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Abstract

Parvalbumin interneurons are fast-spiking inhibitory cells that have been implicated

in the generation of rhythmic network activity in the γ-frequency band (30-80Hz)

by coordinating principal cell activity. In order to sustain their high firing rates,

parvalbumin interneurons have a high mitochondrial content reflecting their large

energy utilization. Therefore, parvalbumin interneurons are more susceptible to

incidents of mitochondrial impairment as mitochondria provide the predominant

source of energy. Miro1 is a Ca2+-sensing adaptor protein that links mitochondria

to the trafficking apparatus, for their microtubule-dependent transport along axons

and dendrites, in order to meet the metabolic needs of the cell. Here, we explore the

role of Miro1 in parvalbumin interneurons and how changes in the mitochondrial

distribution could alter network activity.

To investigate mitochondrial dynamics we generated a mouse line where

mitochondria are specifically labelled in parvalbumin interneurons. The Cre-

recombinase is expressed exclusively in parvalbumin interneurons and excises a

termination signal upstream of a fluorescent reporter allowing for the visualisation

of mitochondria only in these cells. We further crossed this line with the Miro1(f/f)

mouse, generating a transgenic mouse where Miro1 was conditionally knocked-out

exclusively in parvalbumin interneurons. Specifically we investigated the condi-

tional removal of Miro1 in mitochondrial dynamics in parvalbumin interneurons.

Using live-imaging of ex-vivo organotypic brain cultures, we demonstrated a

reduction in mitochondrial trafficking in parvalbumin interneurons in the hippocam-

pus under basal conditions. This lead to accumulation of mitochondria in the soma

and their depletion from synaptic terminals. Loss of Miro1 resulted in alterations in
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axonal but not dendritic branching in parvalbumin interneurons. This was accom-

panied by altered synaptic transmission and increased frequency of γ-oscillations

in hippocampal brain slices. In this study, we show for the first time that Miro1 and

Miro1-dependent mitochondrial positioning are essential for correct parvalbumin

interneuron function and network activity.
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Chapter 1

Introduction

1.1 Inhibition and Energy

The brain uses disproportionally more energy than the rest of the body to sustain the

metabolic cost of neuronal transmission (Attwell and Laughlin 2001; Harris et al.

2012). Most of the energy, in the form of ATP, is required to maintain resting poten-

tials, restore ion gradients and facilitate the propagation of action potentials. Addi-

tionally, energy is used for neurotransmitter release, recycling and calcium (Ca2+)

influx to facilitate synaptic transmission. However, for simplicity, the metabolic

cost of inhibitory transmission was not considered in the calculation of the energy

expenditure of the brain. This is because the majority of signalling in the brain is

excitatory and more than 90% of the synapses release the neurotransmitter gluta-

mate (Gulyas et al. 1999; Hu et al. 2014). Thus, only the amount required to sustain

excitation was calculated. To address this issue, functional imaging of the brain

opened avenues to dissect the metabolic contribution of excitatory and inhibitory

neurons. Inhibitory GABAergic interneurons constitute the minority of the neurons

in the brain and are faced with the challenging task of balancing excitation and

orchestrating the activity of principal cell assemblies (McBain and Fisahn 2001;

Markram et al. 2004; Pelkey et al. 2017). GABAergic interneurons are remarkably

heterogeneous and are currently classified into more than 16 distinct categories in

the hippocampus, based on their anatomical, physiological and molecular diversity

(Somogyi and Klausberger 2005).
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The utilisation of glucose reflects the status of metabolic activity. Thus, the

2-deoxyglucose (2-DG) method was developed in order to quantitatively measure

energy consumption, via the uptake of a radioactively labeled glucose-analogue

(Sokoloff et al. 1977). The 2-DG method was first employed to investigate the

metabolic requirements of interneurons (Ackermann et al. 1984). Ackerman and

colleagues were able to distinguish between excitation and inhibition by taking ad-

vantage of the well defined hippocampal circuitry. They electrically stimulated the

fornix-fimbria pathway to elicit inhibition and the perforant path to activate prin-

cipal cells. By intravenous infusion of [14C]-2-DG they observed that during sup-

pression of excitation, there was an increase in 2-DG reuptake in the pyramidal cell

layer of the hippocampus. They proposed that the increase in 2-DG signal corre-

sponds to the location where an extensive interneuron axonal arborisation is found,

providing evidence for the metabolic expenditure of interneurons (Ackermann et al.

1984).

In addition, one large component of the energetic budget is the neurotrans-

mitter production, release and recycling (Attwell and Laughlin 2001; Harris et al.

2012). Patel and colleagues combined in vivo 13C nuclear magnetic resonance

(NMR) spectroscopy and intravenous infusion of [1,6-13C2]-glucose and [2-13C]-

acetate tracers to investigate the rates of glutamate/glutamine and GABA/glutamine

neurotransmitter cycles respectively (Patel et al. 2005). The neurotransmitter cy-

cling represents another measure of metabolic activity as it reflects the rate of the

tricarboxylic acid cycle (TCA). The TCA cycle takes place in the mitochondria,

the energy producing organelles and results in the generation of substrates for the

electron transport chain (ETC), in order to drive the generation of ATP (discussed

in Section 1.3.1). The neurotransmitter cycling flux of GABA was calculated to be

less than glutamate under anaesthetic conditions. However, the cycling flux sub-

stantially increased for both GABA and glutamate as activity increased. These ob-

servations suggested that the metabolic costs for both excitatory and inhibitory neu-

rons are related with neurotransmission and increase with elevated activity. Despite

interneurons only constituting the minority of neurons in the brain, the metabolic
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needs of GABAergic transmission are definitely not negligible and given their low

number, it could even be greater than the cost of excitation.

Electron micrographs showed a higher density of mitochondria in GABA im-

munoreactive cells (Nie and Wong-Riley 1995). Histochemical analysis of brain

sections from the striate cortex of monkeys demonstrated that the signal of compo-

nents of the ETC, such as cytochrome c oxidase (COX), is higher in interneurons

than in pyramidal neurons (Nie and Wong-Riley 1995; Adams et al. 2015). Further

evidence proposed that the population of interneurons expressing the Ca2+ binding

protein parvalbumin is metabolically more functional (Gulyas et al. 2006; Kann

et al. 2011; Paul et al. 2017). Subsequent immunofluorescence experiments demon-

strated that parvalbumin interneurons specifically expressed a stronger signal for cy-

tochrome c (Cytc) than other interneurons in the brain (Gulyas et al. 2006), propos-

ing that mitochondrial metabolic capacity is enhanced in parvalbumin interneurons.

Recently, transcriptome analysis showed that parvalbumin interneurons express el-

evated mRNA levels of mitochondrial proteins such as subunits of COX and ATP

synthase (Paul et al. 2017). These observations further emphasised that parvalbumin

interneurons are energetically more demanding when compared to other neurons.

Parvalbumin interneurons represent a small proportion of the total neuronal

population in the brain (less than 2% in the hippocampus) yet they have a fun-

damental role in shaping neuronal activity (Pelkey et al. 2017). Parvalbumin in-

terneurons are termed as fast-spiking because they can fire action potentials at high

frequencies (more than 100Hz) for prolonged periods, with high reliability (Freund

and Buzsaki 1996; Jonas et al. 2004). These interneurons inhibit their postsynaptic

targets quickly and efficiently, and have been directly implicated in the generation

network activity at gamma (γ) band frequency (30-80Hz) (Cardin et al. 2009; So-

hal et al. 2009). γ-oscillations are observed waves of activity repeated rhythmically

over time at γ-frequency (30-80Hz) and basically reflect the rhythmic fluctuation

in neuronal membrane potential. Therefore, rhythmicity emerges from the precise

periodical firing of the excitatory and inhibitory neurons (Whittington et al. 1995;

Salkoff et al. 2015). These oscillations are thought to be metabolically very costly
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and it has therefore been postulated that parvalbumin interneurons need substantial

amounts of energy to sustain their firing rate and dissipate the ion gradient during

transmission (Kann et al. 2011; Kann et al. 2014; Kann 2016). Thus, it is of great

interest to directly investigate the metabolic expenditure and the involvement of

mitochondria in parvalbumin interneurons.

1.2 Parvalbumin Interneurons in the Hippocampus
Fast-spiking parvalbumin cells are mostly comprised of the basket and axo-axonic

cells that display unique morphological features and innervation patterns (Figure

1.1). Basket cells are mostly situated in the pyramidal cell layer (stratum pyrami-

dale) and their somata can also be found on the boundary with stratum oriens and

radiatum. They are characterised by a large branched axon that originates from the

soma or a primary dendrite and synapses on the cell somata. It has been calculated

that a single parvalbumin interneuron can target and effectively inhibit more than

2500 pyramidal cells in the local surrounding area (Sik et al. 1995; Freund and

Buzsaki 1998; Pelkey et al. 2017). The presence of axo-axonic interneurons in the

hippocampus is much less frequent than basket cells as they are estimated to be only

0.04% of neurons in the CA1 (Pelkey et al. 2017). Axo-axonic cells inhibit other

cells by targeting the axon initial segment (AIS) through the axon segments that

resemble chandeliers. The generation of cell-type specific Cre mouse lines opened

avenues in dissecting the cellular components that underly neuronal activity and be-

haviour. Specifically, the generation of a PVCre driver mouse provided mechanistic

details on the selective contribution of parvalbumin interneurons in the generation

of network activity at γ-frequency, on the developmental profiles of parvalbumin

interneurons and their integration in mature networks (Hippenmeyer et al. 2005).
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Figure 1.1: Fast spiking interneurons of the hippocampus. Axo-axonic parvalbumin
interneurons target the axon initial segment of pyramidal cells in the local area, while basket
cells innervate the somata of the cells in the stratum pyramidale.
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1.2.1 Parvalbumin Interneurons and γ-oscillations

γ-oscillations have been observed during distinct cognitive processes in the brain

such as working memory, spatial exploration and attention (Cardin 2016; Sohal

2016). It is still debated whether γ-oscillations directly contribute to information

transmission in the brain during these operations. Nevertheless, understanding the

contribution of brain circuits during γ-oscillations will provide insightful informa-

tion on signalling during particular cognitive processes and how defects could be

implicated in the emergence of mental disorders. A tight correlation emerged be-

tween interneuron spiking and local field potentials (LFPs) at γ-band frequency

(Buzsaki and Wang 2012). Unlike pyramidal cells, inhibitory neurons fire reli-

ably in almost every γ-cycle suggesting the coupling behaviour between interneu-

ron firing and the synchronisation of cell assemblies (Figure 1.2). Consequently,

oscillations emerge from the interplay between excitation and inhibition dynamics.

The necessity for inhibition in γ-oscillations was demonstrated when γ-oscillations

were abolished by pharmacological blocking of GABA receptors via the application

of the antagonist bicuculline (Bartos et al. 2007; Kann et al. 2014). Additionally,

treatment with the GABA positive allosteric modulator barbiturate, which prolongs

the inhibitory post-synaptic current (IPSC) duration, decreases the frequency of os-

cillations (Fisahn et al. 1998). This observation demonstrates that properties of

inhibition can modulate the frequency of γ-oscillations.

An essential role for parvalbumin interneurons in the generation of network

activity at γ-frequency was demonstrated using the cell-type specific expression

of depolarising and hyperpolarising light-gated channels. Optogenetic activation

of parvalbumin cells at γ-band selectively increased the amplitude of the LFP, in

comparison to other frequencies (Cardin et al. 2009), while optogenetic silencing

suppressed γ-power (Sohal et al. 2009).

1.2.1.1 Mechanism for γ-oscillation Generation

In acute hippocampal brain preparations, γ-oscillations can be recorded as LFPs

upon the application of various metabotropic and ionotropic receptor agonists (Bar-

tos et al. 2007). In the field, two predominant theoretical models describe the
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Figure 1.2: Parvalbumin interneurons reliably fire at every γ-cycle. The top panel
shows a reconstructed parvalbumin interneuron (basket cell) in the hippocampus. The LFP
signal upon application of carbachol is presented on the top right. Below, the firing of
parvalbumin interneurons coincides with each γ-cycle. The bottom panel shows a recon-
structed pyramidal cell in the hippocampus. The LFP signal upon application of carbachol
is presented on the top right. Below, the firing of pyramidal cells shows that they are not
engaged in every cycle of γ-oscillations. Adapted from Hajos et al. 2004.
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generation of γ-oscillations, the (a) interneuron network gamma (ING) and (b)

pyramidal-interneuron network gamma (PING) (Whittington et al. 2000; Buzsaki

and Wang 2012). The ING model proposes that tonic activation of interneurons

within an interconnected network is sufficient to drive and maintain γ-oscillations.

The PING model requires phasic excitation of inhibitory interneurons for gamma

oscillations (Cardin 2016). mGluR-induced oscillations in CA1 and kainate-

induced oscillations in the CA3 are blocked by bicuculline but not by AMPA re-

ceptor antagonists. This indicates that phasic pyramidal cell excitation on parval-

bumin interneurons might not be essential in γ-oscillogenesis in this context. Most

evidence however supports PING to be the most prominent model in the brain (So-

hal et al. 2009; Hajos and Paulsen 2009; Buzsaki and Wang 2012; Cardin 2016).

Potassium-induced oscillations are completely abolished by bicuculline, and par-

tially suppressed by AMPA antagonists, in both the CA1 and CA3 areas. Further-

more, carbachol-induced oscillations in the CA3 are blocked by both drugs, sug-

gesting a dependency on both excitatory and inhibitory drives (Bartos et al. 2007;

Cardin 2016). This demonstrates that even though distinct mechanisms of induction

exist, γ-oscillations heavily rely on inhibition.

1.2.1.2 Role of Parvalbumin Interneurons in γ-oscillations

Parvalbumin interneurons exhibit unique features which make them suitable in tun-

ing rhythmic γ-network activity. Fast synaptic transmission can be broken down

to (a) excitation of parvalbumin interneurons, (b) propagation of excitatory post-

synaptic potentials to the cell body, (c) action potential propagation along the

branched axon and (d) GABA neurotransmitter release at synapses. Particularly,

parvalbumin interneurons respond quickly to excitation by applying fast perisomatic

inhibition (Bartos and Elgueta 2012; Hu et al. 2014).

Firstly, parvalbumin interneurons receive strong excitatory input from pyra-

midal cells (Oren et al. 2006). In the hippocampus, the number of synapses on

parvalbumin interneurons ranges from 16 000 to 34 000. 94% of these synapses

are thought to be excitatory and the remaining 6% inhibitory (Gulyas et al. 1999;

Tukker et al. 2013; Hu et al. 2014). The dendrites of parvalbumin interneurons al-
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low them to sample excitatory inputs from a large population of cells. It has been

postulated that a single parvalbumin interneuron can receive inputs from more than

2000 pyramidal cells (Tukker et al. 2013).

Additionally, dendrites of parvalbumin interneurons are mostly smooth and do

not contain spines. As a result, excitatory post-synaptic potentials (EPSPs) received

on the dendritic shaft can propagate quickly (Geiger et al. 1997). Moreover, the

excitatory synapses on parvalbumin interneuron dendrites contain AMPA receptors

that allow for fast signalling. The rise and decay of the post-synaptic current oc-

curs within the submillisecond time scale due to the incorporation of the GluA1

and GluA4 subunits, that are characterised by fast kinetics. Consequently, AMPA

receptors in parvalbumin interneurons exhibit rapid deactivation and desensitisation

(Geiger et al. 1997; Norenberg et al. 2010; Hu et al. 2014). Additionally, the locally

generated EPSPs in the dendrites activate the Kv3 voltage-gated K+ channels, that

are found in the dendrites and soma, which then shorten the EPSP time course (Hu

et al. 2014).

Besides chemical synapses, parvalbumin interneurons are coupled via electri-

cal synapses (Galarreta and Hestrin 1999; Tamas et al. 2000; Kohus et al. 2016).

This leads to the formation of an extensive and mutually coupled network that can

be simultaneously activated and synchronise the cells in almost the entire local area.

Pharmacological destabilisation or genetic removal of gap junctions decreases the

magnitude of oscillations suggesting that this electrical connectivity between par-

valbumin interneurons is essential in rhythmic network activity (Bartos et al. 2007;

Cardin 2016; Pelkey et al. 2017).

Parvalbumin interneurons can reliably fire action potentials to high-frequency

input, in comparison to excitatory principal cells (Cardin et al. 2009). Moreover,

they can fire preferentially when receiving γ-band frequency inputs (approx. 40Hz)

due to their membrane resonance properties (Pike et al. 2000). Along the axon, the

presence of a supercritical Na+ -channel concentration (NaV1.1 and NaV1.6) en-

sures fast action potential propagation with high fidelity. Additionally, the increased

number of channels allows for efficient and rapid signalling along the extended ax-
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onal plexus (Hu et al. 2014). Kv3 channels are also found in the axon. The fast

activation and deactivation of Kv3 ensures fast repolarisation. Consequently, the

synergy between the delayed K+-channel activation and Na+ -channel inactivation

constitutes an energy-saving mechanism that may compensate for high ATP demand

(Hu et al. 2018). The properties of the Na+ -channels and K+-channels in parvalbu-

min interneurons result in a reduced period of Na+ and K+-current overlap during

action potentials and thus minimize the associated metabolic cost for operating the

channels.

Since parvalbumin interneurons innervate the somata of pyramidal cell, they

can powerfully control their output activity by applying strong inhibition (Cobb

et al. 1995; Somogyi and Klausberger 2005). Their unique axonal connectivity pat-

terns allow for the application of synchronous perisomatic inhibition as they can

silence the activity of many cells simultaneously (Packer and Yuste 2011). In the

CA1 area of the hippocampus, one parvalbumin interneuron axon is thought to con-

tain more than 10 000 inhibitory presynaptic terminals (Sik et al. 1995; Hu et al.

2014). Consequently, parvalbumin interneurons mediate fast GABA neurotrans-

mitter release in the pyramidal cell layer, resulting in strong perisomatic inhibition

(Mann et al. 2005). The tight coupling between CaV2.1 (P/Q-type) Ca2+-channels

and sensors of exocytosis increases the speed of synaptic transmission (Hu et al.

2014). Specifically, synaptotagmin 2 (Syn2) is the main Ca2+ sensor and conveys

very fast kinetics, optimising the rapid release of GABA at parvalbumin synapses

(Hu et al. 2014). Furthermore, other fast components of the vesicle fusion machin-

ery such as Vamp1, Snap25, Nsf, and Rab3a are highly expressed in parvalbumin

interneurons, supporting that these cells are efficient for fast release (Paul et al.

2017).

In summary, the molecular, anatomical and connectivity profiles of parvalbu-

min interneurons are customised for quick activation, reliable action potential prop-

agation and fast release. Thus, a lot of energy is required to maintain parvalbumin

interneuron excitability and applied inhibition. It is postulated that during fast spik-

ing activity, the quantity of ATP required to fuel the fast firing pattern and restore the
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ion concentrations in the dendrites and axon arbor would be enormous (Kann et al.

2011). In order to restore the electrochemical gradient of ion concentration across

the membrane during neuronal transmission, hydrolysis of ATP is mainly required

for operating the Na+/K+-ATPase (Attwell and Laughlin 2001; Kann and Kovacs

2007; Kann 2011). This pump mediates the extrusion and influx of 3 Na+ and 2 K+

per ATP molecule respectively. Furthermore, ATP is also required for pumping ions

through transporters such as the Na+/Ca2+-exchanger and Na+/K+/Cl--cotransporter

(Kann et al. 2014). Besides dissipating the ion gradients, ATP drives the filling of

vesicles with GABA through the action of the H+-ATPase. Thus, investigating the

energetic expenditure of inhibitory transmission and the metabolic needs of parval-

bumin interneurons are of great interest.

1.2.1.3 Parvalbumin Interneuron Dysfunction

Altered network activity at γ-band frequency has been reported in diseases such

as Alzheimer’s disease (AD), autism spectrum disorders (ASD) and schizophrenia

(Uhlhaas and Singer 2010; Marin 2012; Verret et al. 2012; Hu et al. 2014; Murray

et al. 2015; Cho et al. 2015; Mao et al. 2015; Filice et al. 2016; Pelkey et al. 2017).

