, extracellular acidification has 

been postulated to represent a negative feedback against increases in network 

activity (Ransom, 1992), acting as a form of endogenous anticonvulsant (Lennox, 

1928a; Velísek et al., 1994). Extracellular acidosis has been found to decrease the 

conductance and gating properties of Na+, K+ and Ca2+ channels (Tombaugh and 

Somjen, 1996), as well as reducing the current through AMPA and NMDA 

receptors (Giffard et al., 1990; McDonald et al., 1998). Furthermore, extracellular 

acidification can enhance GABAergic conductances (Pasternack et al., 1996). 

Another study identified that acidosis stimulates GABAergic interneurons through 
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the proton-gated Na+ channels called ASIC1a, thereby increasing network 

inhibition and promoting the termination of epileptiform events (Ziemann et al., 

2008). At the same time, intracellular acidification of neurons has been shown to 

counteract epileptiform activity (Xiong et al., 2000). This supports the idea that 

lowering the cytosolic pH may play an important role in protecting against 

excessive neuronal activity (Lam et al., 2013). Indeed, as discussed in chapter 4, 

low intracellular pH has been previously shown to reduce Ca2+ conductances 

(Dixon et al., 1993; Takahashi and Copenhagen, 1996; Tombaugh and Somjen, 

1997), which could reduce repetitive firing and neurotransmitter release (Dodge 

and Rahamimoff, 1967; White et al., 1989; De Schutter and Bower, 1994). 

Whilst it is important to consider the separate contribution of both the intra- 

and extracellular compartments to network excitability, in reality the intracellular 

and extracellular pH are inextricably linked. For example, metabolic acidosis is 

known to lower both the extracellular and intracellular pH (Salameh et al., 2014) 

and this could be the mechanism by which certain anti-seizure therapies exert their 

effect, as suggested in the ketogenic diet (Lennox, 1928b) or the administration of 

carbonic anhydrase inhibitors that reduce the production of bicarbonate (Velísek 

and Velísková, 1994; Leniger et al., 2002; Hamidi and Avoli, 2015). Indeed, 

valproate, acetazolamide and topiramate are all anti-seizure drugs that are known 

to inhibit carbonic anhydrases (Supuran, 2008). 

GABAergic interneurons may be a potentially interesting target and 

mediator of acidosis effects. At the same time as experiencing pH dynamics caused 

by epileptiform events, GABAergic interneurons are likely to play an important 
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role in mediating the effects of acidosis on network excitability. In addition to these 

cells being particularly sensitive to extracellular acidosis through acid-sensing 

channels (Ziemann et al., 2008), fast GABAergic synaptic transmission may itself 

be affected by intracellular acidification. This could hyperpolarise the reversal 

potential of HCO3
− due to consumption of intracellular HCO3

−. This would be 

expected to cause a hyperpolarisation of EGABAA
 and an enhancement of GABAAR-

mediated inhibition. The size of this effect would depend on the relative HCO3
− 

consumption caused by acidosis of the extracellular space. The net effect could be 

an increased presynaptic recruitment of GABAergic interneurons leading to an 

enhanced postsynaptic GABAAR-mediated hyperpolarisation. Therefore, activity-

induced acidosis could promote the GABAergic system’s role in seizure 

termination. 

Although lowering of general intracellular pH levels has been shown to 

promote epileptiform event termination, the extent to which acidification of 

GABAergic interneurons contributes to this protective effect is not clear. One could 

imagine experiments in which this could be examined. For example, to investigate 

the effects of cell-specific intracellular pH changes, the light-activated proton pump 

Arch (Chow et al., 2010) could be used to alkalinise genetically-defined interneuron 

population. However, activation of the proton efflux through Arch also generates 

membrane hyperpolarisation, which may be a significant confounding factor. 

Manipulating intracellular pH would also be interesting in the context of 

epileptogenesis, when certain types of GABAergic interneurons are known to be 

depleted, such as SST interneurons (Robbins et al., 1991). If a low intracellular pH 
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has a neuroprotective effect, could SST interneurons be rescued from depletion 

during epileptogenesis? Finding tools to specifically control intracellular pH 

without altering the membrane potential would be useful in addressing these issues. 

Transcriptional profiling of genetically-defined interneuron subtypes (Paul et al., 

2017; Harris et al., 2018) could also reveal specific isoenzymes that become targets 

for pharmacological manipulations. For example, the carbonic anhydrase type II 

has been identified in a subset of GABAergic interneurons in the human 

hippocampus (Kida et al., 2006). RNA interference could then be used to selectively 

manipulate these genes in specific cell types. 