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder that results in

memory deficits and cognitive decline (Verret et al. 2012; Iaccarino et al. 2016). Iac-

carino and colleagues reported a reduction in the power of γ-oscillations at low fre-

quencies (20-50Hz) in an AD mouse model (Iaccarino et al. 2016). Photo-activation

of parvalbumin interneurons, selectively at 40Hz, was shown to recruit neighbour-

ing microglia, resulting in the effective clearance of αβ-plagues. Thus, modulating

parvalbumin interneuron function could be used for therapeutic intervention. In an-

other study, over-expression of the amyloid precursor protein (APP) was shown to

reduce the expression of the voltage-gated sodium channel Nav1.1. Since Nav1.1

is predominantly expressed in parvalbumin interneurons, the presence of APP leads

to defects in parvalbumin interneuron mediated inhibition and γ-oscillations and in-

creased seizures in an AD mouse model (Verret et al. 2012). Restoring the levels

of Nav1.1 increased the power of γ-oscillations, reduced epileptic activity and im-

proved memory impairments. Thus, enhancing parvalbumin interneuron function
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may improve cognition in AD.

Interneuron dysfunction has been implicated in psychiatric disorders such as

schizophrenia. Schizophrenia is described by a variety of symptoms such as halluci-

nations, social withdrawal and cognitive deficits. An interplay between genetic and

environmental factors is thought to define the onset during early adulthood (Murray

et al. 2015; Pelkey et al. 2017). It has been shown that the power of γ-oscillations

is reduced in patients diagnosed with schizophrenia (Uhlhaas and Singer 2010; Cho

et al. 2015). Furthermore, a reduction in the density of parvalbumin neurons has

been reported in post-mortem brains (Zhang and Reynolds 2002). A decrease in

the mRNA levels for the glutamic acid decarboxylase (GAD67) and for parval-

bumin have also been shown in patients (Hashimoto et al. 2003). This evidence

proposes a role for impaired inhibition in neuropsychiatric disorders. Reduction

in the levels of the Dlx5/6 transcription factors, which are necessary for the devel-

opment of interneurons originating from the medial ganglionic eminence (MGE),

exhibit phenotypes similar to schizophrenia (Cho et al. 2015). Specifically, par-

valbumin interneuron excitability was altered, applied inhibition was reduced, and

γ-oscillations were affected. 40Hz light train stimulation restored cognitive func-

tion in this mouse model, further proposing that modulation of interneuron-driven

γ-oscillations could be used for therapeutic intervention.

Mutations in the synaptic scaffold protein Shank1 have been reported in pa-

tients with autism spectrum disorders (ASD) (Mao et al. 2015; Filice et al. 2016).

Genetic removal of Shank1 from parvalbumin interneurons disrupts the dynamics

between excitation and inhibition via reduction in the glutamateric inputs onto par-

valbumin cells (Mao et al. 2015). Additionally, the protein levels of parvalbumin

in parvalbumin interneurons are reduced in Shank1 knock-out animals which has

impact on inhibitory transmission and network activity (Filice et al. 2016).

Consequently, in order to investigate how dysfunction in parvalbumin interneu-

rons affects γ-oscillations, it is important to appreciate their developmental trajec-

tories, unique physiological properties and energetic demands that define them as

cellular substrates in the emergence of higher cognitive behaviour.
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1.2.2 Parvalbumin Interneuron Development

Parvalbumin interneurons originate almost exclusively from the medial ganglionic

eminence (MGE) and follow unique developmental trajectories to colonise several

brain areas, including the cortex and hippocampus (Wonders and Anderson 2006;

Marin 2013; Harwell et al. 2015; Mayer et al. 2015; Pelkey et al. 2017). Unlike

pyramidal cell progenitor that travel along the radial scaffold, MGE progenitors

undergo long-range tangential migration (Figure 1.3). In the mouse brain, neuroge-

nesis of hippocampal parvalbumin interneuron progenitors peaks at E11.5 (Pelkey

et al. 2017). Migration begins shortly after birth, between E12.5 and E14.5 (Faux

et al. 2012; Marin 2013) and terminates around E18.5 (Lopez-Bendito et al. 2008).

Tangential migration allows for the dispersion of heterogeneous population of in-

hibitory cells around the brain and provides another level of complexity to the net-

works. Once interneuron progenitors reach the cortical plate, they then undergo

radial migration to innervate the cortical layer (Jiang et al. 2016). Maturation and

specification of parvalbumin interneurons are a long-lasting processes and are com-

pleted around the fourth postnatal week (Okaty et al. 2009).

1.2.2.1 Parvalbumin Interneuron Progenitor Migration

The transcriptional expression profiles of MGE progenitors are highly dynamic

throughout migration, differentiation and survival (Wonders and Anderson 2006).

Specifically, parvalbumin interneurons progenitors express Nkx2.1 and Dlx1/2 tran-

scription factors. Nkx2.1 expression is driven by Sonic hedgehog signalling and is

essential in the identity specification of mature interneurons (Pelkey et al. 2017).

DNA replication (S-phase of the cell cycle) is completed before the cells enter the

migratory route to the cortex and other areas. Interneuron progenitors are multipo-

tent as MGE cells from the same genetic lineage can give rise to both parvalbumin

and somatostatin interneurons and can be widely dispersed in the brain (Harwell

et al. 2015; Mayer et al. 2015). Even though the progenitors are post-mitotic during

migration, it is still not clear whether they commit to a specific interneuron class

prior to migration.

Upon exiting the ventricular zone (VZ), Dlx5/6 and Lhx6 are up-regulated
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Figure 1.3: Tangential migration and specification of interneurons. A) Parvalbumin
interneuron progenitors originate from the MGE and undergo tangential migration for their
dispersion across brain areas. They follow two paths, via the marginal zone (MZ) and via
the intermediate zone/ subventricular zone. They then undergo radial migration to populate
areas in the brain such as the cortex and hippocampus. During migration, chemoattractant
cues (such as Nrg1 and Cxcl12) and chemo-repulsive cues (Semaphorin 3) shape their mi-
gratory routes to the cortical plate. Figure adapted from Marin et al. 2010. B) Temporal and
spatial regulation of transcriptional profiles of parvalbumin interneuron progenitor division,
migration, differentiation and maturation. Figure adapted from Pelkey et al. 2017.
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(Pelkey et al. 2017). During migration the levels of Nkx2.1 transcription factor are

reduced while the levels of Dlx transcription factors are maintained. Chemotactic

cues permit migration along specific routes through chemo-repulsion and chemo-

attraction (Marin and Rubenstein 2001; Marin 2013). Specifically, the decrease in

Nkx2.1 allows for the transcriptional expression of neuropilin-2 (NRP2) (Pelkey

et al. 2017). As a result, MGE progenitors do not invade the striatum via the re-

pulsion by semaphorin 3F. Similarly, the expression of Neuregulin-1 (NRG1) be-

haves as chemo-attractant to guide the migration of interneurons towards the cortex

(Marin et al. 2010). Progenitors that become parvalbumin interneurons maintain

the expression of the Lhx6 transcription factor but down-regulate Dlx1 (Wonders

and Anderson 2006). Consequently, MGE progenitor subpopulations exist, which

exhibit unique transcriptional profiles to give rise to distinct interneuron classes.

The contribution of intrinsic determinants such as clonal lineage in the specifica-

tion of interneuron fate remains poorly understood. Therefore, extensive effort is

put to understand the cues that guide the non-identical differentiation of daughter

cells from clonally indistinguishable progenitors. One possibility is that during the

migratory journey, MGE cells are exposed to different cues that dynamically alter

gene expression profiles and subsequently interneuron fate (Marin 2013). Specifi-

cally, the expression of transcription factors downstream of Lhx6 such as Sox6 and

SatB1 is crucial for the maturation of parvalbumin and somatostatin interneurons

(Pelkey et al. 2017).

The mechanism of migration is similar to excitatory cell progenitors and has

two distinct phases (Metin et al. 2006). Neurite protrusions extend to the front of

the cell followed by the forward translocation of the nucleus as the trailing process

is retracted. The centrosome separates from the nucleus and moves forward in the

leading process along with the Golgi apparatus before the nucleus (Bellion et al.

2005). This coincides with an increase in intracellular Ca2+ close to the centro-

some right before and during nucleokinesis, indicating that interneuron migration

is a Ca2+-dependent process (Moya and Valdeolmillos 2004). In contrast to projec-

tion neurons that have a simple bipolar morphology and migrate along a scaffold
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of radial glial processes, interneurons progenitors extend multiple branches and are

able to migrate along numerous substrates. Examples of substrates include progen-

itor cells in the subventricular (SVZ), along radial glial processes, along axons in

the lower intermediate zone and along cell bodies of post-mitotic neurons on the

cortical plate (Marin and Rubenstein 2001; Polleux et al. 2002).

A branch is stabilised when it aligns with the gradient of chemoattractant guid-

ance signals (Martini et al. 2009). The other protruded branches retract and nucle-

okinesis occurs in the direction of the newly stabilised leading process (Metin et al.

2006). Unlike excitatory neuron progenitor migration, where a single leading pro-

cess is extended in the direction of migration, interneurons constantly search for

guidance cues and can alter their direction through the reversal of the polarity of the

leading and trailing process (Nadarajah et al. 2002).

Upon entry in the developing cortex and hippocampus, progenitors undergo

two parallel but distinct streams of tangential migratory paths through (a) the in-

termediate/subventricular zones (IZ/SVZ) and (b) the marginal zone (MZ) (Pelkey

et al. 2017). Since migrating neurons travel via two distinct routes, they can enter

the cortical plate from either location (Polleux et al. 2002). Cxcl12 signalling be-

haves as a chemo-attracting cue to restrain interneurons within the IZ/SVZ and MZ.

In the mean time, pyramidal cell progenitors differentiate first while interneurons

continue their tangential migration via the MZ and SVZ (Marin and Rubenstein

2001). Then, interneuron progenitors switch from tangential to radial migration for

their dispersion and final distribution (Bartolini et al. 2013). In the hippocampal

context, parvalbumin basket cell progenitors are attracted to the somata of pyrami-

dal cells which guide and confine their dispersion within the stratum pyramidale

(Pelkey et al. 2017). Evidence for this arose from models of lissencephaly where

the laminar organisation of pyramidal cells is affected, resulting in the displacement

of parvalbumin interneurons in stratum oriens and radiatum (Fleck et al. 2000).

1.2.2.2 Parvalbumin Interneuron Maturation

The maturation and differentiation of parvalbumin interneurons begin at the end

of their migratory journey (Pelkey et al. 2017; LeMagueresse and Monyer 2013;
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Bartolini et al. 2013). One of the molecular signals that drive the termination of

interneuron migration is the switch of GABA from excitatory to inhibitory neu-

rotransmitter (Huang et al. 2007; LeMagueresse and Monyer 2013; Pelkey et al.

2017). Immature neurons express the chloride co-transporter NKCC1 that trans-

ports Cl- ions in the cell. Therefore, activation of GABA receptors leads to the

depolarisation of the cell via the outward flow of Cl- ions through GABA receptors.

The expression of NKCC1 is reduced during development which coincides with the

up-regulation of the potassium/chloride exchanger KCC2. KCC2 has an opposing

function to NKCC1 and facilitates the extrusion of Cl- ions. Consequently, the hy-

perpolarizing functionality of GABA emerges concomitantly with the expression of

KCC2. The up-regulation of KCC2 in migrating interneurons occurs within hours

after they reach the cortex and is sufficient to terminate their migration (Bortone and

Polleux 2009; Inamura et al. 2012; Bartolini et al. 2013). Since interneurons reach

the cortex at different time points, the collective expression of KCC2 is gradual and

occurs over a time window. Thus, termination of migration is not a uniform effect

but rather a wave of heterogeneous populations stopping at different time points

(Bortone and Polleux 2009; Faux et al. 2012). As a result, termination of migration

occurs throughout the first postnatal week of development (Bortone and Polleux

2009; LeMagueresse and Monyer 2013; Inamura et al. 2012).

Once interneuron progenitors settle in a location, differentiation begins. The

time-window of parvalbumin expression is long-lasting and not completed un-

til adulthood. Microarray screens demonstrated that the parvalbumin promoter

switches on approximately P10-P14, during mouse postnatal development (Okaty

et al. 2009). During the maturation period there is dynamic and transient change

in gene expression profiles that results in the expression of genes that give rise to

parvalbumin interneuron fast spiking properties (Doischer et al. 2008). The matu-

ration of progenitors to functional parvalbumin interneurons is a slow process and

begins with the gradual expression of the calcium binding protein parvalbumin and

glutamate acid decarboxylase 1 (GAD1) (Jiang et al. 2016). During maturation

period, the axon and dendrites of parvalbumin interneurons undergo dramatic ex-
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tension. The increase in axon is accompanied by an increase in branch points and

axonal segments (Doischer et al. 2008). The transition of parvalbumin interneurons

to mature fast signalling cells is completed by P25-P30 where most of the gene ex-

pression turnover occurs (Okaty et al. 2009). The incorporation of the α1 subunit of

the GABA receptor in parvalbumin interneuron - pyramidal cell synapses marks the

formation of functional contacts for application of fast inhibition (Klausberger et al.

2002; LeMagueresse and Monyer 2013). Finally, the maturation of parvalbumin

interneurons coincides with the emergence of fast GABAeric and rhythmic network

signalling in the brain (Doischer et al. 2008).

1.2.2.3 Parvalbumin Interneuron Innervation

The incorporation of parvalbumin interneurons in the network involves robust

changes in parvalbumin interneuron axon arborisation (Figure 1.4). These alter-

ations are correlated with changes in the innervation of post-synaptic targets and

the formation of synaptic contacts. Thus, functional neuronal networks emerge with

the increase in GABA signalling during the second postnatal week of development

(Chattopadhyaya et al. 2004; Okaty et al. 2009).

The increase in axon complexity has also been reported in early immunohis-

tochemical studies in monkey brain tissue supporting the presence of a temporal

pattern in axon remodelling during postnatal development (Anderson et al. 1995;

Erickson and Lewis 2002). Specifically, in the visual cortex, extension of the axon

is increased during critical window of development and it occurs over a long time

period. Monocular deprivation during the critical window of visual development

results in a dramatic loss in perisomatic innervation, through a reduction in axonal

branching (Chattopadhyaya et al. 2004). Consequently, neural activity shapes par-

valbumin interneuron axonal innervation and establishes the formation of mature

networks (Huang et al. 2007; LeMagueresse and Monyer 2013).

Work in cultured mouse brain slices shed light to our understanding of par-

valbumin interneuron maturation and axon arborisation formation (Chattopadhyaya

et al. 2004; Chattopadhyaya et al. 2007). At P18 the axon is branched and con-

tains structures that resemble axonal presynaptic boutons. However, the presence
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of filopodial protrusions suggests that the axon is still immature. By P24 the axonal

plexus becomes extensively branched and very dense. By P28 the axon terminal

bifurcations are apparent and the presence of varicosities along the axon, indicative

of presynaptic boutons, becomes distinct. The fact that parvalbumin interneurons

can form this complex axon in slice cultures demonstrates that extension, branching

and the formation of synaptic boutons can be driven by factors present in the local

network (Chattopadhyaya et al. 2004).

In conclusion, parvalbumin interneurons undergo dramatic axon remodelling

during maturation for 4 to 5 weeks (Huang et al. 2007; Doischer et al. 2008; LeMa-

gueresse and Monyer 2013). During axon extension, ATP hydrolysis is necessary

for actin turnover (Smith and Gallo 2017). Thus, energy production via mitochon-

dria is essential to fuel these mechanisms. Given that the parvalbumin interneuron

axon is highly branched, it is of great interest to investigate the metabolic involve-

ment of mitochondria, as the development of the axon and the innervation of post-

synaptic targets is a prerequisite for the integration of parvalbumin interneurons in

mature networks.
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Figure 1.4: Parvalbumin interneuron maturation. The differentiation and maturation of
parvalbumin interneurons occurs over a long time window during postnatal development.
The MGE-derived progenitors settle in their final locations and the transcription of genes
that define parvalbumin interneurons as fast signalling cells begins. Such genes include
the parvalbumin and GAD1. During the maturation period there is dramatic extension of
dendritic and axonal length. Maturation is completed once parvalbumin interneurons form
functional synaptic contacts (by the incorporation of the α1-subunit of the GABA receptor).
These mediate the application of fast perisomatic inhibition. Additionally, inhibitory trans-
mission emerges with the expression of the potassium/chloride transporter KCC2, resulting
in the switch of GABA to an inhibitory neurotransmitter.
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1.3 Mitochondria in Neuronal Activity
Mitochondria are the principal energy producing organelles of the cell across

species. Additionally, they are involved in regulating Ca2+ homeostasis and there-

fore controlling cellular signalling. Mitochondrial functions expand beyond respi-

ration and Ca2+ buffering as they are also implicated in lipid synthesis, initiation

of apoptosis and generation of reactive oxygen species (Nicholls and Budd 2000;

Osellame et al. 2012).

Briefly, during development, neuronal mitochondria have been implicated in

axon extension, dendritic arborization and spine formation (Li et al. 2004; Courchet

et al. 2013; Sainath et al. 2017; Spillane et al. 2013; Lopez-Domenech et al. 2016).

During adulthood, mitochondria power cellular processes such as neuronal trans-

mission, plasticity and homeostatic maintenance (Mattson et al. 2008; Devine and

Kittler 2018). The rate of energy provision by mitochondria in the form of ATP is

directly coupled to neuronal activity via the the ADP:ATP ratio and Ca2+ concen-

tration in the cytoplasm (Kann and Kovacs 2007; Nicholls et al. 2003; Cunningham

and Chinnery 2011). Consequently, the precise spatiotemporal regulation of mito-

chondria is integral in the correct neuronal function and survival (Devine and Kittler

2018; MacAskill and Kittler 2010).

1.3.1 Production of Energy

When the oxygen supply is adequate, energy in the form of ATP is produced in the

cells by the oxidation of glucose into carbon dioxide and water, in a process known

as cellular respiration (Figure 1.5). Glucose is first converted to pyruvate during the

process of glycolysis that takes place in the cytoplasm. Pyruvate is then translo-

cated to the mitochondrial matrix and generates substrates for the tricarboxylic acid

(TCA) cycle. Oxidative phosphorylation (OXPHOS) is an evolutionarily conserved

mechanism that leads to the production of energy by mitochondria to fuel metabolic

processes (Kann and Kovacs 2007). OXPHOS takes place in the inner membrane

of the mitochondria and results in the generation of ATP through a cascade of re-

duction/oxidation (redox) reactions. During OXPHOS, electrons flow from TCA

intermediates to electron acceptors and pass through a series of respiratory com-
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plexes in an electron transport chain (ETC). This transfer drives the influx of protons

(H+) from the mitochondrial matrix to the inter-membrane space. The ETC consists

of five complexes that reside in the inner mitochondrial membrane which are the

(a) Complex I [Nicotinamide adenine dinucleotide (NADH)-dehydrogenase], (b)

Complex II [Succinate-dehydrogenase], (c) Complex III [Coenzyme Q (CoQ) - cy-

tochrome c (Cytc) reductase] (d) Complex IV [Cytochrome c Oxidase (COX)] and

(e) Complex V [Fo/F1 ATP synthase]. Complexes I and II reduce CoQ to CoQH2 by

oxidising NADH and succinate respectively. CoQH2 donates the electrons to Com-

plex III, which then reduces Cytc. Complex IV transfers the electrons from Cytc to

convert molecular oxygen (O2) into water (Osellame et al. 2012). The production

of ATP from ADP and inorganic phosphate (Pi) is then driven by the flow of H+

through the Fo/F1 ATP synthase to the matrix, down an electrochemical gradient

(Figure 1.5) (Kann and Kovacs 2007; MacAskill and Kittler 2010).

One main factor determining the bioenergetic capacity of neurons is substrate

availability. In neurons, the predominant source of energy is derived from the catal-

ysis of glucose (Galow et al. 2014; Roberts 2007). Since energy provision is one of

the most fundamental cellular processes, it is essential that multiple diverse mech-

anisms exist for energy production. Consequently, a number of different substrates

can be used to fuel ATP production under different metabolic circumstances, such

as lactose, glycogen, sugars, amino acids, TCA intermediates and ketone bodies

(Roberts 2007). Key examples of substrates that can fuel energy production are

summarised in Table 1.1.

The utilisation of substrates for energy production varies during develop-

ment. Catalysis of ketone bodies provides the majority of energy in the develop-

ing brain. Ketone bodies from the blood circulation cross the blood-brain barrier

through monocarboxylate transporters (MCT) and are oxidised to TCA intermedi-

ates (Falkowska et al. 2015). The reduction in ketone body usage is associated with

the decrease in the number of MCT during maturation. However, during starvation

ketone bodies are used again as energy substrates.

The specific contribution of lactate in satisfying the metabolic demands of the
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brain is highly debated. It has been proposed that under basal condition lactate

contributes to 10% of the metabolic energy and can increase up to 60% in the pres-

ence of high concentrations (Boumezbeur et al. 2010). It has also been postulated

that lactate might be the preferred energy substrate of the brain (Bouzier-Sore et al.

2003; Baltan 2015). Even though lactate at high concentrations has been described

as a glucose-saving substrate, most evidence supports that glucose is the predomi-

nant energy substrate in the brain (Dienel 2012).

A dynamic interplay exists between astrocytes and neurons which can substan-

tially influence metabolic activity through the shuttling of substrates. Glycogen is

mainly stored in astrocytes (Roberts 2007) and can be utilised as an energy source

during neuronal activity (Duran et al. 2013) or during oxygen deprivation such as

in ischaemia (Dienel and Cruz 2015). Interestingly, tissue immunohistochemistry

demonstrated an inverse relationship between glycogen and COX signal in the hip-

pocampus (Oe et al. 2016). Levels of glycogen were low in locations where COX

was enriched such as in the pyramidal cell layer of the hippocampus. This observa-

tion poses interesting questions on the mechanism that fuel the functional properties

of neurons, such as parvalbumin interneurons.
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Figure 1.5: Energy production by mitochondria. A) Glucose is converted to pyruvate in
the cytoplasm in a process known as glycolysis. Pyruvate is then translocated in the mito-
chondrial matrix. B) Pyruvate provides substrates to initiate the tricarboxylic acid (TCA)
cycle. The TCA intermediates (NADH and succinate) donate electrons to the complexes in
an electron transport chain (ETC). C) During the ETC electrons flow down the respiratory
complexes. Complex I, III and IV translocate protons (H+) from the matrix to the mitochon-
drial intermembrane space. The flow of H+ through Complex V results in the production of
energy in the form of ATP.
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1.3.2 Energy Substrates for γ-oscillations

Since parvalbumin interneurons rely on energy to sustain their fast spiking activity

and synchronise the firing of cell assemblies during γ-oscillations, it has been of

great interest to examine the substrates that fuel γ-oscillations. Even though most of

this work has been done in vitro using brain slices, it provided mechanistic insights

on the components that energise γ-oscillations (Galow et al. 2014).

High concentration of glucose (10mM) and oxygen (95%) are the most effi-

cient in fueling γ-oscillations in brain slices (Galow et al. 2014). However, the ex-

tracellular concentration of glucose in the brain is around 2mM (McNay and Gold

1999) and therefore the high levels of glucose found in artificial cerebrospinal fluid

(aCSF) during experimental conditions are unphysiological. Lowering the concen-

tration of glucose to 2.5mM, closer to the physiological value is sufficient to fuel

electrically evoked network activity in acute brain slices (Schurr and Payne 2007).

However, the power of network activity at γ-band frequency in brain cultures is

significantly diminished (Galow et al. 2014). This indicates that the energetic de-

mands during distinct brain states differ. Utilisation of glycogen stores acts as a

reserve energy source and fuel γ-oscillations in the absence of glucose, possibly

during pathological conditions. Additionally, high concentration of lactate (20mM)

and pyruvate (20mM) can partially sustain γ-oscillations at smaller amplitudes in

organotypic brain cultures (Galow et al. 2014).

Contrasting evidence proposed that lactate is more efficient in sustaining net-

work activity than glucose. A study using 13C- and 1H-NMR spectroscopy pro-

posed that in the presence of glucose and lactate, neurons in dissociated cultures

preferentially catalyse lactate for energy (Bouzier-Sore et al. 2003). Additionally,

simultaneous measurements of OXPHOS activity, via NAD(P)H autofluorescence

and oxygen consumption during electrically stimulated LFPs, demonstrated that

neurons consume lactate which is sufficient to maintain or even augment activity

(Ivanov et al. 2011). This evidence highlights a role for lactate in maintaining

synaptic efficacy and supporting network activity. The differences between the sub-

strates that fuel network activity and γ-oscillations specifically may be accounted
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via the high energetic demands of parvalbumin interneurons and their involvement

in the emergence of distinct patterns of activity. Parvalbumin interneurons have

enhanced mitochondrial function as demonstrated by the increased expression of

electron transport chain proteins (Gulyas et al. 2006; Kann et al. 2011; Paul et al.

2017; Cserep et al. 2018). Additionally, oxygen consumption has been reported

to increase during γ-oscillations. It is therefore inferred that catalysis of energetic

substrates is mainly aerobic and involves oxidative mechanisms.
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1.3.3 Calcium Handling

1.3.3.1 Mitochondria and Ca2+

Mitochondria contribute to processes far beyond bioenergetics. They are dynamic

components of an energetically expensive signalling network that can also sequester

and buffer Ca2+. Free cytosolic Ca2+ can participate in a wide repertoire of cellular

processes. The resting Ca2+ concentration is defined by the balance between influx

and efflux and the release of Ca2+ also from the endoplasmic reticulum (ER). The

resting Ca2+ concentration in neurons is about 50 to 100nM (Berridge et al. 2000;

Schwaller 2010) and can dramatically increase during neuronal activation via Ca2+

influx through ionotropic glutamate receptors, and voltage-gated calcium channels

(Grienberger and Konnerth 2012). Mitochondria together with Ca2+ binding pro-

teins, such as parvalbumin and calbindin, can buffer Ca2+ with altered affinities,

thus modulating the cytosolic levels (Schwaller 2009). Sequestration of Ca2+ from

the cytosol to the matrix primarily occurs via the mitochondrial calcium uniporter

(MCU) which has a low affinity of 5-10 µM for Ca2+ ions (Finkel et al. 2015;

Matthews and Dietrich 2015; Kann and Kovacs 2007). Therefore, mitochondria

behave as slow buffers and can shape the dynamics of Ca2+ transients in the cell

during periods of activation.

Ca2+ influx in mitochondria can reciprocally enhance metabolic activity of the

TCA enzymes pyruvate dehydrogenase, α-ketoglutarate dehydrogenase and isoci-

trate dehydrogenase and directly influences the energetic output of the ETC (Gunter

et al. 2004). When cytosolic Ca2+ levels drop, efflux is mediated through the Na2+-

Ca2+-Li+ exchanger (NCLX) (Palty et al. 2010).

Ca2+ is an active player in signalling cascades and has a profound role in apop-

tosis and cell death (Mattson et al. 2008; Devine and Kittler 2018). During excito-

toxicity, the extracellular levels of glutamate are increased resulting in an unphys-

iological influx of Ca2+ in the cell through NMDA receptors (Nicholls and Budd

1998). The sequestration of excessive amount of Ca2+ by the mitochondria abol-

ishes the membrane potential and opens the mitochondria permeability transition

pore (MPT). The escape of pro-apoptotic factors in the cytoplasm such as Cytc
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triggers the initiation of apoptotic cascades that determine the fate of the cell (Tsu-

jimoto and Shimizu 2007). Thus, intact mitochondrial Ca2+ handling is crucial in

neuronal survival.

Ca2+ also regulates spatiotemporal positioning of mitochondria as increased

levels during neuronal activity arrest mitochondria in sites of enhanced metabolic

demand (Saotome et al. 2008; Chang et al. 2011; Macaskill et al. 2009; Wang and

Schwarz 2009). Besides ATP production, it is of equal importance to consider the

involvement of mitochondria in other cellular mechanisms such as in Ca2+ home-

ostasis.

Most prominently, in the context of a neuron, Ca2+ signalling is crucial in

maintaining and regulating neurotransmission (Sheng 2014) and plasticity (Devine

and Kittler 2018). Specifically, the mechanisms that underlie synaptic plasticity

rely on the correct functioning of mitochondria to regulate Ca2+ homeostasis in

axonal presynaptic terminals. It has been demonstrated that during repetitive stim-

ulation, presynaptic boutons with mitochondria exhibit smaller Ca2+ transients than

terminals devoid of mitochondria (Kwon et al. 2016; Vaccaro et al. 2017). Pharma-

cological inhibition of the MPT with cyclosporin A leads to a transient elevation in

the Ca2+ concentration in presynaptic terminals which supports the enhancement in

baseline synaptic transmission (Levy et al. 2003). This is followed by alterations

in long-term potentiation and short-term facilitation. The MCU inhibitor RU360

reduces Ca2+ influx in the mitochondria during repetitive stimulation (Kwon et al.

2016). Additionally, the Ca2+ levels in presynaptic terminals were comparable in

the presence and absence of mitochondria, suggesting that mitochondria no longer

buffered Ca2+ (Vaccaro et al. 2017). Moreover, the absence of a functional perme-

ability transition pore (PTP) in voltage-dependent ion channels (VDAC) deficient

mice also leads to impairments in hippocampal plasticity via alterations in Ca2+

regulation (Weeber et al. 2002). In excitatory neurons, roughly 50% of the ax-

onal boutons contain mitochondria (Shepherd and Harris 1998; Weeber et al. 2002).

Vesicular release has been shown to be reduced in mitochondria-containing boutons,

as demonstrated with the attenuated signal of synaptically-targetted pHluorin after
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electrical stimulation (Kwon et al. 2016; Vaccaro et al. 2017). This evidence em-

phasises the contribution of mitochondria in presynaptic Ca2+ handling for correct

basal transmission, vesicle release and synaptic plasticity.

1.3.3.2 The Role of Parvalbumin in Ca2+ Handling

The Ca2+ buffering dynamics of parvalbumin confer unique Ca2+ signalling in par-

valbumin interneurons. Parvalbumin is a cytosolic 12kDa protein that has two func-

tional EF-hand motifs which bind Mg2+ and Ca2+ ions. Therefore, one parvalbumin

molecule can be bound to two ions at a time. Binding is modulated by (a) the affin-

ity, (b) the association (on rate) and (c) the dissociation (off rate) between the buffer

and ions (Pauls et al. 1996). Parvalbumin has medium and high affinities for Mg2+

and Ca2+ ions respectively (KD, Mg2+= 5-500 µM, KD, Ca2+= 5-100 nM). Therefore,

parvalbumin can be bound to Mg2+/Mg2+, Mg2+/Ca2+ or Ca2+/Ca2+. In physiolog-

ical conditions, the Mg2+ concentration is 0.5-1 mM and the Ca2+ concentration is

around 50 to 100 nM (Berridge et al. 2000; Schwaller 2010). Therefore, parvalbu-

min is mostly bound to Mg2+ (Schwaller 2009; Bischop et al. 2012). During Ca2+

influx, Ca2+ competes with Mg2+ for the active site of parvalbumin. The Ca2+/Mg2+

exchange is prolonged (Pauls et al. 1996) because the Mg2+ dissociation from the

active site is slow (Bischop et al. 2012). Consequently, the chelation of Ca2+ by

parvalbumin takes place over tens of milliseconds (Higley and Sabatini 2012). This

effect ensures that free unbound Ca2+ is available during instances of repetitive ac-

tivity (Caillard et al. 2000; Eggermann and Jonas 2011; Eggermann et al. 2011).

It has been proposed that Ca2+ buffering by parvalbumin confers a level of pro-

tection during overload in parvalbumin interneuron (Pauls et al. 1996). Genetic loss

of parvalbumin from parvalbumin interneurons has profound effects on the kinetics

of inhibitory synaptic transmission (Collin et al. 2005; Wohr et al. 2015), synaptic

facilitation (Caillard et al. 2000; Eggermann and Jonas 2011) and network activity

(Vreugdenhil et al. 2003). The loss of parvalbumin results in a stronger facilitation

in the amplitude of the IPSC during a train stimulation in parvalbumin knock-out

cells when compared to controls (Eggermann and Jonas 2011). Additionally, an

increase in the paired-pulse ratio (PPR) is reported in knock-out animals, suggest-
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ing that the presence of parvalbumin sequesters Ca2+ and depresses the synaptic

response. This effect is restored upon the application of 1mM EGTA Ca2+ chela-

tor indicating that the increase in facilitation is predominantly via the loss of the

buffering capabilities of parvalbumin (Caillard et al. 2000). The increase in the fa-

cilitation of the GABA response is considered to underly an increase in the power

of γ-oscillations in parvalbumin knock-out mice (Vreugdenhil et al. 2003). Parval-

bumin knock-out animals exhibit deficits in social behaviour, in communication via

impairments in ultrasonic vocalisations and in reversal learning (Wohr et al. 2015).

As mentioned in section 1.2.1.3, a decrease in parvalbumin protein levels has been

reported in autism spectrum disorders (Filice et al. 2016) and schizophrenia (Lewis

et al. 2012). Altogether, these data suggest that the Ca2+ signalling in parvalbumin

interneurons can be modulated by the interplay of buffers with distinct profiles such

as mitochondria and parvalbumin itself.

1.3.4 Mitochondrial Trafficking

Neurons have a complex polarised geometry consisting of dendrites, a soma and

axon. The spatiotemporal distribution of mitochondria in each compartment is es-

sential in delivering ATP and to buffer Ca2+ for transmission and release (MacAskill

and Kittler 2010; Devine and Kittler 2018). The consensus is that mitochondrial

biogenesis occurs in the soma of the cell and specialised trafficking machinery ex-

ists to distribute mitochondria to sites of high energy demand, such as the synapse

(Misgeld and Schwarz 2017). It has been thought that mitochondria travel back

to the soma for clearance. However, this view is being challenged as evidence

arose to support the presence of local turnover (Ashrafi et al. 2014; Misgeld and

Schwarz 2017). Still, mitochondrial trafficking is important, especially in devel-

opment where mitochondria are very motile and this is possibly associated with

powering processes such as axon extension and retraction (Smith and Gallo 2017).

After development the majority of mitochondria in the cell are stationary along the

axon and serve as stable metabolic hotspots (Misgeld and Schwarz 2017). Mito-

chondria undergo long-range transport and can travel with velocities ranging from

0.1 to 1µm.s-1 (Table 3.1). During their course of motion, mitochondria repeatedly
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pause, resume or dock, and can frequently change direction (Sheng 2014). The na-

ture of their motion behaviour is thought to depend on the interaction with motor

proteins. Mitochondrial trafficking declines with increasing age, implying that once

the distribution is established, the role for long-range transport might be negligible

in the central nervous system (Lewis et al. 2016; Smit-Rigter et al. 2016; Faits et al.

2016).

In the context of parvalbumin interneurons, mitochondrial trafficking is com-

pletely unexplored and especially interesting as the axon is extensively branched

with a cumulative length reaching up to 50mm in the hippocampus (Hu et al. 2014).

1.3.4.1 Miro1-mediated Mitochondrial Transport

One key component of the mitochondrial transport apparatus is the adaptor protein

Miro1 (Mitochondrial Rho GTPase-1). Miro1 is an evolutionarily conserved protein

that is expressed from the Rhot1 gene on chromosome 11 of mice and orthologues

exist in yeast (Gem1p), drosophila (dMiro) and c.elegans (miro-1). Miro1 is found

in the outer mitochondrial membrane (OMM) through a small mitochondrial tar-

geted transmembrane domain in the C-terminus. It consists of two GTP-binding

domains that flank two EF-hands. The EF-hand domains are able to sense changes

in the intracellular Ca2+ concentration. Miro1 interacts with motor proteins such as

kinesins and dyneins to mediate the bidirectional transport of mitochondria in axons

and dendrites by coupling mitochondria to cytoskeletal elements (Figure 1.6).
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Figure 1.6: Miro1 is an adaptor protein that couples mitochondria to the cytoskeleton.
Miro1 is found on the outer membrane of mitochondria and is involved in the process of mi-
tochondrial transport. It mediates the anterograde and retrograde trafficking of mitochondria
along microtubules via interactions with kinesins and dynein motor proteins respectively.
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Microtubule extension occurs from the polymerisation of α- and β-tubulin

(Sheng and Cai 2012). In the axon, the microtubules are uniformly oriented with

the plus end projected to the distal ends of the cell. In the dendrites the micro-

tubule orientation is mixed with equal number of plus- and minus-end facing mi-

crotubules (Yau et al. 2016). Kinesin (KIFs) and dynein motor proteins mediate the

anterograde (towards the plus-end) and retrograde transport (towards the minus end)

respectively. Motor proteins mediate long-range mitochondrial transport by mov-

ing along the microtubule tracks using the energy produced during ATP hydrolysis

(Hirokawa et al. 2010). Miro1 associates with numerous interacting partners to

modulate a range of mitochondrial dynamics. Examples of such proteins are de-

scribed in Table 1.2. Impinging on the function of any of the transport apparatus

proteins impairs mitochondrial trafficking. However, Miro1 mediates trafficking in

both anterograde and retrograde direction in axons and dendrites and consequently

constitutes an attractive target for investigating defects in mitochondrial trafficking

(Guo et al. 2005; Saotome et al. 2008; Wang and Schwarz 2009; Macaskill et al.

2009; Birsa et al. 2013, Nguyen et al. 2014; Lopez-Domenech et al. 2016; Lopez-

Domenech et al. 2018).

Table 1.2: Miro1 interacting partners

Name Function Reference

Trak1/2
Mitochondrial trafficking

Trak1 is axonal and Trak2 is dendritic.

MacAskill et al. 2009
Fransson et al. 2006

vanSpronsen et al. 2013

Kinesin1/KIF5 Anterograde mitochondrial trafficking
Macaskill et al. 2009

Wang and Schwarz 2009
Dynein Retrograde mitochondrial trafficking Babic et al. 2015
MYO19 Mitochondrial trafficking on actin Lopez-Domenech et al. 2018

HUMMR Anterograde mitochondrial trafficking Li et al. 2009
Alex3 Mitochondrial trafficking Lopez-Domenech et al. 2012

Mitofusin1/2 Mitochondrial fusion Misko et al. 2010

Parkin Protein degradation
Birsa et al. 2014

Covill-Cooke et al. 2017

PINK1 Mitophagy
Birsa et al. 2014

Covill-Cooke et al. 2017

DISC1 Mitochondrial trafficking
Norkett et al. 2016
Ogawa et al. 2014

Cenp-F
Anterograde mitochondrial transport

S/G2 - Mitosis Kanfer et al. 2015
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Short-range transport of mitochondria has also been described along the actin

cytoskeleton (Morris and Hollenbeck 1995). Trafficking on actin is thought to me-

diate local distribution of axonal mitochondria. In general, myosin motor proteins

bind to actin and use the energy of ATP hydrolysis to drive movement of cargo along

actin filaments (Hirokawa et al. 2010). Association with the actin cytoskeleton is

thought to mediate the docking of mitochondria along the axon. While destabil-

isation of microtubules impairs long-range axonal transport (Ligon and Steward

2000), the pharmacological destabilisation of F-actin using latrunculin B reduces

mitochondrial retention (Chada and Hollenbeck 2004). This suggests that docking

requires intact actin filaments. Recently, the interaction between Miro1 and Myo19

has been reported for the first time, implicating Miro1 in the molecular machinery

that drives movement along actin filaments (Lopez-Domenech et al. 2018).

Generally, over-expression of Miro1 increases the percentage of mobile mi-

tochondria in neurons (Saotome et al. 2008; Macaskill et al. 2009) and deletion

results in impaired mitochondrial transport (Macaskill et al. 2009; Nguyen et al.

2014; Lopez-Domenech et al. 2016). Thus, Miro1 has a fundamental role in the

transporting of mitochondria. Miro2, which is homologous to Miro1 also exists in

mammals. Miro1 and Miro2 are found on chromosomes 11 and 17 respectively.

Miro1 knock-out mice die soon after birth (Nguyen et al. 2014; Lopez-Domenech

et al. 2016; Lopez-Domenech et al. 2018). In contrast, Miro2 knock-out mice are

viable and the loss of Miro2 does not modulate the percentage of mitochondria that

are moving in either axons or dendrites of neurons. This suggests that the func-

tional properties of Miro1 and Miro2 are distinct (Lopez-Domenech et al. 2016;

Lopez-Domenech et al. 2018).

1.3.4.2 Transport Mechanism

Mitochondria trafficking stops in response to neuronal stimulation, suggesting that

activity mediates the arrest of mitochondrial transport for their delivery to regions

of high metabolic demand. During neuronal activation, there is influx of Ca2+ ions

for synaptic transmission. It has been proposed that the Miro1 EF-hand motifs can

sense elevated Ca2+ and therefore mediate the release of mitochondria from the
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cytoskeletal tracks. In particular, three main mechanisms have been described for

mitochondrial release. The first model proposed that Ca2+ binds to the Miro1 EF

hands upon entry, resulting in the detachment of Miro1 from kinesin. This results

in the release of mitochondria from the microtubules (Macaskill et al. 2009). Ca2+

negatively regulates the interaction between Miro1 and kinesin in a concentration

dependent manner. In the second model, KIF5 directly interacts with TRAK in a

Ca2+ independent manner. The influx of Ca2+ favours the detachment of kinesin

motor from the microtubules and the subsequent interaction of the KIF5 motor do-

main with Miro1 on the mitochondria (Wang and Schwarz 2009). The discrepancies

between the two models might be due to distinct transport mechanism in different

neuronal compartments, as the first study was conducted in dendrites (Macaskill

et al. 2009) and the latter in axons (Wang and Schwarz 2009). The third model pro-

poses a mitochondrial docking mechanism where the protein syntaphilin displaces

Miro1 from kinesin motors and therefore halts trafficking, as the mitochondria are

no longer coupled to the cytoskeleton in axons (Chen and Sheng 2013). This model

proposes the simultaneous arrest of mitochondrial trafficking and tethering of mito-

chondria in areas of high energy demand.