The study of mechanisms contributing to the resting pH or activity-induced 

acidification of interneurons would also benefit from the use of existing 

pharmacological tools. For example, while monitoring pH with ClopHensorN, the 

contribution of the Ca2+/H+ exchange could be assessed by using caloxins to inhibit 

the plasmalemmal Ca2+ ATPase (Pande et al., 2011). Similarly, the contribution of 

GABAARs to acidification could be assessed with selective receptor antagonists 

such as gabazine or bicuculline methiodide (Ueno et al., 1997). Such 

pharmacological experiments are likely to provide insights into how distinct 

interneuron subtypes can exhibit different resting pH (for example VIP 

interneurons) and could, more generally, help elucidate how they regulate their pH 

homeostasis. 

6.3.2 Cl− transients during epileptiform activity 

In chapter 4 I have discovered that two major interneuron populations of the 

hippocampus (SST and VIP interneurons), like pyramidal neurons, show 
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pronounced loading of Cl− during epileptiform events. Uniquely, PV interneurons 

do not load, but may actually unload Cl− during epileptiform activity. These 

findings led to two pertinent questions. First, why do some neuron populations load 

Cl− during epileptiform events, and other do not? Second, what are the implications 

for this cell-type specific phenomenon? 

During GABAAR activation, Cl− flows down its electrochemical gradient. 

In neurons that have low levels of Cl− under resting conditions, Cl− tends to enter 

the cell. Particularly during periods of membrane depolarisation, the increased 

driving force for Cl− influx is expected to favour increases in intracellular Cl−. 

Indeed, the coupling of intense GABAAR activation with membrane depolarisation 

during epileptiform events is known to induce positive shifts in EGABAA
 in pyramidal 

neurons, which changes the subsequent driving force for Cl− (Kaila and Voipio, 

1987; Ilie et al., 2012; Raimondo et al., 2012c). Neurons may accumulate Cl− to the 

extent that the transmembrane gradient collapses and the driving force reverses, 

allowing GABAergic signalling to become depolarising or even excitatory 

(Raimondo et al., 2017). From all cell types investigated in this thesis, PV 

interneurons had the highest level of Cl− under resting conditions. Given a mean 

resting Cl− concentration of 32.5 mM, the estimated EGABAA
 in PV interneurons is 

approximately -40 mV. Such a depolarised value for EGABAA
 would be expected to 

be much closer to, or even above, the membrane potential of PV interneurons during 

epileptiform activity (Figure 4.4) (Vida et al., 2006; Cammarota et al., 2013). These 

conditions would be expected to generate modest Cl− fluxes and potentially Cl− 

effluxes rather than influxes. The resting intracellular level of Cl− is therefore 
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critical in determining the direction of transmembrane ion flow during epileptiform 

events. Consistent with this, I found that the Cl− unloading effect becomes less 

pronounced in PV interneurons that have a lower resting intracellular Cl−. 

At seizure onset, the dynamic nature of the driving force for Cl− during 

intense GABAAR activation is likely to impact the way neurons integrate their 

excitatory and inhibitory inputs. The reduction of the Cl− gradient in pyramidal, 

SST and VIP cells is expected to shift the balance of excitatory-to-inhibitory inputs 

towards excitation. This would occur as a result of the strength of inhibitory 

conductances being diminished by the depolarised EGABAA
. By contrast, PV 

interneurons do not collapse their Cl− gradients, and are therefore well-placed to 

maintain their E/I balance, despite their recruitment to seizure activity (Figure 6.1). 

Instead of a disruption in the balance of E/I inputs at seizure onset, PV interneurons 

are instead affected in terms of their output by DB (as shown in chapter 5). 

As the seizure progresses, the SST and VIP cells follow a similar pattern to 

the pyramidal cells and would be predicted to become increasingly affected by the 

collapse in their transmembrane Cl− gradients. The result of Cl− loading in 

pyramidal neurons during seizure events is that GABAA-mediated inhibition would 

become ineffective at silencing their activity, as it becomes excitatory (Ellender et 

al., 2014). The fact that SST and VIP interneurons also reach high intracellular Cl− 

levels during seizure activity may act as a positive feedback loop. For example, if 

the E/I balance in VIP interneurons increases, this interneuron population would 

become more excitable. VIP interneurons are known to preferentially target other  
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Figure 6.1. Predicted excitation-inhibition balance of pyramidal neurons and 
PV interneurons. The cartoon (left) illustrates a pyramidal neuron (blue) and a PV 
interneuron (green). Chloride dynamics are shown for the two cell types (middle). 
During a seizure event, Cl− flows into the pyramidal neuron, whereas the PV 
interneuron intracellular Cl− is relatively high at rest and drops slightly as a result 
of the seizure (middle). The predicted E/I balance is shown for the two cell types 
(right). Given the Cl− inflow during the seizure and impact on GABAAR 
transmission, the pyramidal neuron’s excitation-inhibition (E/I) balance is 
predicted to increase significantly. However, the more stable Cl− levels in the PV 
interneuron are predicted to result in a more stable E/I balance. 