While the models agree that the increase in Ca2+ influx results in a Ca2+-

dependent uncoupling of mitochondria from the microtubule trafficking machinery,

no major conformational changes have been reported in the structure of Miro1 upon

Ca2+ binding using solution small angle X-ray scattering (Klosowiak et al. 2013).

This demonstrates that our understanding of the mitochondrial transport machinery

is simplistic and suggests that numerous adaptors are involved in mediating these

interactions.

1.3.4.3 Miro1 Signalling Domains

The domains of Miro1 act as distinct signalling regions. Functional mutations in

dMiro in drosophila severely affect mitochondrial transport in neurons (Babic et al.

2015). Loss of function of the N-terminal GTPase domain results in the perinu-

clear clustering of mitochondria in the soma and impairment in both anterograde

and retrograde mitochondrial transport. The GTPase domain at the N-terminus is
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related to the Rho GTPase family, while the one at the C-terminus is not (Frans-

son et al. 2003). The GTPase domain at the N-terminus is also responsible for

recruiting TRAK2 to the mitochondria (MacAskill et al. 2009). Loss of function

of the C-terminal GTPase domain only impacts on mitochondrial trafficking in the

retrograde direction in drosophila axons, supporting the idea that each GTPase do-

main has distinct roles in protein interactions (Babic et al. 2015). Additionally, the

over-expression of a constitutively active mutant Miro-1 (Miro1-V13) increased mi-

tochondrial arrest. This observation further denotes the involvement of the GTPase

domains in the trafficking machinery (Saotome et al. 2008), potentially via the re-

cruitment of proteins involved in the docking mechanism. The signalling of Miro1

expands beyond trafficking, as the C-terminal GTPase domain has also been shown

to mediate the ubiquitination of Miro1 by Parkin and therefore promoting mitochon-

drial degradation in a process known as mitophagy (Klosowiak et al. 2016; Devine

et al. 2016a; Covill-Cooke et al. 2017).

Loss of function mutations in the EF hand domains of Miro1 result in an in-

crease in the mitochondrial trafficking (Saotome et al. 2008; Macaskill et al. 2009).

The EF hands are not required for mitochondrial motion in a low Ca2+ environ-

ment (Saotome et al. 2008). During high Ca2+ influx, mitochondrial arrest was not

observed in the over-expression of a construct with a functional mutation in the EF-

hand motif Miro1. This suggests that Miro1-dependent Ca2+ sensing is necessary

for halting machinery. The reduced calcium sensing by Miro1 was proposed to in-

fluence the intramitochondrial Ca2+ content (Saotome et al. 2008). Another study

suggested that the influx of Ca2+ in the mitochondria modulates mitochondrial traf-

ficking as there is an inverse relation between intramitochondrial Ca2+ levels and

speed of movement (Chang et al. 2011). Time-lapse live imaging in dissociated

neuronal cultures demonstrated that mobile mitochondria contain less Ca2+ in the

matrix (Chang et al. 2011).

Even though some of the data are contrasting, studies identified a role for

Miro1 domains in modulating mitochondrial arrest during high Ca2+ concentrations

(Saotome et al. 2008; Wang and Schwarz 2009; Macaskill et al. 2009; Chang et al.
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2011). Recent investigation on the role of Miro1 in mitochondrial trafficking in

neurons reported a Ca2+-dependent mitochondrial transport arrest in the absence of

Miro1 (Nguyen et al. 2014; Lopez-Domenech et al. 2016). This effect indicates the

presence of compensatory mechanisms that can halt mitochondrial trafficking in the

absence of Miro1. Besides the role of Ca2+ in mitochondrial arrest, the Miro1 Ca2+

sensing has been implicated in the activity dependent recruitment of mitochondria

in presynaptic terminal as a mechanism of homeostatic scaling of presynaptic Ca2+

signals after periods of prolonged activity (Vaccaro et al. 2017).

1.3.4.4 Miro1-dependent Mitochondrial Morphology

Functional mutations and deletions in the Miro1 domains have a striking effect

on mitochondrial morphology (Table 1.3). Mitochondrial morphology is denoted

by the dynamic balance between fission and fusion (Chang et al. 2006; Rintoul

and Reynolds 2010). The Miro1-dependent changes in mitochondrial morphology

demonstrate that Miro1 acts as a signalling hub on mitochondria to modulate fu-

sion and fission which then define the organelle structure. The probability of a

fusion event occurring directly depends on the ability of mitochondria to be trans-

ported properly as it involves the merge between two mitochondria and exchange

of content (Liu et al. 2009; Schwarz 2013). As a result, mitochondria are shorter

upon the loss of Miro1 function (Lopez-Domenech et al. 2018). Under basal con-

ditions, Miro1 has been proposed to regulate fission via the negative regulation

of Drp1 (Saotome et al. 2008). During elevated Ca2+, Miro1 has been shown to

promote mitochondrial fission and fragmentation. Miro1 has also been shown to in-

teract with mitofusins (Mfn1/2) on the outer mitochondrial membrane (Misko et al.

2010). Mfn1/2 are dynamin-related GTPases and mediate the fusion of the outer

membrane of mitochondria. The interaction between Mfn2 and Miro1 is also im-

portant for regulating axonal mitochondrial trafficking (Misko et al. 2010). Given

that over-expression of Miro1 increases mitochondria length (Saotome et al. 2008),

it is also very likely that Miro1 might be implicated in modulating fusion through

the interaction with Mfn2.
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Table 1.3: Miro1 domain mutants and mitochondrial morphology

Mutant Effect Mitochondria Morphology Reference
Miro1-EF (K208, K328) No Ca2+ sensing Elongated (Saotome et al. 2008)

Elongated Kittler Lab (Unpublished)
Miro-V13 GTPase mutant Constitutive Activation Aggregates (Fransson et al. 2003)

Long - thread like (Saotome et al. 2008)
Miro1-N18 GTPase mutant Dominant Negative Clustered (50%) (Fransson et al. 2003)

Fragmented (Saotome et al. 2008)
Miro1-ΔTM No mitochondrial localisation Fragmented (Saotome et al. 2008)

1.3.4.5 Mitochondrial Positioning and Neuronal Function

Mitochondrial distribution along dendrites has been implicated in dendritic mainte-

nance, spine development and synapse formation. Loss of Miro1 during embryonic

development disrupts dendritic morphogenesis (Lopez-Domenech et al. 2016). The

conditional removal of Miro1 from pyramidal cells alters mitochondrial occupancy

in dendrites which results in defects in dendritic complexity in vivo and cell death.

This observation suggests that a stable pool of mitochondria in the dendrites is es-

sential in fuelling dendritic arbor stability (Lopez-Domenech et al. 2016). Besides

the temporal localisation of mitochondria, fission has been shown to be important

in the development of dendritic arbors and spines in Purkinje cells in the cerebel-

lum (Liu and Shio 2008). Impaired fission by the genetic removal of Bcl-w reduced

the number of synapses and led to a motor learning deficit. This study proposed

that mitochondrial dynamics are linked to plasticity of synapses and learning. An-

other study demonstrated that over-expression of mutant leucine-rich repeat kinase

2 (LRRK2) leads to Ca2+ mishandling, degradation of mitochondria and a subse-

quent reduction in dendritic length in cortical cultures. This indicates that besides

energy provision, Ca2+ homeostasis is equally important in maintaining dendritic

morphology (Cherra et al. 2013).

The consensus in the field has been that mitochondria are recruited to metabol-

ically demanding regions during neuronal activation, such as the synapse to sup-

port their maintenance and plasticity through energy provision and Ca2+ handling

(Macaskill et al. 2009; Wang and Schwarz 2009; Chang et al. 2006). Li and col-

legues identified a strong correlation between protrusions along the dendrites and

mitochondrial content which supports that the presence of mitochondria fuels the
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formation of dendritic spines and the emergence of functional synapses (Li et al.

2004). Enhanced neuronal activity recruits mitochondria in dendritic spines in hip-

pocampal cultures. This effect is blocked upon the addition of NMDA receptor

antagonist, supporting that the recruitment of mitochondria to sites of increased

metabolic demands is an activity-dependent process (Li et al. 2004). However,

recent work is challenging this view. Faits and colleagues demonstrated that mito-

chondria are highly mobile during development in retinal ganglion cells in ex vivo

retinal slices. The mitochondrial distribution in the dendrites is established before

the formation of functional synapses and branching patterns (Faits et al. 2016). They

also report a dramatic reduction in the levels of motile mitochondria during adult-

hood. Neither spontaneous nor evoked activity recruited mitochondria to synaptic

sites. The authors implied that the activity depended recruitment of mitochondria

could be an artefact of unphysiological stimulations. Still, the observed differences

could be due to the distinct properties of the cell type under investigation.

Mitochondrial trafficking and docking have been implicated in axon morphol-

ogy, synaptic scaling and plasticity. Defects in dMiro impaired mitochondrial traf-

ficking and depleted mitochondria from the axon (Guo et al. 2005). The morphol-

ogy of the axon and synaptic boutons were also altered upon loss of dMiro func-

tion in the drosophila neuromuscular junction. The basal Ca2+ levels were elevated

and the cells could not sustain neurotransmitter release during prolonged stimula-

tion, supporting the idea that loss of axonal mitochondria directly impairs synaptic

transmission. In another study, loss of function of the mitochondrial fission protein

DRP1 also severely impaired axonal trafficking (Verstreken et al. 2005). Given that

synapses fail to maintain neurotransmission only during prolonged stimulation, it is

proposed that the absence of ATP provision by mitochondria is no longer mobilising

the reserve pool (RP) vesicles for release. Moreover, the interaction between KIF5

and syntabulin mediates anterograde mitochondrial transport (Cai et al. 2005). Loss

of function in syntabulin impairs basal transmission and synaptic release in sym-

pathetic neurons (Ma et al. 2009). The phenotypes observed in this system were

partially rescued with ATP application, further suggesting that energy provision is
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important in powering neurotransmitter release machinery. Mitochondrial arrest to

potential sites of branching has been linked to extension and arborisation of the

axon (Courchet et al. 2013; Spillane et al. 2013; Sainath et al. 2017). Mitochondrial

respiration is crucial in promoting the formation of axonal filopodia that give rise

to axon branches. The loss of the docking protein syntaphilin or the axon specifica-

tion kinase LKB1 reduces axon branching through the reduction of mitochondrial

capture in putative branch points (Courchet et al. 2013). Additionally, the loss of

syntaphilin from axons is implicated in short-term plasticity as the absence of mito-

chondria indicated that a stable buffer was lost. The availability of Ca2+ ions during

neuronal activation was increased because it was not sequestered by mitochondria

and therefore enhanced facilitation during prolonged stimulation (Kang et al. 2008).

Trafficking of mitochondria in axons contributes to pre-synaptic strength mecha-

nisms as mitochondria passing through boutons can sequester Ca2+ and therefore

induce variability in synaptic release (Sun et al. 2013). Miro1-mediated mitochon-

drial occupancy of presynaptic terminals after neuronal activity has been proposed

to mediate homeostatic plasticity. Prolonged neuronal activation recruits mitochon-

dria to axonal boutons, enabling stable provision of energy, Ca2+ buffering and

homeostatic scaling of synapses (Vaccaro et al. 2017).

1.3.4.6 Mitochondrial Trafficking and Diseases of the CNS

The homeostatic regulation of mitochondrial function is undeniably an important

factor in neuronal health. Consequently, defects on mitochondrial activity have

been reported in neurological and neurodegenerative diseases. One common fea-

ture of neurological and neurodegenerative diseases is the loss of directional mito-

chondrial trafficking. Specifically, loss of Miro1-dependent mitochondrial traffick-

ing has been observed in Parkinson’s disease (PD), Alzheimer’s Disease (AD) and

amyotrophic lateral sclerosis (ALS). Increasing evidence also implicates mitochon-

drial trafficking in neuropsychiatric disorders such as schizophrenia. Even though

it remains to be elucidated whether impaired transport machinery is an underlying

cause or consequence, it is now clear that impaired organelle trafficking is highly

correlated with the emergence of the disease.
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Genetic mutations in PINK1 and Parkin have been extensively described in pa-

tients with familial forms of PD. The synergistic association of PINK1 and Parkin

constitutes a quality-control system for the cell and regulates mitochondrial clear-

ance in health and disease. During damage, upon the depolarisation of mitochon-

dria, PINK1 accumulates in the outer membrane and recruits the E3 ubiquitin ligase

Parkin. In turn, Parkin ubiquitinates mitochondrial proteins, stimulating the initia-

tion of a clearance mechanism. Parkin-mediated ubiquitination of Miro1 at Lys-27

targets Miro1 for proteosomal degradation (Birsa et al. 2014). Loss of function mu-

tations in PINK1 and Parkin result in defective clearance of Miro1 and impaired

mitophagy. Moreover, the PD associated mutation in LRRK2 (G2019S) results in

the inability of Miro1 to be cleared during mitochondrial depolarisation and there-

fore results in inappropriate trafficking and loss mitochondrial arrest (Hsieh et al.

2016). Impaired mitochondrial activity, clearance and Miro1-directed mitochon-

drial trafficking have been reported in PD (Choong and Mochizuki 2017).

Mitochondrial trafficking abnormalities have also been seen in patients with

sporadic AD. AD is characterised by the deposition of Aβ-oligomers which consti-

tute a hallmark for the disease. Soluble Aβ-oligomers have been reported to severely

diminish bidirectional mitochondrial trafficking (Correia et al. 2016; Wang et al.

2010). Aβ-oligomers have been shown to impair axonal transport and localization

of mitochondria in synapses in the Tg APP mouse model, over-expressing Aβ/APP

(Du et al. 2010). Defects in axonal transport might explain the mechanism for ax-

onal degeneration observed in AD. In addition, the levels of kinesin motor proteins

and Miro1 are reduced in patients bearing the E280A mutation in presenilin1 (PS1)

suggesting that mitochondrial trafficking is reduced via the loss of constituents of

the transport machinery (Sepulveda-Falla et al. 2014).

Motor neurons are particularly susceptible to incidents of mitochondrial dam-

age (Shi et al. 2010). An ALS mutation in vesicle-associated membrane protein-

associated protein B (P56S-VAPB) affects Ca2+ signalling (De Vos et al. 2012).

Elevated intracellular Ca2+ levels result in an arrest of mitochondrial transport via

the Ca2+ sensing of Miro1 EF hand domains, and interrupt the interaction between
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Miro1, kinesin and the cytoskeleton (Morotz et al. 2012). In addition, the levels

of Miro1 are lower in the spinal cord tissue of ALS patients, in mouse models and

cell-lines with the commonly associated ALS mutations (G93A-SOD1 or M337V-

TDP43) (Zhang et al. 2015; Moller et al. 2017). The reduction in Miro1 levels was

only observed in the spinal cord and not in the brain samples. Motor neurons rely

on anterograde transport as the axon is very long. This signifies that motor neurons

are particularly sensitive to impairments in mitochondrial trafficking.

Genetic studies have identified DISC1 (disrupted in schizophrenia 1) as a sus-

ceptibility gene for schizophrenia (Devine et al. 2016b). DISC1 is a scaffold pro-

tein which has been implicated in numerous cellular processes that are important

for neuronal function, including the intracellular trafficking of cargo. DISC1 has

been reported to interact with Miro1 and it can also modulate the transport of mi-

tochondria (Norkett et al. 2016; Ogawa et al. 2014). Over-expression of DISC1

in neuronal cultures increases the percentage of mobile mitochondria (Atkin et al.

2011). Furthermore, DISC1 has been implicated in regulating mitochondrial home-

ostasis by interacting with the mitochondrial protein mitofilin (Park et al. 2010).

A chromosomal translocation in patients, between DISC1 and the Boymaw gene

on chromosome 11, results in the translation of a fusion protein that disrupts mito-

chondrial trafficking (Norkett et al. 2016). This is followed by a reduction in den-

dritic complexity, further specifying an essential role of mitochondrial positioning

in dendritic maintenance. This evidence demonstrates that the regulated delivery

of mitochondria to sites of high energy demand is crucial for the neuronal function

and survival.

It is becoming increasingly appreciated that different neuronal cell types may

respond differently to the loss of Miro1 and impaired mitochondrial trafficking. For

example, when Miro1 is conditionally knocked out from motor neurons, there is re-

duced mitochondrial trafficking while mitochondrial respiratory function and Ca2+

buffering remain unaffected (Nguyen et al. 2014). This is particularly interesting

as there is motor neuron degeneration upon the loss of Miro1-directed mitochon-

drial trafficking without impaired functional mitochondria. This further implies
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that deficits in trafficking alone, without apparent impairments in the physiologi-

cal properties of mitochondria, is sufficient to promote the emergence of disease.

Even though the pathology of the diseases mentioned here is very distinct, they all

share similar features including abnormalities in mitochondrial transport. Whether

impaired trafficking is the underlying cause of the disease remains to be elucidated.

Given the fundamental role of Miro1 in modulating trafficking, it is an attractive

candidate for therapeutic intervention.

1.4 The Interneuron Energy Hypothesis

Given that parvalbumin interneurons are metabolically very demanding, they rely

on intact mitochondrial function to sustain their high firing rates (Kann et al. 2011;

Kann et al. 2014; Kann 2016).

Mitochondria in interneuron progenitors are highly motile during migration,

but not in excitatory cell progenitors (Lin-Hendel et al. 2016), supporting that mi-

tochondria in interneurons might be active players in sustaining the energetic de-

mands of the long-range tangential migration. Lin-Hendel and colleagues proposed

a role for mitochondrial function in migration of interneuron progenitors but not

projection neurons. Pharmacologic and genetic inhibition of the adenine nucleotide

translocator selectively disrupts interneuron progenitor tangential migration but not

the radial migration of projection neuron progenitors (Lin-Hendel et al. 2016). This

work clearly demonstrated that mitochondria can be adapted to the local metabolic

requirements of distinct neuronal populations during development.

Furthermore, oscillatory network activity at γ-frequency has been associated

with a decrease in the interstitial partial oxygen pressure (pO2), reflecting an in-

crease in the rate of oxygen consumption in brain slices (Kann et al. 2011; Huchz-

ermeyer et al. 2008; Huchzermeyer et al. 2013). Additionally, optical imaging in

feline cortex revealed a strong correlation between hemodynamic signals and the

power of γ-oscillations in vivo (Niessing et al. 2005). Oxygen (O2) is the final elec-

tron acceptor in the ETC that results in the generation of cellular energy (Kann and

Kovacs 2007). Therefore, mitochondrial oxidative phosphorylation (OXPHOS) has
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been directly implicated in powering γ-oscillations. Moreover, network activity at

γ-frequency was shown to be dramatically reduced when O2 availability was de-

creased in brain slices (Huchzermeyer et al. 2008). During hyperoxic conditions

(95% O2), electrical stimulation of brain slices elicited an increase in O2 consump-

tion which reflects an increase in mitochondrial OXPHOS capacity during enhanced

activity. During normoxia however (20% O2), the O2 consumption was decreased

and this was accompanied by an increase in NAD(P)H autofluorescence which rep-

resents changes in mitochondrial redox state. Therefore, the increase in NAD(P)H

fluorescence denotes a reduction in the oxidation of NAD(P)H to NAD+ and the

provision of electrons down the cascade, suggesting a reduction in OXPHOS ac-

tivity. This work tightly couples the interaction between network activity, oxygen

consumption and mitochondrial redox status during elevated activity.

Furthermore, pharmacological inhibition of the ETC components disrupts net-

work activity at γ-frequency. Application of potassium cyanide (KCN) and subse-

quent inhibition of COX in acute hippocampal slices reduced the frequency of in-

hibitory post-synaptic potentials (IPSPs) on pyramidal cells and severely decreased

the power of γ-oscillations (Whittaker et al. 2011). ETC inhibition via KCN ap-

plication did not affect the excitability of pyramidal cells as the resting membrane

potential was not affected. This suggests that the action of KCN primarily affects

interneurons. Given that interneurons, especially in CA3, contain a lot of mitochon-

dria and express high levels of COX (Gulyas et al. 2006), they might be particularly

prone to the action of KCN. Application of rotenone, which inhibits complex I,

and FCCP, which uncouples OXPHOS from mitochondria by depolarising the mi-

tochondrial membrane, also abolished γ-power (Whittaker et al. 2011). In another

study, application of rotenone also reduced oxygen consumption in the CA3 area

of the hippocampus (Kann et al. 2011). These experiments demonstrated that γ-

oscillations heavily depend on intact mitochondrial function.

Kann and colleagues also demonstrated that Complex I subunit transcripts

were elevated in the CA3 when compared to CA1 and dentate gyrus (Kann et al.

2011). Given that γ-oscillations in CA3 are more prominent than CA1 (Wojtowicz
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et al. 2009), a correlation between γ-power and metabolic activity of OXPHOS was

proposed (Kann et al. 2011). These experiments provided compelling evidence for

intact mitochondrial function in sustaining γ-rhythms. Since parvalbumin interneu-

rons rely on mitochondrial function to sustain high levels of cellular and network

activity, they are vulnerable to incidents of mitochondrial impairment. This gave

rise to the Interneuron Energy Hypothesis (Kann et al. 2014; Kann 2016) which

proposes that mitochondrial function defects in parvalbumin interneurons renders

them susceptible to metabolic stress. Consequently, these defects can result to phe-

notypes seen in neurological disorders via the impairment of parvalbumin interneu-

ron function and subsequent desynchronisation of the network.

1.4.1 Energy Deficits in Parvalbumin Interneurons

Intact mitochondrial function is essential in interneuron development and parvalbu-

min interneuron signalling. Parvalbumin interneurons deficient in synthesising the

antioxidant gluthionine are more prone to oxidative stress than other interneurons

(Cabungcal et al. 2013). The absence of gluthionine in Gclm KO mice resulted in a

delayed maturation of parvalbumin interneurons and surrounding perineuronal nets

at P10, but not at later time points. Further oxidative insults during pre-weaning or

pubertal periods, but not in adulthood, resulted in parvalbumin cell death (Cabung-

cal et al. 2013). Another study reported that the genetic removal of gluthionine in

mice lead to a selective decrease in parvalbumin interneurons in the CA3 and DG of

the ventral hippocampus (Steullet et al. 2010). This caused a reduction in power of

β/γ-oscillations and a phenotype in emotion and stress-related behaviours (Steullet

et al. 2010). Given the involvement of parvalbumin interneurons in schizophrenia

and the increasing evidence supporting a role of oxidative stress in neurological

disorders, both studies provided a link between parvalbumin interneuron metabolic

function and hallmark of schizophrenia.

The peroxisome proliferator-activated receptor gamma coactivator 1 (PGC-1a)

is a transcription factor that has been involved in the expression of metabolism re-

lated genes, such as genes required for mitochondrial biogenesis and antioxidant

defence (Lin et al. 2005). The levels of PGC-1a are enhanced in the nuclei of in-
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terneurons by the second week of postnatal development (Cowell et al. 2007). Even

though loss of PGC-1a did not affect the transcript levels of metabolic targets, it

resulted in a dramatic reduction in parvalbumin levels in the hippocampus. The loss

of parvalbumin enhanced GABA release after 40 Hz train stimulation and altered

short-term and long-term plasticity. Consequently, PGC-1 is required for regulat-

ing the expression of parvalbumin and for intact synaptic transmission (Lucas et al.

2010).

The conditional removal of COX10 selectively from parvalbumin interneurons

leads to the progressive reduction in COX and impairs the ETC function (Inan et al.

2016). This is accompanied by increased excitability of parvalbumin interneurons

that also display fatigue during prolonged current injections. The recorded sIP-

SCS and sEPSCs were increased suggesting that network excitation and inhibition

dynamics are altered when COX10 was exclusively knocked-out from parvalbumin

interneurons. These changes were sufficient to increase the power of γ- and θ- oscil-

lations and impair sensory gating and sociability, reminiscent of stereotypic social

aversion behaviour in schizophrenia patients (Inan et al. 2016). Consequently, mi-

tochondrial defects could impact on the function of parvalbumin interneurons and

could contribute to the aetiology of neurological diseases.

1.5 Scope of Investigation

Parvalbumin interneurons are crucial elements in the synchronisation of cell assem-

blies that give rise to network activity which is crucial for the emergence of high

cognitive behaviour (Section 1.2.1). Parvalbumin interneurons undergo unique de-

velopmental journeys (Section 1.2.2) and are optimised for applying fast and effi-

cient inhibition (Section 1.2.1.2). As a result, parvalbumin interneurons require a lot

of energy to sustain their fast spiking and therefore rely on mitochondria to satisfy

their energetic demands (Section 1.1, 1.4). Consequently, parvalbumin interneurons

are vulnerable to incidents of mitochondrial impairments (Section 1.4.1). In gen-

eral, mitochondria are involved in many cellular processes and are important for the

provision of energy and Ca2+ homeostasis (Section 1.3). Besides their functional
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properties, the precise regulation of the spatiotemporal distribution of mitochon-

dria is crucial for neuronal function and survival (Section 1.3.4.5). One important

protein involved in transporting mitochondria to regions of high energy demand

is Miro1 (Section 1.3.4.1). Loss of Miro1 function has been seen in neurological

and neuropsychiatric disorders (Section 1.3.4.6). Emerging evidence suggests that

different cell types respond differently in the loss of Miro1-directed mitochondrial

transport and therefore it is of great interest to investigate the role of Miro1-directed

mitochondrial trafficking in parvalbumin interneurons.

The extensive research described above demonstrates that intact mitochondrial

metabolism is crucial for correct parvalbumin interneuron function. Defects in mi-

tochondrial functionalities can impact on parvalbumin interneuron physiology and

result in the desynchronisation of network activity. Defects in γ-oscillations have

been correlated with the emergence of cognitive deficits observed in many neuro-

logical disorders. Thus, the main aim of this thesis is to investigate the role of

Miro1-dependent mitochondrial trafficking in parvalbumin interneurons and how

perturbing mitochondrial positioning can alter parvalbumin interneuron physiology,

network activity and animal behaviour.

In Chapter 3 we discuss the strategies undertaken to investigate mitochondrial

trafficking and the characterisation of two mouse models for the investigation of

Miro1-dependent mitochondrial dynamics.

In Chapter 4 we discuss the effect of loss of Miro1 in mitochondrial distribution

and morphology of parvalbumin interneurons, mainly focusing on the parvalbumin

interneuron axon.

In Chapter 5 we discuss how the observed changes in mitochondrial position-

ing impact on network activity. We also characterise hippocampal transmission and

the physiology of parvalbumin interneurons. Finally, we investigate whether the

changes we observed have behavioural correlates.



Chapter 2

Materials and Methods

2.1 Animals
All experimental procedures were carried out in accordance with institutional ani-

mal welfare guidelines and licensed by the UK Home Office in accordance with the

Animals (Scientific Procedures) Act 1986. Animals were maintained under con-

trolled conditions (temperature 20 ± 2oC; 12 hour light-dark cycle).

2.1.1 Mouse Strains

The animals used in this study were the PVCre-/- or +/- Rhot1f/f, PVCre+/+

Rhot1+/+ or +/f or f/f MitoDendra+/+ and PVCre+/+ Rhot1+/+ or +/f or f/f ChR2-EYFP+/+.

The PVCre-/- Rhot1f/f and PVCre-/- Rhot1f/f were littermate controls. The PVCre+/+

Rhot1+/f MitoDendra+/+ and PVCre+/+ Rhot1f/f MitoDendra+/+ were littermate con-

trols. The PVCre+/+ Rhot1+/+ ChR2-EYFP+/+, PVCre+/+ Rhot1+/f ChR2-EYFP+/+

and PVCre+/+ Rhot1f/f ChR2-EYFP+/+ were littermate controls. The PVCre line

(Stock Number 008069) has been previously described (Hippenmeyer et al. 2005)

(Figure 2.1A). The Rhot1 transgenic line (Rhot1tm1a (EUCOMM)Wtsi) was ob-

tained from the Wellcome Trust Sanger Institute (MBTN EPD0066 2 F01) and

the floxed mouse has been previously generated in the lab (Lopez-Domenech

et al. 2016) (Figure 2.1B). The stop-floxed MitoDendra line (B6;129S −

Gt(ROSA)26Sortm1(CAG − COX8A/Dendra2)Dcc/J) was obtained from The

Jackson Laboratory (Stock number 018385) (Figure 2.1C). The stop-floxed Chr2-

EYFP (B6;129S − Gt(ROSA)26Sortm32(CAG−COP4 ∗ H134R/EY FP)Hze/J)
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was also obtained from The Jackson Laboratory (Stock number 012569) (Figure

2.1C). The Chr2-EYFP line has been described by (Madisen et al. 2012). The

expression of the Cre recombinase under the parvalbumin promoter was confirmed

with DNA sequencing. The expression of MitoDendra further provided validation

that Cre-mediated recombination was successful. Besides the brain, parvalbumin

expression has been reported in the testis. The PVCre line used in this study has

been characterised before and robust expression was not detected in Leydig cells

and spermatids (Kobayashi and Hensch 2013).

2.1.2 Genotyping

The genotyping was carried out following Sanger recommended procedures on ear

biopsies for adult mice and tail biopsies for neonatal mice (younger than P10). The

DNA was extracted from the tissue in alkaline lysis buffer [0.2mM EDTA, 25mM

NaOH] using the Hot Shot method (95oC for 45 minutes) and then chilled on ice

for 3 minutes before adding neutralising buffer [40 mM Tris-HCl]. The extracted

DNA was amplified using polymerase chain reaction (PCR) (Figure 2.2).

PCRs were performed using the primers in Table 2.1. The presence of the

Rhot1 was assessed using the Rhot1 16 F, Rhot1 16 R and the CAS R1 Term

primers which gave bands at 546 bp for the control, 546 bp and 277 bp for the

hemi-floxed and 277 bp only for the Rhot1 floxed cassette. The LacZ 2 small F

and LacZ 2 small R primers were used as negative controls to further validate the

recombination. Therefore, no bands at 108 bp were expected. The presence of

the Cre transgene (330 bp) was detected using the Cre F and Cre R primers. The

presence of the MitoDendra transgene was assessed using the MitDend WT F, Mit-

Dend WT R and MitDend Mut R which gave one band at 604 bp for control and

one band at 376 bp for homozygous floxed. The presence of ChR2-EYFP was as-

sessed using the ChR F, ChR R, ChR mut F and ChR mut R which gave bands at

297 bp for control, 212 bp and 297 bp for heterozygote and 212 bp for the mutant.
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Figure 2.1: Schematic of mouse transgenes. A) Schematic of the PVCre transgene. A
cassette containing an internal ribosome entry site (IRES) and the DNA sequence of the Cre
recombinase was inserted into the 3’ untranslated region (UTR) of exon 5 of parvalbumin
gene at chromosome 15. Therefore, the endogenous expression of the parvalbumin pro-
moter drives the translation of the Cre. B) Schematic of the Rhot1f/f gene. The floxed Rhot1
transgenic allele was previously generated in the lab using the Flp recombination strategy
(Lopez-Domenech et al. 2016). The exon 2 of Rhot1 gene, at chromosome 11, was flanked
by two LoxP sites. Cre recombination resulted in the removal of exon 2. C) Schematic
of the MitoDendra transgene at the Gt(ROSA)26Sor gene. MitoDendra2 was knocked-in
downstream of the CAG promoter and the stop-floxed cassette (loxP-flanked Stop sequence)
and was expressed only in the presence of the Cre recombinase. D) Schematic of the Chr2-
EYFP gene. Chr2-EYFP was knocked-in the Gt(ROSA)26Sor locus, downstream of the
CAG promoter and the stop-floxed cassette. Cre recombination resulted in the removal of
the stop cassette and downstream expression of Chr2-EYFP.
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Figure 2.2: PCR amplification for genotyping. Polymerase chain reaction steps for am-
plification of DNA from tissue biopsies. This specific cycle program has been used with the
DNA primers in Table 2.1

Table 2.1: Sequencing Primers

PCR Primer Sequence (5’ to 3’)
Rhot1 16 F TTAGGATTTGTACTTTGCCCCTG
Rhot1 16 R AAAACCCTTCCTGCATCACC

CAS R1 Term TCGTGGTATCGTTATGCGCC
MitDend WT F CCAAAGTCGCTCTGAGTTGTTATC
MitDend WT R GAGCGGGAGAAATGGATATG
MitDend Mut R TCAATGGGCGGGGGTCGTT

Cre F CACCCTGTTACGTATAGCCG
Cre R GAGTCATCCTTAGCGCCGTA

LacZ 2 small F ATCACGACGCGCTGTATC
LacZ 2 small R ACATCGGGCAAATAATATCG

ChR F AAGGGAGCTGCAGTGGAGTA
ChR R CCGAAAATCTGTGGGAAGTC

ChR mut F ACATGGTCCTGCTGGAGTTC
ChR mut R GGCATTAAAGCAGCGTATCC

2.1.2.1 Agarose Gels

The DNA samples were run on a 1.5% agarose gel in 1X TAE buffer [40mM Tris

(Free base), 1mM EDTA, 20mM Acetate; pH ∼ 8.6 ]. For DNA band visualisation

1µl of ethidium bromide was added. DNA was diluted in loading buffer (6X, 0.25%

bromophenol blue, 40% sucrose) for loading the gel. 3µl of 1Kb DNA ladder (Bio-

line) was also loaded. The gels were run at 100V for 30 minutes in 1X TAE buffer

and visualised under UV light.
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2.2 Hippocampal Brain Slice Preparations

2.2.1 Acute slices

Adult mice at postnatal day 60 (∼P60) were anaesthetised with 4% isoflurane

and sacrificed by decapitation after the pedal reflex was abolished (by Pantelis

Antonoudiou, Mann Lab, Department of Physiology, Anatomy and Genetics -

DPAG, University of Oxford). The use of anaesthetics such as isoflurane may affect

γ-oscillations. Moreover, the exposure to isoflurane was transient and not present

during experiment acquisition. Furthermore, control and cKO slices were treated in

the same way so the use of isoflurane during sacrifice was not expected to mask bio-

logical differences between the two conditions. Brains were extracted in warm (30-

35oC) sucrose solution [40mM NaCl, 3mM KCL, 7.4mM MgSO4.7H2O, 150mM

Sucrose, 1mM CaCl2, 1.25mM NaH2PO4, 25mM NaHCO3 and 15mM Glucose;

Osmolality 300±10 mOsmol/Kg]. Transverse hippocampal slices (350 µm thick)

were cut using a vibratome (Leica VT1200S) and were placed in an interface cham-

ber with warm artificial cerebrospinal fluid (aCSF) [126mM NaCl, 3.5mM KCl,

2mM MgSO4.7H2O, 1.25mM NaH2PO4, 24mM NaHCO3, 2mM CaCl2 and 10mM

Glucose; Osmolality 300±10 mOsmol/Kg]. All solutions were bubbled with car-

bogen gas [95% O2 and 5% CO2], 30 minutes before the procedure until the end of

the experiment.

2.2.2 Organotypic Slice Cultures

Mice were sacrificed by cervical dislocation (Schedule 1) followed by decapitation.

Brains from transgenic mice (P6-8) were extracted in ice-cold dissection medium

[487.5ml EBSS, 12.5ml 25mM HEPES]. Transverse brain slices (300µm) were cut

using a vibratome (Leica VT1200S) in ice-cold dissection medium. Organotypic

hippocampal brain slices were prepared using the Stoppini interface method (Stop-

pini et al. 1991; De Simoni and MY Yu 2006). Slices were maintained on sterile

0.45 µm Omnipore membrane inserts (Millipore, cat no. FHLC01300) in a hu-

midified incubator at 37oC with 5% CO2 for at least 6 days in culture medium

[47% MEM + glutamax, 25% HRS, 25% EBSS supplemented with 20mM HEPES,



2.3. Tissue Processing and Labeling 73

1.44% of 45% glucose, 1.06% penicillin/streptomycin with 16% nystatin, and 0.5%

1M Tris solution] prior to imaging. The media were changed on the day of slicing

and half of the media were replaced with new, every 3-4 days after that.

2.3 Tissue Processing and Labeling
Animals (∼P60) were culled by cervical dislocation or CO2 exposure. Adult

mouse brains were harvested and immersed in 4% paraformaldehyde (PFA) /su-

crose overnight at 4oC. The following day the brains were cryo-protected in 30%

sucrose/1X-Phosphate Buffered Saline (PBS) [1.37mM NaCl, 2.7mM KCl, 10mM

Na2HPO4, 2mM KH2PO4] solution overnight at 4oC before freezing at -80oC.

PVCre Rhot1f/+ and f/f MitoDendra were anaesthetised with isoflurane and transcar-

dially perfused (by Dr. Guillermo Lopez-Domenech) with ice-cold 4% PFA to

maintain mitochondrial morphology. They were then cryoprotected in 30% su-

crose/PBS solution overnight before freezing at -80oC. The brain samples were

embedded in tissue freezing compound (OCT) and 30 µm coronal brain sections

were serially cryo-sected using a Cryostat (Bright Instruments).

After live-imaging and electrophysiological recordings, organotypic and acute

brain slices were fixed in 4% PFA/sucrose overnight. Slices were either kept in PBS

at 4oC for short-term storage or at -20oC in cryoprotectant solution [30% glycerol,

30% ethylene glycol, 40% 1XPBS] for long-term storage.

2.3.1 Immunohistochemistry

Free floating sections were washed with PBS and permeabilised for 4-5 hours in

block solution [1X PBS, 10% horse serum with 0.02% sodium azide, 3% BSA,

0.5% Triton X-100 and 0.2M glycine]. The slices were further blocked overnight

with an added purified goat anti-mouse Fab-fragment (Jackson Immunoresearch) at

a concentration of 50 µg/ml to reduce endogenous background. The sections were

then incubated with primary antibody (Table 2.2) diluted in block solution overnight

at 4oC. Slices were washed 4-5 times in PBS for 2 hours then incubated for 3-4 hours

with secondary antibody in block solution (1:500-1:1000) at room temperature. The

secondary antibodies used were the donkey anti-mouse Alexa Fluor 488 (Jackson
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ImmunoResearch 715-545-151), goat anti-rabbit Alexa Fluor 555 (Thermo Fisher

Scientific A-21430), donkey anti-rabbit Alexa Fluor 568 (Thermo Fisher Scientific

A-10042), donkey anti-guinea pig Alexa Fluor 647 (Thermo Fisher Scientific A-

21447). The slices were then washed 4-5 times in PBS for 2 hours and mounted

onto glass slides using Mowiol mounting media.

Table 2.2: Primary Antibodies

Antibody Species Catalogue Number Dilution
Parvalbumin mouse EMD Millipore MAB1572 1:500

Rhot1 (Miro1) rabbit Atlas Antibodies HPA010687 1:100
COXIV rabbit Abcam ab16056 1:500
vGlut1 Guinea pig Synaptic Systems 135 304 1:500

Bassoon mouse Abcam ab82958 1:500
Homer rabbit Synaptic Systems 160 002 1:500
vGAT rabbit Synaptic System 1310 02 1:500

Gephyrin mouse Synaptic Systems 147 011 1:250
GABAR - α2 rabbit Synaptic System 224 103 1:250

2.3.2 Synapse Staining

Variations of the previous immunohistochemistry protocol were performed for ex-

citatory/inhibitory synapses and GABA receptors (Figure 2.3).

2.3.2.1 Excitatory and Inhibitory Synapse Staining

Free floating sections were washed with 1x PBS and an antigen retrieval protocol

was performed before antibody staining (Jiao et al. 1999). The slices were incubated

with preheated 10 mM sodium citrate buffer (pH 8.5) for 30 minutes at 80oC. The

slices were cooled to room temperature in sodium citrate buffer and washed 4-5

times for 5 minutes with PBS. Slices were then permeabilised for 1 hour in block

solution. The slices were further blocked for 4-5 hours with the added purified goat

anti-mouse Fab-fragment. The sections were then incubated with primary antibody

diluted in block solution overnight at 4oC. Slices were washed 4-5 times in PBS for

2 hours and incubated for 3-4 hours with secondary antibody at room temperature.