 

interneuron subtypes, particularly SST interneurons, which are themselves 

experiencing a transmembrane Cl− collapse and a shift in E/I balance towards 

excitation. By contrast, PV interneurons are predicted to maintain a more stable E/I 

balance. The net effect could be that, during a seizure, pyramidal neurons 

experience a shift in input across their somatodendritic axis, as dendrite-targeting 

SST interneurons become relatively more excited. 

At the same time, pyramidal neurons also load with Cl−, and this is expected 

to be more pronounced in smaller subcellular compartments such as dendrites (Qian 

and Sejnowski, 1990). Interestingly, the opposite has been found, with ED-induced 

depolarising shifts in EGABAA
 appearing to be more pronounced in the somatic rather 

than the dendritic compartment (Ellender et al., 2014). One explanation for this 

result could be that the dendritic compartment may contain a relatively high KCC2 

expression compared to the somatic compartment. Elevated KCC2 activity would 

be predicted to keep Cl− levels low by opposing Cl− loading. This is consistent with 
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my result that, during epileptiform activity SST interneurons with a low resting Cl− 

concentration (and presumably higher expression of KCC2) loaded Cl− less than 

SST interneurons with higher resting Cl− levels (Figure 4.8). Future research could 

investigate the impact on ED progression of selectively manipulating interneuron 

subtypes so that their Cl− levels are more stable. For example, one could imagine 

selectively overexpressing KCC2 in SST interneurons. If the increased capacity to 

export Cl− ions pushes the E/I balance towards inhibition, this could reduce SST 

interneuron-mediated excitatory effects onto pyramidal neurons. 

Once a seizure has been initiated, probably the most obvious cell type to 

target to break the hypothesised positive feedback loop is the pyramidal neuron. 

Mature pyramidal neurons are known to express KCC2, and the activity of this 

transporter is critical in limiting the severity of epileptiform activity (Silayeva et 

al., 2015). The activity of KCC2 is enhanced by phosphorylation of serine 940 (Lee 

et al., 2007). However, epileptiform activity has been shown to dephosphorylate 

KCC2 serine 940 and therefore reduce its activity (Silayeva et al., 2015), which 

could further compromise the ability of neurons to discard accumulating Cl− during 

seizure events. Therefore, effective therapeutic strategies could involve 

overexpressing KCC2 (Magloire et al., 2018) and/or preventing its 

dephosphorylation in pyramidal neurons (Moore et al., 2018), in order to boost 

KCC2-mediated Cl− extrusion. 

Taken together, one should consider that the most appropriate cell type to 

target in the context of epileptiform activity may depend on the timing of the 

manipulation. The stability of input matching of PV interneurons compared to other 
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interneuron subtypes makes them a desirable candidate for manipulations aimed at 

preventing a network from entering into a seizure. However, at seizure onset, PV 

interneurons face an output problem (to be discussed further below). Once seizures 

start, the most rational target for manipulation is likely the pyramidal neuron. 

Enhanced Cl− extrusion can be achieved by either overexpressing KCC2 (Magloire 

et al., 2018) or by using novel cooperative optogenetic tools such as Cl-out (Alfonsa 

et al., 2016). These could prove to be valuable strategies in suppressing ongoing 

epileptiform activity. 

6.4 Controlling ion dynamics in GABAergic interneurons during 
seizure events 

In this thesis I show that the activity of PV and SST interneurons can be 

chemogenetically enhanced to suppress epileptiform events (chapter 3). I also 

demonstrate that the recruitment of PV interneurons driven by network excitation 

can be increased by removing them from DB with an inhibitory opsin (chapter 5). 

This leads one to the question: how can two opposing manipulations result in the 

same type of impact on epileptiform activity? Here, I will attempt to answer this 

question by incorporating these results into a proposed model of seizure recruitment 

that may be relevant in the context of focal epilepsy. 