The slices were then washed 4-5 times in PBS for 2 hours and mounted onto glass
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Figure 2.3: Example of inhibitory, excitatory and GABA receptor staining. Low mag-
nification (0.5x) images of the hippocampus. The boxes denote locations where high magni-
fication (2x) zooms were acquired for the analysis of synaptic and receptor clusters within
the stratum oriens, pyramidale and radiatum. Scale Bar = 10µm. A) Example of excita-
tory synaptic staining. Homer is used as a post-synaptic marker and bassoon is used as a
pre-synaptic marker. B) Example of inhibitory synaptic staining. vGAT is used as a pre-
synaptic marker and gephyrin is used as a post-synaptic marker. C) Example of α2-GABA
receptor staining in the hippocampus. This specific GABA Receptor staining protocol can
only be used to visualise membrane proteins (Schneider Gasser et al. 2006). The integrity
of cytoplasmic proteins is not maintained with the quick fixation method (for example, see
parvalbumin image).
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slides using Mowiol mounting media.

2.3.2.2 GABA Receptor Staining

For GABA receptor labelling (Schneider Gasser et al. 2006), mice (∼ P60) were

sacrificed by cervical dislocation and the extracted brains were snap frozen in 2-

methyl butane over dry ice. The experiment was carried out immediately after brain

extraction. The frozen brains were embedded in tissue freezing compound (OCT)

and 30 µm coronal brain sections were cryo-sectioned using a Cryostat (Bright

Instruments). The thin sections were mounted on cold frosted microscope slides

(VWR Superfrost Plus Micro Slide 48311-703) at -16oC and were preserved over

dry ice. Slices were fixed in 4% PFA/sucrose for 90 seconds, then permeabilised for

3-4 hours in block solution and incubated with primary and secondary antibodies as

described above. A coverslip was mounted on top using Mowiol mounting media.

All solutions were prepared on the day of the experiment.

2.3.3 Biocytin Labeling

After intracellular recordings, the 350µm biocytin-filled slices were fixed in 4% PFA

overnight at 4oC. The slices were washed with 1X PBS 3-4 times and permeabilised

with freshly prepared 0.3%-Triton 1X PBS for 4-5 hours. Streptavidin conjugated

to Alexa FluorTM 555 (Invitrogen S32355) in PBS-T 0.3% (1:500) was incubated

overnight at 4oC. The slices were then washed 4-5 times in PBS for 2 hours. Before

mounting, the slices were visualised under the confocal microscope using the 10x

air objective in order to identify which side is accessible for imaging. The slices

were then placed on glass slides and a coverslip was mounted on top using Dako

Fluorescent (Dako S3023) mounting medium.

2.4 Microscopy

2.4.1 Image Acquisition

Images (1024 x 1024) were acquired on a Zeiss LSM700 upright confocal micro-

scope and a Zeiss two-photon (2P) upright microscope equipped with a MaiTai

Ti:Saphire Laser (Spectra-Physics). The following objectives were used (Table 2.3).



2.4. Microscopy 77

Table 2.3: Objectives

Magnification Type Specification
10x Zeiss EC Plan-NEOFLUAR NA=0.3 Air (WD=5.3mm)
20x Zeiss W Plan-Apochromat NA=1.0 Water (WD=1.7mm)
63x Zeiss Plan-Apochromat NA=1.40 Oil (WD=0.19mm)
63x Zeiss W Plan-Apochromat NA=1.0 Water (WD=2.1mm)

2.4.1.1 Fixed Confocal Imaging

Confocal images (1024 x 1024) were acquired on a Zeiss LSM700 upright confo-

cal microscope using the 10x air, 20x water and 63x oil objective (Table 2.3) and

digitally captured using the default LSM acquisition software. For brain sections a

low-magnification region of the hippocampus was captured using a 63x oil objec-

tive and 0.5 zoom to confirm position in the hippocampus (Figure 2.3). For analysis,

2-3 zoomed regions were imaged within each hippocampal strata with the 2x zoom.

For quantification, these regions were averaged and represented as one value for

the hippocampus. Acquisition settings and laser power were kept constant within

experiments. Image acquisition was performed blinded.

For neuronal reconstructions, confocal stacks of 1024 x 1024 pixels were ac-

quired on a Zeiss LSM700 upright confocal microscope using a 20x objective, with

z-steps of 1 µm (confocal stacks ∼ 150 µm thick).

2.4.1.2 Live Confocal Imaging

Organotypic slices were bulk-loaded with 250nM tetramethylrhodamine, methyl

ester (TMRM ThermoFisher T668) in the incubator for 30 minutes and then trans-

ferred to a recording chamber in HEPES-aCSF [10mM HEPES, 125mM NaCl,

10mM D-Glucose, 5mM KCl, 2mM CaCl2 and 1mM MgCl2; pH 7.4]. Confo-

cal stacks of the MitoDendra and TMRM channel were captured and max-projected

for analysis.

2.4.1.3 Live Two-Photon Mitochondrial Trafficking Imaging

Organotypic hippocampal slices were live-imaged using a 2P microscope with

the 20x and 63x water objectives (Table 2.3). The slices were transferred to a
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recording chamber, perfused with artificial cerebrospinal fluid (aCSF) [2mM CaCl2,

2.5mM KCl, 1mM MgCl2, 10mM D-glucose, 126mM NaCl, 24mM NaHCO3,

1mM NaH2PO4], continuously bubbled with carbogen gas [95% O2 and 5% CO2],

and heated between 35-38oC at a constant perfusion rate of about 2ml/min through-

out the duration of the experiment. Excitation was set at a wavelength of 900

nm. Images were acquired at 1 frame / 5 seconds for 500 seconds (100 frames

per movie).

2.4.2 Image Analysis

2.4.2.1 Mitochondrial Trafficking

The image sequences were subjected to alignment (stackreg) when required, back-

ground subtraction (rolling ball radius of 50 pixels) and filtering (smooth filter).

Moving mitochondria were visually identified. Analysis was performed using a

semi-automated plugin in Fiji called MTrackJ (Meijering et al. 2012). Mitochondria

were manually tracked between each frame, and the plugin provided track statistics.

The velocity of mobile mitochondria was then calculated in Matlab. Mitochondrial

movement was usually accompanied by brief periods of immobility so data were

omitted from the calculation of the average and median velocity (µm.s-1) when a

mitochondrion was stationary for more than 10 seconds. Mitochondria were con-

sidered mobile if they covered a distance longer than 2µm in 5 minutes.

2.4.2.2 Quantification of Fluorescence Intensity

The fluorescence intensity of proteins of interest (Cox4, MitoDendra, Parvalbumin,

Rhot1, TMRM) was quantified on Fiji. When a mask was applied, the masking flu-

orophore was thresholded, selected, and a mask was generated. The mask was then

superimposed on top of the channel of interest to selectively record the signal only

in the masked region. For example, parvalbumin was used as a mask to quantify the

signal of MitoDendra, Rhot1 and Cox4 in parvalbumin interneurons only (Figures

3.4, 3.7, 3.15). Additionally, the MitoDendra signal was used as a mask to quantify

TMRM intensity in mitochondria of parvalbumin interneurons only (Figure 3.13).
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2.4.2.3 Quantification of Area and Cell Numbers

The area of fluorescent signal was quantified on Fiji. For the MitoDendra expression

profile, the number of cells within an area of 0.5mm2 in the cortex was manually

quantified. For cells that contained mitochondria accumulations in acute hippocam-

pal brain sections, the number of cells within an area of 0.4mm2 was manually

quantified.

2.4.2.4 Synaptic Cluster Analysis

For synaptic pairs (Bassoon/Homer, vGlut1/Homer and vGAT/Gephyrin) the

Synapse Counter plugin for ImageJ was used (Dzyubenko et al. 2016). Each high

magnification image (zoom 2x) was auto-thresholded using the Otsu Thresholding

method. The rolling ball radius (background subtraction) and maximum filter pa-

rameters were set to 7 and 1 respectively. Default colocalisation settings were used

that accept 33-100% overlap between pre and post-synaptic markers. For synapses

on parvalbumin interneurons, the signal of parvalbumin fluorescence was used as

a mask to isolate synapses on parvalbumin interneuron somata first, and then the

Synapse Counter analysis was performed (Figure 5.7). The α2-GABAA receptor

cluster analysis was performed in Metamorph (Molecular Devices, Sunnyvale).

Thresholds were set individually for each image and the average threshold value

was applied to all images for quantification. Only clusters between 0.095 µm2 and

95 µm2 were included in the quantification.

2.4.2.5 Neuronal Reconstruction

Reconstruction of parvalbumin interneurons in acute brain slices and generation

of the SWC file was performed manually in Neuromantic (Myatt et al. 2012)

(http://www.reading.ac.uk/neuromantic). The identity of the axon and dendrites

was manually assigned based on the pattern of accumulation of biocytin (Figure

4.1A).

2.4.2.6 Sholl Analysis

3D Sholl analysis on branches was performed on the SWC file using a custom Mat-

lab script (Madry et al. 2018). This script quantified branch points as the number
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of parent nodes that were connected to more than one other node within Sholl rings

radiating from the soma at 10µm intervals. The intersections were calculated as the

number of times a segment crossed a sholl ring.

In order to perform the 3D-MitoSholl, the volume of the SWC file was filled

out and a mask stack was generated in the Simple Neurite Tracer Plugin on Fiji

(Longair et al. 2011). To isolate mitochondria selectively in parvalbumin interneu-

rons, the background was subtracted (rolling ball radius = 50 pixel) and the median

filter was applied before binarisation. The stack of the mitochondrial distribution in

individual cells was generated when the mask was added using the AND function of

the Image Calculator in Fiji. 3D-MitoSholl analysis was performed using a custom

Matlab script (Dr. Lorena Arancibia) which quantified the number of MitoDendra

pixels within each sholl ring, radiating out from the soma at 1µm intervals.

2D-Mitosholl analysis of MitoDendra-positive parvalbumin interneurons in

organotypic slices was performed on max-projected confocal stacks using the Mi-

toSholl plugin on Fiji that was previously generated in the lab (Lopez-Domenech

et al. 2018).

2.4.3 Proximity Analysis

High magnification confocal stacks of the axon were acquired in order to calculate

the minimum distance between mitochondria and boutons/branch points in parval-

bumin interneurons (in 350µm thick brain slices). The minimum distance between

biocytin-filled boutons and mitochondria was measured on max-projected confo-

cal stacks. The biocytin signal was used as a mask to isolate mitochondria in the

axon only. The mitochondrial image was then binarised (default method). The (x,y)

coordinates of the boutons were specified and the minimum distance between the

bouton coordinates and the closest mitochondrion was calculated using a custom

Matlab script, which calculated the Euclidean distance between the x,y coordinates

and the first pixel encountered.

The minimum distance between branch points and mitochondria was per-

formed on 3D confocal stacks. The mitochondrial confocal stack was binarised

(default method). The (x,y,z) coordinates of the branch points were specified and
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the minimum distance between the branch points coordinates and the closest mito-

chondrion was calculated using a custom Matlab script, which calculated the Eu-

clidean distance between the x,y,z coordinates and the first pixel encountered.

2.4.4 Mitochondrial Size

The biocytin signal was used as a mask to isolate mitochondria in axons and den-

drites. The mitochondria were binarised (default method) and the shape description

parameters (Batchelor 1999) were extracted using the Analyse Particle Plugin on

Fiji. The threshold and acceptable size range were manually and visually assessed.

2.5 Electrophysiology
Electrophysiological experiments were performed at the University of Oxford, as

part of the collaboration for this project with the Mann Lab, Department of Physi-

ology, Anatomy and Genetics - DPAG.

2.5.1 Extracellular Recordings

Local field potentials (LFPs) were recorded in an oslo-type interface recording

chamber (Figure 2.4). Brain slices were visualised under a Wild Heerbrugg dis-

section microscope. An extracellular electrode made of borosilicate glass (tip

resistance 1-5 MΩ) was filled with aCSF [126mM NaCl, 3.5mM KCl, 2mM

MgSO4.7H2O, 1.25mM NaH2PO4, 24mM NaHCO3, 2mM CaCl2 and 10mM Glu-

cose; Osmolality 300±10 mOsmol/Kg] and was positioned in CA3. γ-oscillations

(20-80Hz) were induced by the perfusion of 5 µm of carbachol (Sigma-Alrdich)

at a constant rate in bubbled aCSF. For energy substrate experiments glucose was

substituted for 20mM pyruvate in aCSF (Galow et al. 2014).

Data were acquired using 10KHz sampling rate and amplified x10 by Ax-

oclamp 2A (Molecular Devices). The signal was further amplified x100 and low-

pass filtered at 1KHz (LPBF-48DG, NPI Electronic). Acquisition and data analysis

were performed using Igor Pro (WaveMetrics). The signal was digitised at 5000

samples per second by a data acquisition board (ITC-16, InstruTECH) and recorded

on Igor Pro software (Wavemetrics).
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Figure 2.4: Oslo type brain slice interface chamber. The interface recording chamber
was comprised of two sub-chambers. The bottom chamber was filled with distilled H20
and bubbled with 95% oxygen/ 5% CO2 (carbogen) gas at 33-34oC. The top chamber was
perfused with warm aCSF (33-34oC).

2.5.2 Intracellular Recordings

Whole-cell patching was performed by Pantelis Antonoudiou (Mann Lab). Pantelis

Antonoudiou also acquired the current clamp recordings. Intracellular recordings

were conducted in a single submerged chamber at 32-33oC, using borosilicate glass

pipettes (5-12 MΩ). All data were acquired through the MultiClamp700B amplifier

(Molecular Devices) and digitised at a rate of 10000 samples per second by a data

acquisition board (ITC-18, InstruTECH). Acquisition of electrophysiological sig-

nals was performed using Igor Pro. The signals were low-pass filtered (Bessel) at 10

KHz for current-clamp mode and 3 KHz for voltage-clamp mode. Slice and cell vi-

sualisation was achieved using differential interference contrast (DIC) microscopy

and monitored through a HAMATATSU ORCA-ER digital camera. Parvalbumin

interneurons were identified by the visualisation of MitoDendra.
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For optogenetic experiments, filtered white LED (460±30nm, THOR labs)

was delivered via epi-illumination through a 60x objective and was used to activate

channel rhodopsin (ChR). The diameter of illuminated area was 366µm.

The cells were recorded for at least 30 minutes to ensure proper diffusion of

biocytin (3-4 mg/ml Sigma) for reconstructing neuronal morphology.

2.5.2.1 Current Clamp

For whole cell current clamp recordings, pipettes were filled with internal solution

[110 mM K-Gluconate, 40mM HEPES, 2 mM ATP-Mg, 0.3 mM GTP-NaCl, 4 mM

NaCl, 3-4 mg/ml biocytin (Sigma); pH ∼7.2; Osmolality 270-290 mOsmol/Kg].

After break through, the bridge balance was adjusted to compensate for electrode

access. Hyperpolarising and depolarising square current pulses were applied in

order to quantify intrinsic properties of the recorded neuron.

2.5.2.2 Voltage Clamp

For whole-cell voltage recordings pipettes were filled with internal solution

[137mM CsCl, 5mM NaCl, 10mM HEPES, 0.1 mM EGTA, 2mM ATP-Mg, 0.3

mM GTP-Na, 3-4 mg/ml biocytin]. These experiments were done on two batches

of animals. For evoked inhibitory post-synaptic currents (eIPSCs) the cells were

held at -40 mV. This was to prevent spiking during light illumination in the absence

of QX-314. In the second set of recordings, 5mM QX-314 was added and the volt-

age was still held at -40mV. The recordings between the first and second batches

were comparable and therefore pooled together and quantified as one dataset. For

ChR experiments, aCSF was supplemented with 3mM kynurinic acid. After break-

through the cell and electrode capacitance were compensated in Multiclamp. Series

resistance (RS) compensation was performed to 65%.

For ChR experiments a power plot using increasing light intensities was gener-

ated to decide the level of LED voltage to be used. The LED voltage at which 90%

of the maximal response was elicited was used for the stimulations. One light pulse

of 1ms duration was presented. For the 40Hz train simulation, 1ms light pulses were

presented for 2 seconds (total of 80 pulses). The LED power range was between 0

- 1.53mW.
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Spontaneous inhibitory post-synaptic currents (sIPSCs) on pyramidal cells

were recorded at -70mV. Spontaneous excitatory post-synaptic currents (sEPSCs)

that parvalbumin interneurons received were recorded at -70mV in voltage clamp

mode using the current clamp internal solution.

2.5.3 Analysis

Custom made Igor Pro analysis scripts were kindly provided by Pantelis

Antonoudiou. The local field potentials were subjected to fast Fourier transfor-

mation (FFT) which provided a power density spectral plot (Figure 2.5). In order

to characterise and analyse the γ-oscillations, we calculated power spectra as the

normalised magnitude square of the FFT (Igor Pro). The 50 Hz frequency was not

included in the analysis to exclude the mains noise. The oscillation amplitude was

quantified by measuring the peak of the power spectrum (peak power) and the area

below the power spectrum plot (power area) within the γ-band range (20-80Hz).

The peak frequency of the oscillation was the frequency at which the peak of the

power spectrum occurred in the γ-band range. For testing rhythmicity, autocorre-

lation was computed in Igor Pro and the second peak of the autocorrelogram was

calculated. The Cch-induced oscillation peak frequency was in the low γ-band

range, centred between 30-40Hz. The peak power, power area, peak frequency

and second peak autocorrelation were averaged for a period of 300 seconds and

compared between control, hemi-floxed and cKO mice. The power spectra were

also averaged over a period of 300 seconds and a gaussian curve fit was performed

using Igor Pro. This was done in order to assess the width of the power spectrum

distribution.

For spontaneous post-synaptic current (sPSC) detection, custom written proce-

dures (Dr. Ed Mann) were used in Igor Pro. The traces were first low-pass filtered

at 1KHz. sPSCs were first detected using an initial threshold of 3 pA. The detected

events that were smaller than 5x standard deviation (SD) of noise were excluded

from further analysis. The traces were then visually inspected for correct peak

identification. The traces were averaged and the median inter-event interval and

peak amplitude were obtained for each cell. The data are presented as the mean of
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the median IEI and amplitude.

For paired-pulse ratio (PPR) experiments, we quantified the amplitude of the

response of the second light pulse divided by the amplitude of the response of the

first light pulse. Synapses were classified as facilitating when the PPR was greater

than one and depressing if the PPR was less than one. For the recovery experiments,

the percentage of recovery was normalised to the amplitude of the first peak in the

train, for every train and was presented as an average of the 10 trains.

Figure 2.5: Fast Fourier transformation on local field potentials. Local Field Potentials
(LFPs) were recorded in the CA3 area of the hippocampus in acute brain slices. Rhythmic
activity at γ-band frequency was induced in the presence of 5µm carbachol. A fast Fourier
transform was performed to generate a power spectral density plot. From the power spectra
we extracted information such as the peak frequency, peak power, power area and width of
the distribution at 50% of the peak power.

2.6 Behavioural Experiments
For behavioural tests (except assessment of nesting), adult mice (∼ P90) were han-

dled daily for at least 5 minutes each, for 3-4 days before the beginning of the

experiment. Mice were allowed to acclimatise to the room for at least 30 minutes

before the experiment.

Equipment was kindly provided by Salinas Lab, Department of Cell and De-

velopmental Biology, UCL.

2.6.1 Nesting Behaviour

The assessment of nesting behaviour protocol was performed according to Deacon

2006 on control and cKO animals (∼ P60). One hour before dark cycle, mice were

transferred in single cages with wood-chip bedding but no environmental enrich-
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ment. One Nestlet (5cm x 5cm) was placed in each cage. The Nestlets were made

pressed cotton and are readily used by mice. The following morning the shredded

and unshredded Nestlets were collected and weighted. The data were presented as

the percentage of unshredded divided by the total weight of the Nestlet.

2.6.2 Open Field

The open field apparatus consisted of a 45 x 45 x 45 cm box open at the top. Mice

were placed in the center of the arena and were recorded for 10 minutes by a video

camera that was fixed to the ceiling of the room. The movies were analysed using

the automated open-source executable software, ToxTrac (Rodriguez et al. 2017).

Detection settings were set to 10 for threshold, 100 for minimum object size and

1000 for maximum object size. The default tracking settings were used.

2.6.3 Motor Coordination on Rotarod

The assessment of motor coordination was performed according to Deacon 2013.

Mice were placed on a revolving rotarod treadmill (Med Associates) with a starting

speed of 4 rpm and an acceleration of about 7 RPM/min. The trials lasted for 5

minutes each and were repeated two more times after a 10 minute gap. The data

were presented as the average revolutions per minute (RPM). In order to calculate

the RPM, we recorded the speed at which the mouse fell from the revolving rod

using this formula:

RPM = [(End Speed - Start Speed) / 300] x (Seconds Run) + Start Speed.