6.4.1 A model of seizure recruitment in focal epilepsy 

Figure 6.2 illustrates my attempt to integrate the experimental findings from this 

thesis into a model describing the spatio-temporal excitation-inhibition dynamics 

in the context of a focal seizure. These ideas draw on previous literature 
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investigating the spatial spread of epileptiform activity (Trevelyan et al., 2006, 

2007). 

In this model, the generation of a focal seizure event requires the existence 

of a pathologic epileptic ‘focus’, which is able to recruit the surrounding seizure 

‘core’, representing a critical mass of neurons necessary and sufficient to generate 

a seizure that can then spread into the adjacent healthy tissue called the epileptic 

‘penumbra’ (Figure 6.2). A seizure is initiated when excitation generated by the 

pathologic focus rapidly overcomes inhibition and recruits the core (Figure 6.2, 

left). If inhibition is enhanced within the core region, as in the case of my 

chemogenetic manipulations (chapter 3), the effect of excitation from the epileptic 

focus is attenuated and the critical mass of neurons required to generate a seizure is 

not recruited. The result is that the seizure is not initiated. 

However, if inhibition is not strong enough to counteract excitation at this 

point, a seizure is generated and starts to spread into the adjacent penumbra (Figure 

6.2, right). This activates an endogenous restraint mechanism in the form of 

feedforward inhibition, which opposes the seizure front by matching excitation. If 

the excitation level grows above a critical threshold, the feedforward inhibition may 

start to fail because of the output limitation imposed by DB in key interneuron 

populations. At this point, excitation can overcome inhibition and precipitate the 

recruitment of the local network to the seizure front. If, however, the effects of DB 

are experimentally mitigated, the inhibitory mechanisms have greater capacity to 

overcome excitation, preventing further network recruitment and seizure spread. 
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Figure 6.2. A proposed model of spatio-temporal excitation-inhibition 
dynamics during recruitment to a seizure event. A schematic illustration of a 
seizure initiated from a focus of damaged tissue (black area in the centre) and the 
dynamic events occurring in the core (dark blue area around the focus) and 
surrounding penumbra (light blue area around the core). Events at the core (left 
box) are characterised by a brief pre-seizure phase in which excitation rapidly 
overcomes inhibition. Boosting synaptic inhibition during baseline can prevent 
epileptiform events by dominating excitation pre-emptively. The seizure front 
spreads by recruiting more neurons in the adjacent penumbra, which opposes the 
propagating wave via feedforward inhibition (right box). The activity in the 
penumbra before seizure recruitment comprises two distinct phases, separated by 
the point at which PV interneuron firing starts to be impaired by DB. During the 
DB phase, the capacity of feedforward inhibition to oppose excitation is 
compromised and this leads to seizure spread. Arch pulsed stimulation of PV 
interneurons may prevent seizure events by boosting inhibition during the period 
that DB would normally interfere with the capacity of PV interneurons to generate 
action potentials. 
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The abrupt onset of spontaneous EDs observed in my experiments is 

consistent with what one would expect to occur with a rapidly recruited epileptic 

core. Furthermore, the inhibitory restraint revealed experimentally in this thesis is 

consistent with my findings and previous studies that have described how the 

GABAergic system within the penumbra can oppose the spread of epileptiform 

activity (Trevelyan and Schevon, 2013). 

Since this is a working model of focal seizures, it presents opportunities for 

further testing. First, the validity of the model would need to be tested. This could 

be done by monitoring distinct populations of cells to investigate how fast and/or 

synchronously they are recruited around the seizure focus, or even further away in 

the penumbra. For example, visualising excitatory neuron activity by Ca2+ imaging 

suggests that clusters of pyramidal neurons are recruited to the seizure front once 

the local GABAergic inhibitory restraint has failed (Trevelyan et al., 2006, 2007). 

Selective manipulation of different regions of the network, relative to the 

seizure focus, could also help to test the model. A prediction of the model is that 

selective manipulation of the area around the focus preferentially impacts seizure 

generation, whilst selective manipulation of the penumbra is predicted to disrupt 

seizure propagation. The findings of my thesis demonstrate that boosting inhibition 

is capable of preventing seizure generation, whilst enhancing the inhibitory restraint 

prevented epileptiform recruitment. One could imagine the opposite experiment, 

where inhibition is attenuated. It has been shown that antagonising the GABAergic 

system produces seizures (Miles and Wong, 1987; Treiman, 2001). Moreover, 
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collapsing the inhibitory restraint results in much faster spread of seizures compared 

to when inhibition is intact (Chervin et al., 1988; Trevelyan et al., 2006). 