2.6.4 T-Maze

The assessment of spontaneous alternation on the T-maze was performed according

to Deacon and Rawlins 2006. The T-maze consisted of three arms made of white

formica. The dimensions of each arm were 27 x 7 x 10cm. A set of three sliding

guillotine doors was used to separate the entrance of each arm. At the beginning of

the experiment all of the doors were raised, except for the one located in front of

the starting point. Each mouse was allowed eight consecutive trials in the enclosed

T-maze. Each trial consisted of putting each animal individually at the entrance

of the main arm and allowing it to freely run and chose an arm. After the mouse
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entered an arm, the guillotine door was pushed down and the animal was confined in

the chosen arm for 30 seconds. The mouse was then placed in the start point for 30

seconds before the beginning of the next trial. Each trial lasted less than 90 seconds.

When a mouse did not choose an arm within 90 seconds it was considered as a NO-

GO and the trial started again. Animals were excluded from the quantification when

there were more than 3 NO-GOs.

2.6.5 Fear Conditioning

The mice were placed into a conditioning chamber located in a soundproof box

(Med Associates Inc.). The conditioning chamber floor consisted of a stainless

steel grid that was used for delivering the electric shock. The acoustic tone was

delivered through a speaker that was mounted on the wall. The mice were placed

individually in the conditioning chamber and allowed to freely explore it for 210

seconds. After the first 120 seconds, an acoustic stimulus (80 dB, 3.0 kHz) was

presented for 30 seconds. During the last 2 seconds of the tone, a mild foot-shock

(0.7 mA) was delivered. Contextual fear memory was tested 24 hours after training

by re-introducing animals to the conditioning chamber for 5 minutes, with no sound

or shock presentation. Cued fear memory was tested 24 hours after by placing the

animal in a new chamber with smooth flooring, round walls, light and new odours

for 6 minutes. The mice explored the box and then the acoustic stimulus (80 dB, 3.0

kHz) was played again for the last 180 seconds. Data were plotted as the percentage

of freezing.

2.6.6 Elevated Plus Maze

The Elevated Plus Maze was made of wood laminated with white formica and con-

sisted of four 30 x 5 cm arms. Two of the arms were surrounded by 15 cm tall walls.

The maze was elevated 40 cm above the floor. Mice were placed individually on

the boundary between the open arm and the centre, facing the centre. Mice were

recorded for 5 minutes by video camera that was fixed on the ceiling of the room.

The movies were analysed using the automated open-source executable software,

ToxTrac (Rodriguez et al. 2017).
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2.7 Blinding and Statistical Analysis
Brain tissue processing, staining, acquisition and analysis were performed blind.

Live imaging acquisition and analysis were performed blind for littermate hemi-

floxed and cKO animals. Electrophysiological recording analysis was performed

blind.

Statistical analysis was performed using Prism 6 (GraphPad), Excel and Igor

Pro. Datasets were tested for fitting in a Gaussian distribution using the D’Agostino-

Pearson omnibus and the Shapiro-Wilk normality test. If the distribution was nor-

mal, unpaired t-test was performed. The F-test was used to compare variances.

When the variance was significantly different, the unpaired t-test with Welch’s

correction was performed. For cumulative distributions, the Kolmogorov-Smirnov

(KS) test and multiple t-test per row were performed. For non-normally distributed

data, the Mann-Whitney (MW) test was applied. For comparing multiple groups,

ordinary one-way ANOVA and Tukey’s multiple comparisons test with a single

pooled variance were used. To study the interaction between groups, two-way re-

peated measures ANOVA was perfomed. Statistical outliers were identified using

the ROUT method and removed (Motulsky and Brown 2006). Significance of the p

value less than 0.05 is represented as *, p less than 0.01 as ** and p less than 0.001

as ***. The errors in all bar charts represent the standard error of the mean (sem).



Chapter 3

Miro1-dependent Mitochondrial

Trafficking in Parvalbumin

Interneurons

3.1 Introduction

Parvalbumin fast-spiking interneurons require high amounts of energy to sustain

their high firing rates implicated in the generation of high frequency oscillatory

behaviour (Kann et al. 2011; Galow et al. 2014). Hence, they are susceptible to

incidents of mitochondrial impairment, as mitochondria provide the predominant

source of energy in the form of ATP (Lin-Hendel et al. 2016; Inan et al. 2016;

Steullet et al. 2017). Accordingly, it has been observed that these interneurons

have a high mitochondrial content which reflects the high energy utilisation that

takes place (Gulyas et al. 2006). Additionally, proteins that are active components

of the electron transport chain (such as Cytochrome C Oxidase and Cytochrome

C) are more highly expressed in parvalbumin interneurons, in comparison to other

neuronal cell types (Kann et al. 2014; Paul et al. 2017). The interneuron energy

hypothesis states that shortage in energy provision, caused by deficits in the ability

of mitochondria to generate ATP and buffer Ca2+, may result in a dysfunction in

parvalbumin interneuron metabolic activity and signalling (Kann et al. 2011; Kann

et al. 2014; Galow et al. 2014). These dysfunctions may cause aberrant rhythmic
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activities and cognitive decline observed in neurological and neuropsychiatric dis-

orders (Kann et al. 2014; Steullet et al. 2017).

The spatiotemporal distribution of mitochondria in neurons is important for the

correct provision of energy and Ca2+ homeostasis. Consequently, specialised trans-

port mechanisms exist to distribute mitochondria to sites of high energy demand

in order to meet the metabolic needs of the cell. The enrichment of mitochondria

in parvalbumin interneurons signifies their important role in the correct function

of these neurons (Gulyas et al. 2006; Lin-Hendel et al. 2016; Inan et al. 2016;

Paul et al. 2017). Consequently, we wanted to examine the importance of cor-

rect mitochondrial positioning in parvalbumin interneurons for neuronal function

and neuronal signalling. It is already known that Miro1 is one of the main adap-

tors of mitochondrial trafficking that mediates their bidirectional transport. Miro1

is specifically found on the outer membrane of the mitochondria (Fransson et al.

2006), in contrast to other trafficking components such as TRAKs that also localise

to other endosomal compartments (Webber et al. 2008). Miro1 can be found in

both axons and dendrites and move in both retrograde and anterograde direction

(Babic et al. 2015, Lopez-Domenech et al. 2016), unlike TRAKs that exist in dif-

ferent isoforms depending on the neuronal compartment (vanSpronsen et al. 2013;

Lopez-Domenech et al. 2016). Therefore, by targeting Miro1, we can selectively

influence mitochondrial trafficking and perturb the mitochondrial distribution.

The main objective of this chapter is to investigate Miro1-dependent mito-

chondrial trafficking in parvalbumin expressing interneurons. Given the role of

Miro1 in mitochondrial transport in other cell models, we hypothesised that the

genetic ablation of Miro1 from parvalbumin interneurons would also result in a

mitochondrial trafficking defect. We used a system employing mitochondrial spe-

cific fluorescent probes to investigate the spatiotemporal distribution of mitochon-

dria in hippocampal brain slices. We generated the PVCre+MitoDendra transgenic

mouse line, where mitochondria were fluorescently labeled only in parvalbumin-

expressing cells. We further crossed these animals with the Rhot1f/f mouse line to

generate a system where mitochondria were fluorescently labeled and Miro1 was
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conditionally knocked-out exclusively in parvalbumin interneurons. This allowed

us to specifically investigate Miro1-dependent mitochondrial dynamics in parvalbu-

min interneurons.

3.2 Results

3.2.1 Generation of the PVCre MitoDendra Mouse Line

In order to investigate mitochondrial trafficking, we generated a transgenic mouse

model where mitochondria were specifically labeled in parvalbumin interneurons.

MitoDendra is a fluorescent probe specifically targeted to the mitochondria by

fusing Dendra to the mitochondrial targeting sequence of the subunit VIII of Cy-

tochrome C oxidase (COX) (Pham et al. 2012). Dendra can be excited at 488nm

and it emits light at 507nm, which falls within the green range of the visible spec-

trum of light. The gene for MitoDendra was placed downstream of a transcriptional

stop cassette, which was located between two loxP sites at the Rosa26 locus (Fig-

ure 3.1) (Materials and Methods; Section 2.1.1). The Cre-recombinase was located

downstream of the parvalbumin promoter leading to its cell-type specific expression

in the brain (Hippenmeyer et al. 2005). When the parvalbumin promoter was ac-

tive in parvalbumin interneurons, the Cre-recombinase was expressed and excised

the termination signal between the two loxP sites, allowing the expression of Mito-

Dendra. With this mouse model we visualised the fluorescent mitochondria only in

parvalbumin interneurons (Figure 3.2, 3.3A-B).

3.2.1.1 Parvalbumin Interneurons Exhibit Late Developmental Ex-

pression Profiles

Cells that are destined to become parvalbumin interneurons originate from progen-

itor cells at the medial ganglionic eminence (MGE) (Introduction Section 1.2.2).

Radial glia cells undergo asymmetric divisions to generate intermediate progeni-

tors that divide symmetrically to give rise to cells which migrate tangentially and

reach various destinations in the brain. Tangential migration allows for the disper-

sion of parvalbumin interneurons throughout the cortex and hippocampus (Figure
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3.2, 3.3A-B) (Harwell et al. 2015; Mayer et al. 2015; Pelkey et al. 2017). Migra-

tion and maturation of parvalbumin expressing neurons are established around four

weeks of age (LeMagueresse and Monyer 2013). Barnes and colleagues demon-

strated the pattern of expression of the Cre recombinase under the parvalbumin

promoter at different time points in the cortex. In their experiments, they employed

the PVCre+tdTomato transgenic mouse line and established that expression under

the parvalbumin promoter begins around P10 and is stabilised around P28 (Barnes

et al. 2015). The PVCre+MitoDendra mouse we generated yielded a similar pattern

of expression of the fluorophore in the cortex (Figure 3.3C-D). The expression pro-

file of MitoDendra is consistent with the emergence of parvalbumin in the brain (del

Rio et al. 1994; Okaty et al. 2009).

Figure 3.1: Generation of the PVCre+MitoDendra transgenic mouse line. Schematic
diagram of the genetic recombination. When the Cre recombinase is expressed selectively
in parvalbumin interneurons there is excision of the stop floxed codon in the Rosa26 locus
and downstream expression of MitoDendra.
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Figure 3.2: Cell-type specific expression of MitoDendra in parvalbumin interneurons.
Left: Representative low magnification (10x) confocal image demonstrating the parvalbu-
min interneuron distribution in the hippocampus of PVCre+MitoDendra. Scale Bar = 100µm.
Right: Representative high magnification (63x) image of a MitoDendra expressing cell that
is also parvalbumin immuno-positive in a hippocampal brain slice. Scale Bar = 10µm.
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Figure 3.3: Developmental profile of the Cre-mediated recombination and expression
of MitoDendra in parvalbumin interneurons. A) Low magnification image (10x) of the
distribution of MitoDendra+ cells in the cortex. Scale Bar = 100µm. B) High magnification
image (63x) showing the dispersion of parvalbumin interneurons in the cortical region. The
MitoDendra expressing cells are also parvalbumin immuno-positive. Scale Bar = 10µm. C)
MitoDendra+ cell bodies in the cortex of brain slices from the PVCre+MitoDendra mouse
at different time points (P8-P60). Scale Bar = 100µm. D) Quantification of the number of
MitoDendra+ cell bodies in the cortex of brain slices from the PVCre+MitoDendra mouse at
different time points (P8-P60).
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3.2.1.2 Parvalbumin Interneurons Express Increased Levels of Cy-

tochrome C Oxidase

It is thought that parvalbumin interneurons contain high levels of the electron trans-

port proteins and it is therefore hypothesised that they rely on their function in

order to satisfy their increased metabolic demands (Kann et al. 2011; Kann et al.

2014; Paul et al. 2017). Using immunofluorescence experiments against the fourth

subunit of Cytochrome C Oxidase (COX-IV), we showed that parvalbumin cells

(PV+) had more COX-IV signal than parvalbumin negative cells (PV-) in sections

from fixed brain tissue of the hippocampus (Figure 3.4). We clearly demonstrated

in the confocal image that the fluorescence signal was significantly higher in the

PV+ soma than in the rest of the image, suggesting enhanced activity of oxidative

phosphorylation (Figure 3.4, COX-IV signal; PV- 2.82x10-6±1.26x10-5 a.u., PV+

3.56x10-6±1.33x10-5 a.u., Mann Whitney U test p <0.0001, nControl = 81, ncKO =

81 parvalbumin interneurons).

3.2.2 Generation of the PVCre Rhot1f/f MitoDendra Mouse

In order to investigate the role of Miro1 in the mitochondrial dynamics in parvalbu-

min interneurons, PVCre+MitoDendra mice were further crossed with the Rhot1(f/f)

mice that were previously generated in the lab (Lopez-Domenech et al. 2016) (Ma-

terials and Methods; Section 2.1.1). In particular, the second exon of the Rhot1

gene was removed in the presence of the Cre-recombinase, resulting in a truncated

Miro1 protein that was then degraded (Figure 3.5).
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Figure 3.4: COX-IV levels in parvalbumin interneurons. The fluorescence signal of
COX-IV is increased in Parvalbumin immuno-positive cells in the hippocampus. Scale Bar
= 10µm. Bar chart shows mean integrated intensity. nControl/cKO = 81 cells from 11 slices
from 3 animals. Error bars represent the standard error of the mean.

We firstly quantified the efficiency of recombination using immunofluores-

cence experiments. We evaluated the efficiency by counting (a) the number of

parvalbumin immuno-reactive neurons that expressed MitoDendra and (b) the num-

ber of MitoDendra-expressing neurons that were also parvalbumin immuno-positive

in the cortex and hippocampus of hemi-floxed control and conditional knock-out

(cKO) animals. More than 90% of the cells were double positive for parvalbumin

and MitoDendra (Figure 3.6). We therefore concluded that the PVCre+ Rhot1 Mi-

toDendra transgenic mouse line was a suitable model for investigating the role of

mitochondrial dynamics in parvalbumin interneurons.

The loss of Miro1 is shown in (Figure 3.7B,H). Specifically, the signal for

Rhot1 was lost selectively from parvalbumin immunopositive cells (Figure 3.7E,

Rhot1 signal; Control 843.6±32.78a.u., cKO 517.6±20.45a.u., Mann Whitney U

test p <0.0001, nHemi = 109, ncKO = 109 cells). However, we still detected fluo-



3.2. Results 97

Figure 3.5: Generation of the PVCre+ Rhot1 MitoDendra transgenic mouse line. A)
Schematic diagram of the expression of MitoDendra and simultaneous conditional removal
of Rhot1. When the Cre recombinase is expressed, under the parvalbumin promoter, the
stop-floxed codon is excised allowing for the downstream expression of MitoDendra. Ad-
ditionally, the exon 2 of the Rhot1 gene is also found between two loxP sites and therefore
removed selectively in parvalbumin interneurons.

rescence signal from the Rhot1 channel. Since we performed this quantification in

brain tissue, background signal contributed to noise. Specifically, during laser il-

lumination, the fluorophores above and below the plane of focus were also excited

and noise was introduced in the signal measurements as a result of fluorescence

scattering. The levels of parvalbumin were not altered in the cKO (Figure 3.7C,F,

Parvalbumin signal; Control 1869±70.31a.u., cKO 1949±69.63a.u., Mann Whit-

ney U test NS p = 0.587, nHemi = 126, ncKO = 168 cells). A small but significant

reduction was also observed in the MitoDendra signal in the cKO when compared

to control neurons (Figure 3.7D,G, MitoDendra Signal; Control 1033±35.38a.u.,

cKO 914.7±30.20a.u., Mann Whitney U test p = 0.007, nHemi = 126, ncKO = 168

cells).
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Figure 3.6: Efficiency of Cre-mediated recombination. A) Confocal image from the cor-
tex of hemi-floxed (control) and cKO animals in brain sections. Scale Bar = 10µm. Quan-
tification of the percentage of parvalbumin immunopositive cells that are also MitoDendra-
expressing (%PV) and the percentage of MitoDendra-expressing cells that are parvalbumin
immunolabeled (%MD) in B) cortex and C) hippocampus. nHemi = 8 slices, ncKO = 7 slices
from 3 animals. The error bars represent the standard error of the mean.
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Figure 3.7: Loss of Miro1 from parvalbumin-expressing interneurons. A) Representa-
tive confocal image from a hemi-floxed (control) animal having high Miro1 signal in the
parvalbumin immunopositive cell. Scale Bar = 10µm. B) Representative confocal image
of a cKO slice showing that the signal for Miro1 is specifically reduced in parvalbumin
immunopositive cells (white dotted circle shows the parvalbumin immunopositive cell with
low Miro1 fluorescence). C) Quantification of parvalbumin fluorescence signal, nControl =
126 neurons from 8 slices, ncKO = 168 neurons from 7 slices from 3 animals. D) Quantifi-
cation of MitoDendra fluorescence signal, nControl = 126 neurons from 8 slices, ncKO = 168
neurons from 7 slices from 3 animals. E) Quantification of Rhot1 fluorescence signal. There
is a significant reduction in the levels of Rhot1 in the cKO. nControl/cKO = 109 neurons from
4 slices from 2 animals. Boxplots show the min, max, median, 25th and 75th percentile
of the fluorescent intensity values of parvalbumin, MitoDendra and Rhot1. F) Cumulative
Frequency Distribution of Parvalbumin fluorescent signal. G) Cumulative Frequency Dis-
tribution of MitoDendra fluorescent signal. H) Cumulative Frequency Distribution of Rhot1
fluorescent signal.
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3.2.2.1 Mitochondrial Trafficking in Hippocampal Brain Tissue

The hippocampus is an ideal brain area for investigating parvalbumin interneuron

function as the generation of γ-oscillations has been observed in acute slice prepa-

rations and the properties of these interneurons have been extensively characterised

(Csicsvari et al. 2003; Bartos et al. 2007; Galow et al. 2014). In our experiments,

transverse slices of the hippocampus were used to maintain the local circuitry of the

network. Mitochondria were damaged during slicing and displayed altered mor-

phology which did not recover. They became rounded and fragmented and back-

ground fluorescence increased making the image acquisition experiment challeng-

ing to perform (Figure 3.8A). We were capturing one image every two seconds for

20 cycles in order to look at the mitochondrial movement. However, mitochondria

were not exhibiting any type of motion in acute slices (Figure 3.8). Since mito-

chondria in acute hippocampal brain slices exhibited no apparent dynamics, we

concluded that this approach was not suitable to investigate mitochondrial traffick-

ing (Figure 3.8A). Additionally, it became apparent that the fluorescence of Mito-

Dendra bleached much faster when imaged with a confocal microscope. Therefore,

we used a two-photon (2P) microscope for most live-imaging experiments as it con-

fers significant advantages such as high tissue penetrance, reduced auto-fluorescent

signal and lower photo-damage (Xu et al. 1996; Zipfel et al. 2003; Drobizhev et al.

2011).

We adopted a different approach by generating organotypic brain slices. On

the day of slicing, hippocampal brain slices from P6-P8 mice were cultured on an

Omnipore membrane allowing for the formation of an interface between the culture

medium and air (Stoppini et al. 1991; De Simoni and MY Yu 2006). Most of the

parvalbumin interneuron progenitors have already reached their final destinations in

the tissue by the time that the brain was harvested. The slices recovered at 37oC for

about a week before imaging which was sufficient for the neurons to begin to grow

and for the expression of the MitoDendra fluorophore under the parvalbumin pro-

moter. During the imaging session, MitoDendra-positive mitochondria appeared

healthy as they were long and elongated and there was low background of fluo-
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rescence (Figure 3.8B). Additionally, mitochondria were captured moving in the

processes of MitoDendra-positive cells (Figure 3.8C). Thus, we considered organ-

otypic brain slice culture preparations to be suitable for investigating the dynamics

of mitochondria in parvalbumin interneurons.

In order to visually represent motion, kymograph analysis is commonly used

(Figure 3.8B-C). In this analysis a single image is projected at different time points.

Therefore, lines in the vertical direction (straight or diagonal) represent the position

of mitochondria in time. Diagonal lines represent the displacement of mitochondria

in time and therefore signify movement. On the contrary, stationary mitochondria

are represented by straight vertical lines as their displacement did not change with

time. To directly compare mitochondrial dynamics in acute and organotypic hip-

pocampal slices, we recorded movies and performed the kymograph analysis (Fig-

ure 3.8B-C). Even though this powerful analysis and has been extensively used in

the field of mitochondrial trafficking, it could not be fully employed in our experi-

ments. The kymograph analysis has been mostly used to investigate mitochondrial

displacement in dissociated neuronal cultures where background fluorescent signal

is low (Lopez-Domenech et al. 2016). It was difficult to identify the displacement

of individual mitochondria in the kymographs due to background noise, since the

neurons we were imaging were embedded in intact brain tissue. Therefore, we

used a semi-automated plugin on ImageJ called MTrackJ (Meijering et al. 2012).