Neither strategy that I used to enhance inhibition was 100% effective, in the 

sense that neither completely abolished epileptiform activity. Why was this the case 

and what could one do to improve the efficacy of these strategies? If the model is 

correct, it would be useful to understand the limitations of the manipulations that I 

have employed and to try to refine them by increasing their strength and specificity. 

Further validating the model using these more powered and targeted manipulations 

may help improve intervention options. 

The chemogenetic strategy, for example, relies on G proteins and on their 

intracellular signalling cascade (Alexander et al., 2009). An obvious limitation for 

this type of manipulation is the amount of G proteins that the target cells produce. 

Overexpressing the specific Gq protein that is required for signal transduction of 

excitatory DREADDs could be a method to boost their efficacy in promoting 

neuronal activity. However, a potential problem of increasing the excitatory effect 

of the chemogenetic manipulation is that too much excitation could result in DB 

and the subsequent collapse of inhibition. The pulsed Arch strategy for reducing 

DB also has limitations. Most notably, the photocurrent produced by Arch is 

rendered ineffective in generating hyperpolarisations when the neuronal membrane 

resistance decreases due to intense neurotransmitter release. 

DB may not be the only mechanism by which inhibitory restraint fails. 

Several alternative presynaptic mechanisms have been proposed, such as synaptic 
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depression (Kraushaar and Jonas, 2000), the reduction of release probability caused 

by GABABR and metabotropic glutamate receptor activation (Giustizieri et al., 

2005), or the depletion of the releasable pool of synaptic vesicles (Zhang et al., 

2012). However, my data shows that removing DB allows for an increased firing 

rate of PV interneurons, which reduced the probability of epileptiform events. 

Therefore, the fact that an increase of firing had an effect on epileptiform activity 

argues against the presynaptic vesicular depletion hypothesis. 

The optogenetic manipulation for removing DB represents only a proof of 

concept. This provides the opportunity to refine the strategy of removing DB, 

potentially by using non-optical approaches. For example, K+ channels of the Kv3.1 

type could be selectively overexpressed in PV interneurons of the penumbra. This 

K+ channel has useful properties such as fast activation at depolarised potentials 

and rapid deactivation, which facilitate the sustained fast spiking pattern of PV 

interneurons (Chow et al., 1999). Overexpression of the channel could promote 

higher frequency firing during inhibitory restraint, and may help to prevent DB by 

opposing depolarisation. Gene therapies based on K+ channel have been previously 

proposed, but for the purpose of transducing and inhibiting excitatory neurons 

(Wykes et al., 2012; Snowball et al., 2018). This could be a useful approach, 

especially after neurons are recruited to the seizure event. Another recently 

published study makes use of a glutamate-gated Cl− channel expressed in excitatory 

neurons (Lieb et al., 2018). One could imagine this may be useful for targeting the 

healthy tissue around the pathologic focus, where Cl− levels in pyramidal neurons 

are presumably low before seizure recruitment. However, this approach may 
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precipitate the collapse of GABAergic inhibition if intracellular Cl− accumulates 

more rapidly in excitatory neurons. One could imagine making use of glutamate-

sensing moieties to design K+ channels that are activated by pathologic levels of 

extracellular glutamate. Arguably, a combination of glutamate-gated K+ (Chen et 

al., 1999; Janovjak et al., 2010) and Cl− channels could work synergistically: K+ 

conductances would oppose membrane depolarisation, hence preventing Cl− 

accumulation in excitatory neurons. This strategy could be selectively employed at 

the seizure core, whilst methods to boost inhibitory restraint could be used in the 

penumbra, such as, a K+-selective, light-gated ion channel that could be used as an 

alternative optogenetic strategy to remove DB in PV interneurons (Cosentino et al., 

2015). 

Having discussed my results and possible future experiments in the context 

of a model of focal epilepsy, I will use the next section to discuss the strengths and 

weaknesses of adopting optogenetic and chemogenetic strategies in interneurons. 

6.4.2 Optogenetic versus chemogenetic recruitment of specific interneurons 

A series of studies using rodent models have successfully applied optogenetic 

approaches for disrupting epileptiform networks. Like chemogenetic approaches, 

optogenetics lends itself to cell-type targeting and this work has helped define the 

role of different interneuron types. For example, it has been shown that when 

combined with real-time seizure detection methods, temporally controlled 

optogenetic activation of interneuron populations can provide effective disruption 

of epileptic activity (Krook-Magnuson et al., 2013; Ledri et al., 2014; Sessolo et al., 

2015). However, this work has also revealed that optogenetic activation of 
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interneurons can actually initiate epileptiform activity, in a manner that may depend 

on the network state (Sessolo et al., 2015; Yekhlef et al., 2015; Assaf and Schiller, 

2016; Chang et al., 2018a). This phenomenon seems to be associated with the 

pulsed light-activation and enforced synchronisation of interneuron activity, which 

can then synchronise the network by inducing time-locked post-inhibitory rebound 

spiking (Sessolo et al., 2015; Chang et al., 2018a). In addition to these temporal 

aspects, optogenetic strategies face other challenges for disrupting seizures. These 

include the delivery of light to structures that may be deep within the brain, or to 

cells that may be distributed over large regions (Wykes et al., 2016). 

Chemogenetic intervention strategies may mitigate these issues, as they 

offer the potential to modulate cellular activity on larger spatial and temporal scales. 

Effects from chemogenetics can be coordinated across large areas of tissue, due to 

the systemic delivery of the activating drug (Alexander et al., 2009). Furthermore, 

the fact that DREADDs are G-protein coupled receptors and act through 

endogenous cellular mechanisms, may avoid unwanted effects associated with 

artificial synchronisation of the network (Wang et al., 2017). However, their 

reliance upon the cell’s own intracellular machinery may limit the potential for 

chemogenetics. Whereas optogenetic strategies have the power to use light energy 

to move ions against concentration gradients, chemogenetic strategies must rely 

upon endogenous mechanisms, at least in their current form. Nonetheless, 

chemogenetics lends itself to translational approaches more readily than 

optogenetics. I found that the activation of Gq-coupled receptors in PV and SST 

interneurons is sufficient to considerably reduce the probability of initiation of 
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epileptic network activity. As well as supporting chemogenetic strategies, this has 

implications for drug discovery. As more single-cell RNA sequencing studies are 

published, the identification of Gq-coupled receptors that are enriched in PV or SST 

cells, but not in VIP interneurons and excitatory cells, becomes a possibility. The 

present study suggests that such G protein-coupled receptors would represent 

potential drug targets for temporal lobe epilepsy. 

Despite the success of my experiments and of previous work (Kätzel et al., 

2014; Wang et al., 2018), there remain questions about how inert the designed drugs 

are for the selective activation of the DREADDs, and whether these need to be 

refined further (Gomez et al., 2017). Any cell-targeted strategy must also consider 

how the contributions of particular cell types may change in epilepsy. Cell types 

may be lost or change their signalling at different stages of the disease (Robbins et 

al., 1991; Cohen et al., 2002; Wang et al., 2017). Furthermore, the contribution of 

a cell type may also depend on their location relative to the epileptic focus (Sessolo 

et al., 2015), their position in the epileptic circuit (Paz and Huguenard, 2015a), and 

their effects may change dynamically during an individual epileptiform events 

(Ellender et al., 2014). For these reasons, multiple anti-seizure strategies may be 

required, perhaps using one strategy for pathologically affected cells within the 

epileptic focus and another strategy for surrounding healthier circuits. 

Finally, there are challenges associated with translation to humans. For 

example, there are currently no interneuron subtype-specific gene promoters that 

are small enough for AAV-vector-based gene therapy (Nathanson et al., 2009). 

Future progress in this direction is necessary if we hope to capitalise on the direct 
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translational value of gene-based strategies, and the use of cell-targeted clinical 

therapies. 

6.5 Concluding remarks 

My findings support the conclusion that ion dynamics in GABAergic interneurons 

are important in the context of epileptiform activity. Monitoring and controlling 

these ion dynamics can provide insight into the development of new therapies. An 

understanding of the behaviour of different interneuron subtypes during seizure 

activity is likely to allow one to target the most appropriate cell population. Given 

the spatio-temporal dynamics of seizure recruitment in focal epilepsy, it may be 

beneficial to employ different complementary strategies for manipulating the 

GABAergic system. Moreover, my work supports the use of selective 

chemogenetic targeting of the inhibitory system as an approach to disrupt 

epileptiform synchronisation of the epileptic core. At the same time, strengthening 

inhibitory restraint within the surrounding penumbra, may be key to preventing 

seizure spread. Such cell-specific strategies have the attraction of being controllable 

and yet avoiding the system-wide effects of drugs that enhance GABA-mediated 

inhibition in a non-cell-selective fashion. 
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