MTrackJ facilitated the tracking of mobile mitochondria in image sequences and

the measurement of the statistics of each individual trajectory.

3.2.2.2 Loss of Miro1 Impairs Mitochondrial Trafficking in Parval-

bumin Interneurons

We performed two-photon live imaging of organotypic slices to investigate the role

of Miro1 in mitochondrial transport in parvalbumin interneurons. We identified

neuronal processes of mitodendra-expressing cells and we recorded 500 second

movies at a rate of one frame every five seconds. Due to the lack of a cell-fill, we

were unable to distinguish between axons and dendrites of parvalbumin interneu-

rons in organotypic brain slice cultures. In control neurons, 22±3% of mitochon-
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Figure 3.8: Comparison of mitochondrial morphology and trafficking in acute and
organotypic brain slices. A) Example of maximum projected confocal stacks from acute
and organotypic hippocampal slices of PVCreMitoDendra animals. Scale bar = 10µm. B)
Snapshot from beginning and end of movies in acute preparations. Scale bar = 5µm. Stars
represent mitochondria that their fluorescence has bleached. The kymograph demonstrates
that no mitochondria are moving in acute preparations. C) Snapshot from beginning and end
of movies in organotypic slice preparations. Scale bar = 5µm. Diagonal lines on the kymo-
graph demonstrate that at least three mitochondria are moving. Coloured arrows represent
the position of moving mitochondria.
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dria were mobile. In the hemi-floxed condition, where only one copy of the Rhot1

gene was present, 21±2% of mitochondria were moving. As expected, the condi-

tional knock-out of Miro1 in parvalbumin interneurons resulted in an impairment

in mitochondrial trafficking. The percentage of moving mitochondria was dramat-

ically reduced to 9±3% in the complete absence of Miro1 (Figure 3.9B, Moving

Mitochondria; Control 22.9±2.539%, Hemi 21.08±2.109%, cKO 8.932±2.551%,

one-way ANOVA with post hoc Tukey test, Control vs Hemi NS p = 0.939, Con-

trol vs cKO p = 0.002, Hemi vs cKO p = 0.001, nControl = 15, nHemi = 32, ncKO

= 22 movies). At the same time, the percentage of stationary mitochondria in the

cKO was significantly increased when compared to control and hemi-floxed (Fig-

ure 3.9D, Stationary Mitochondria; Control 52.03±2.641%, Hemi 53.28± 3.250%

cKO 67.58± 3.915%, one-way ANOVA with post hoc Tukey test, Control vs Hemi

NS p = 0.970, Control vs cKO p = 0.019, Hemi vs cKO p = 0.009). Indeed, previ-

ous studies from our lab and others also showed reduced mitochondrial trafficking

when Miro1 was genetically knocked-out or knocked-down using RNAi (Nguyen

et al. 2014; Lopez-Domenech et al. 2016; Macaskill et al. 2009). The oscillatory

(wiggling) behaviour of mitochondria did not seem to change in the absence of

Miro1 suggesting that it was not involved in this type of short ranged back-and-

forth motion (Figure 3.9C, Oscillating mitochondria; Control 25.68±1.677%, Hemi

25.65±1.951%, cKO 23.48±2.114%, one-way ANOVA with post hoc Tukey test,

Control vs Hemi NS p = 0.999, Control vs cKO NS p = 0.777, Hemi vs cKO NS p

= 0.706). Oscillatory motion was defined as bi-directional movement that was less

than 2µm around their initial point, for the duration of the movie (Chen et al. 2008;

Stephen et al. 2015). Such short range movements could be due to microtubule in-

dependent trafficking mechanisms and involve other cytoskeletal components such

as actin. Mitochondria were considered mobile when they underwent a directional

displacement (in the retrograde or anterograde direction) that was greater than 2µm

during the course of image acquisition (Misko et al. 2010; Stephen et al. 2015).

Given that mitochondria are on average 1-2µm long (Schwarz 2013) the cut off

threshold of 2µm ensured that a mitochondrion was considered to undergo direc-
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tional movement if it underwent displacement at a distance greater than the length

of at least one mitochondrion. Given the extensive literature on the role of Miro1

in directional trafficking (Introduction; Section 1.3.4.1), we were more interested

in investigating the effects of loss of Miro1 in this type of motion, in parvalbumin

interneurons.

We imported and analysed the MTrackJ analysis file using a custom script in

Matlab we developed. We were able to extract information such as the mean veloci-

ties of the mitochondria. In this calculation, if a mobile mitochondrion was station-

ary for more than 10 seconds, we excluded the period of immobility from the veloc-

ity calculation as it would have resulted in an underestimated value. The average ve-

locity at which mitochondria were moving did not significantly differ between con-

trol, hemi-floxed and Miro1 knock-out conditions (Figure 3.10A, Mean velocity;

Control 0.210±0.024µm.s-1, Hemi 0.164±0.007µm.s-1, cKO 0.163± 0.0157µm.s-1,

one-way ANOVA with post hoc Tukey test, Control vs Hemi NS p = 0.054, Con-

trol vs cKO NS p = 0.167, Hemi vs cKO NS p = 0.999, nControl = 35, nHemi =

65, ncKO = 22 mitochondria.). Even though the velocity of the hemi-floxed and

cKO mitochondria was reduced when compared to the control, it was not statisti-

cally different. However, when plotting the mitochondrial velocities in a histogram

(Figure 3.10B) it was apparent that the values did not coincide within a normally

distributed population and therefore we could not make any conclusion on the abil-

ity of Miro1 to modulate speed based on the values for the average velocities.

Consequently, we calculated the median velocities as these were statistically more

meaningful values (Figure 3.10C, Median velocity; Control 0.166±0.018µm.s-1,

Hemi 0.140±0.007µm.s-1, cKO 0.145±0.016µm.s-1, one-way ANOVA with post

hoc Tukey test, Control vs Hemi NS p = 0.229, Control vs cKO NS p = 0.557,

Hemi vs cKO NS p = 0.963). Even though we reported a slight reduction in the

median velocities values, there was no significant difference. These data agreed

with previous over-expression and RNAi knock-down experiments in dissociated

neuronal cultures that suggested that Miro1 only affected the proportion of moving

mitochondria and did not influence at all the mitochondrial velocities (Macaskill
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Figure 3.9: Mitochondrial trafficking in control, hemi-floxed and cKO neurons in
organotypic brain slices. A) Representative images from a 500s two-photon movie of
MitoDendra+ mitochondria in parvalbumin interneurons in ex vivo organotypic hippocam-
pal slices. The coloured arrows denote the position of individual mitochondria during the
duration of the movie in control, hemi-floxed and cKO animals. Scale Bar = 10µm. B)
Quantification of the percentage of moving mitochondria. C) Quantification of the percent-
age of oscillating mitochondria. D) Quantification of the percentage of stationary mitochon-
dria. The error bars represent the standard error of the mean. nControl = 15 movies from 9
slices, nHemi = 32 movies from 10 slices, ncKO = 22 movies from 8 slices from 4 animals.
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et al. 2009).

We next sought to look at the percentage of mitochondria that move in the an-

terograde or retrograde direction. The percentage of moving mitochondria that trav-

elled towards or away from the soma was not significantly different between con-

trol, hemi-floxed and cKO conditions (Figure 3.10D-E, Anterograde direction; Con-

trol 49.56±10.63%, Hemi 64.52±6.54%, cKO 66.67±12.91%. Retrograde direc-

tion; Control 50.44±10.63%, Hemi 35.48± 6.54%, cKO 33.33±12.91%, one-way

ANOVA with post hoc Tukey test, Control vs Hemi NS p = 0.435, Control vs cKO

NS p = 0.51, Hemi vs cKO NS p = 0.987). Additionally, the median velocities of

these mobile mitochondria did not differ in the three conditions (Figure 3.10E Me-

dian anterograde velocity; Control 0.147±0.014µm.s-1, Hemi 0.138±0.009µm.s-1,

cKO 0.148±0.027µm.s-1, one-way ANOVA with post hoc Tukey test, Control vs

Hemi NS p = 0.872, Control vs cKO NS p = 0.999, Hemi vs cKO NS p = 0,899,

nControl = 19, nHemi = 42, ncKO = 12 mitochondria. Median retrograde velocity;

Control 0.189 ±0.035µm.s-1, Hemi 0.144±0.009µm.s-1, cKO 0.142± 0.015µm.s-1,

one-way ANOVA with post hoc Tukey test, Control vs Hemi NS p = 0.266, Control

vs cKO NS p = 0.383, Hemi vs cKO NS p = 0.998, nControl = 16, nHemi = 23, ncKO =

10 mitochondria). This suggested that loss of Miro1 did not affect the directionality

of the remaining moving mitochondria.

Despite the fact that mitochondria traveled with similar velocities, the length

of the trajectory was significantly shorter in hemi-floxed and cKO when compared

to the control (Figure 3.10G, Distance Travelled; Control 48.5±2.024µm, Hemi

30.73±2.729µm, cKO 34.82±3.788µm, one-way ANOVA with post hoc Tukey test,

Control vs Hemi p <0.0001, Control vs cKO p = 0.024, Hemi vs cKO NS p = 0.656,

nControl = 35, nHemi = 65, ncKO = 22 mitochondria). Therefore, we decided to exam-

ine whether they covered less distances because they engaged in longer pauses dur-

ing their track of motion. Generally, mitochondria tend to repeatedly move and stop

at locations where they are actively required to produce ATP and buffer Ca2+. By

examining the percentage of time that mobile mitochondria moved and stopped, we

observed a significant decrease in time spent moving and an increase in periods of
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immobility in moving mitochondria from the control, hemi-floxed and cKO neurons

(Figure 3.10H-I, % of time moving/stationary; Control 38.5±4.11/61.5±4.11%,

Hemi 17.7±2.01/82.3±2.01%, cKO 21.8±3.16/78.2±3.16%, one-way ANOVA

with post hoc Tukey test, Control vs Hemi p <0.0001, Control vs cKO p = 0.004,

Hemi vs cKO NS p = 0.651). The fact that one allele for Miro1 resembled the ef-

fects seen with the complete absence of Miro1 could suggest that Miro1 levels could

be implicated in the engagement of different motors in an affinity/concentration de-

pendent manner.

3.2.2.3 Mitochondrial Distribution in Parvalbumin Interneurons in

Organotypic Brain Cultures

During the trafficking experiments, we were able to look at the occupancy of mito-

chondria in the processes of the cell. We observed that there was no significant dif-

ference in the number of mitochondria per 10µm of process in control, hemi-floxed

and cKO cells (Figure 3.11B, Occupancy; Control 2.41±0.14, Hemi 2.38±0.14,

cKO 2.42 ±0.15 mitochondria per 10µm, one-way ANOVA with post hoc Tukey

test, Control vs Hemi NS p = 0.988, Control vs cKO NS p = 0.999, Hemi vs cKO

NS p = 0.977, nControl = 15, nHemi = 32, ncKO = 22 movies). However, there was

a significant decrease in the total length that mitochondria occupied (Figure 3.12B,

total length; Control 159.1±2.99µm, cKO 119.6±9.58µm, Mann Whitney U test

p <0.001). Process length was defined as the distance between the first and last

mitochondrion in the plane of view. Neuronal processes with more than 5 mito-

chondria were selected for analysis. The lack of a cell-fill however did not permit

the calculation of the actual neuronal process length in organotypic brain slices.

Still, to further look at the extent of the mitochondrial distribution in parvalbumin

interneurons, we used the Sholl analysis which is a common method to quantita-

tively analyse the complexity of neuronal structures (Pathania et al. 2014; Norkett

et al. 2016; Lopez-Domenech et al. 2016; Lopez-Domenech et al. 2018). Concen-

tric rings are drawn at equal radii from the soma, which is defined as the center of

the cell. The number of fluorescently positive pixels within each Sholl ring was

extracted and plotted as a cumulative distribution (Lopez-Domenech et al. 2016).
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Figure 3.10: Loss of Miro1 does not affect the velocity of moving mitochondria but
increases periods of immobility of moving mitochondria. A) Quantification of mean ve-
locity. nControl = 35 mitochondria, nHemi = 65 mitochondria, ncKO = 22 mitochondria from
4 animals. B) Histogram showing velocities of mitochondria in control, hemi-floxed and
cKO animals. C) Quantification of the median velocity. D) Percentage of mitochondria
moving in the anterograde direction. E) Percentage of mitochondria moving in the retro-
grade direction. F) Quantification of the median velocities of mitochondria that travel in
the anterograde (pink) and retrograde (blue) direction. For median anterograde velocity;
nControl = 19 mitochondria, nHemi = 42 mitochondria, ncKO = 12 mitochondria. For median
retrograde velocity; nControl = 16 mitochondria, nHemi = 23 mitochondria, ncKO = 10 mito-
chondria. G) Mean distance travelled by the moving mitochondria. H) Percentage of time
spent moving in 500 sec 2P movies. Time moving is significantly reduced in hemi-floxed
and cKO conditions. I) Percentage of time moving mitochondria spent immobile in 500 sec
2P movies. Stationary time is significantly increased in hemi-floxed and cKO conditions.
The error bars represent the standard error of the mean.
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We performed the MitoSholl analysis on maximum projections of confocal stacks

of individual control and cKO parvalbumin neurons in organotypic brain cultures.

Interestingly, there was a shift in the distribution of mitochondria (Figure 3.12C, KS

test NS p = 0.583, Multiple t-tests per row p <0.05 between 8.93µm and 89.31µm

away from the center of the soma). When Miro1 was knocked-out mitochondria

were found more proximal to the soma. From this analysis we could extract the

distance at which 30, 60 and 90% of the mitochondrial mass was found within the

normalised total distance that the mitochondria occupied (Figure 3.12D, Mito30;

Control 0.057±0.003, cKO 0.056±0.002, Mann Whitney U test NS p = 0.411,

Mito60; Control 0.142±0.010, cKO 0.121±0.009, t-test NS p = 0.205, Mito90;

Control 0.369±0.022, cKO 0.230±0.030, Mann Whitney U test p = 0.034). The

distance at which 90% of mitochondria were found was reduced. This suggested

that the cKO neurons were either 10% smaller than the control cells or that the

mitochondria could not reach the distal sites of the neuron.

Figure 3.11: Loss of Miro1 does not affect mitochondrial occupancy in processes of
parvalbumin interneurons in organotypic brain slices. A) Representative images from
the processes of MitoDendra-expressing parvalbumin interneurons in slice cultures. Scale
Bar = 10µm. B) Bar chart shows the average number of mitochondria per 10µm of neuronal
process. The error bars represent the standard error of the mean. nControl = 15 movies from
9 slices, nHemi = 32 movies from 10 slices, ncKO = 22 movies from 8 slices from 4 animals.
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Figure 3.12: Loss of Miro1 alters distribution of mitochondria in parvalbumin in-
terneurons in organotypic brain slice cultures. A) Representative maximum projections
of confocal stacks of individual MitoDendra expressing parvalbumin interneurons in slice
cultures from control and cKO animals. Scale Bar = 10µm. B) Bar chart shows the total dis-
tance that mitochondria occupy in control and cKO cells. C) Cumulative Frequency of the
mitochondrial distribution (MitoSholl) between control and cKO cells. D) Bar charts show
the Mito30, Mito60 and Mito90 index for control and cKO animals. Error bars represent
the standard error of the mean. nControl = 24 neurons from 6 slices from 3 animals, ncKO =
12 neurons from 4 slices from 2 animals.
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3.2.2.4 Loss of Miro1 Does Not Affect the Mean TMRM Uptake in

Parvalbumin Interneurons

In order to investigate whether the respiratory functions of mitochondria were main-

tained in the absence of Miro1, we bulk-loaded organotypic slices with Tetramethyl-

rhodamine, methyl ester (TMRM) and live-imaged them under a confocal micro-

scope. TMRM is a cationic fluorescent dye that is cell permeable and is sequestered

by active mitochondria. The uptake of TMRM by mitochondria is directly pro-

portional to the membrane potential (ΔΨ) and can provide a quantification of this

property using fluorescence measurements (Scaduto and Grotyohann 1999).

Similar experiments in mouse embryonic fibroblast (MEF) lines and disso-

ciated primary motor neuron cultures demonstrated that TMRM intensity was not

changed in the absence of Miro1 (Nguyen et al. 2014). When we loaded organotypic

brain cultures with TMRM we observed no difference in the mean TMRM intensity

in control and cKO cells (Figure 3.13B, Mean fluoresence; Control 1024±108.8a.u.,

cKO 1036±182.8a.u., Mann Whitney U test NS p = 0.113, nControl = 28, ncKO = 21

neurons). However, the median of the TMRM fluorescence was greatly reduced

suggesting that a large population of mitochondria in the cKO condition could ex-

hibit lower intensities (Figure 3.13C, Median fluorescence; Control 833.4, cKO

517.2, KS test p = 0.031).
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Figure 3.13: Loss of Miro1 does not affect the mean TMRM fluorescence in parval-
bumin interneurons. A) Representative confocal images from control and cKO organ-
otypic brain slices that were bulk-loaded with TMRM. The MitoDendra signal was used as
a mask to isolate the TMRM signal emerging from mitochondria in parvalbumin interneu-
rons. Analysis was performed on the isolated mitochondria. Scale Bar = 10µm. B) Mean
TMRM fluorescence. C) Median TMRM fluorescence. D) Relative frequency plot shows a
shift in the distribution. E) Cumulative frequency plot of TMRM fluorescent intensities in
parvalbumin interneurons. Error bars represent the standard error of the mean. nControl = 28
neurons from 6 slices from 3 animals , ncKO = 21 neurons from 4 slices from 2 animals.
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3.2.2.5 Loss of Miro1 from Parvalbumin Interneurons Does Not Af-

fect Cell Numbers or Cell Viability

Interneurons originating from the medial ganglionic eminence (MGE) exit the S-

phase of the cell cycle before the migration begins (Wonders and Anderson 2006).

However, they do not commit to a specific interneuron fate until they reach their des-

tination and begin the expression of inhibitory interneuron markers such as parval-

bumin and somatostatin (Wonders and Anderson 2006; del Rio et al. 1994). There-

fore, it was inferred that Miro1 was knocked out from parvalbumin interneurons

after they reached their final destinations around the brain. Consequently, deficits

in the migratory pathways of these neurons were not expected using Miro1 deletion

in PVCre animals. Indeed by counting the numbers of MitoDendra+ cells in the hip-

pocampus of acute brain slices, we observed that there was no notable difference

in the number of parvalbumin cells in control, hemi-floxed and cKO animals (Fig-

ure 3.14B, Cell number; Control 85.25±5.49, Hemi 75.71±8.08, cKO 70.56± 8.26

cells per area, one-way ANOVA with post hoc Tukey test, Control vs Hemi NS p

= 0.749, Control vs cKO NS p = 0.497, Hemi vs cKO NS p = 0.882, nControl = 4

slices, nHemi = 7, ncKO = 8 slices).

However, we noticed that the morphology of mitochondria in the soma of par-

valbumin interneurons was different in control, hemi-floxed and cKO conditions.

The cKO cells contained bright MitoDendra fluorescent clusters in their somata.

We quantified the number of cells that contained these mitochondrial accumula-

tions and we observed a significant increase between control and hemi-floxed and

a further enhancement in cKO slices (Figure 3.14C, % of cells with accumulations;

Control 15.20±0.81%, Hemi 38.51±6.9%, cKO 71.06±4.73% of cells, one-way

ANOVA with post hoc Tukey test, Control vs Hemi p = 0.048, Control vs cKO p

<0.0001, Hemi vs cKO p <0.0001). To ensure that these accumulations were not a

by product of injury during acute slicing, we further investigated the morphology of

mitochondria in the somata of parvalbumin interneurons in thin sections from fixed

brain samples as described in the following section.
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Figure 3.14: The number of MitoDendra expressing cells does not change in the ab-
sence of Miro1 in acute brain slices. A) Representative max projected confocal images
from the CA3 area of the hippocampus of control, hemi-floxed and cKO animals. Scale bar
= 100µm. B) Quantification of the MitoDendra+ cells in the CA3 area of the hippocampus
in control, hemi-floxed and cKO slices. C) Percentage of cells that contain bright MitoDen-
dra+ accumulations. Error bars represent the standard error of the mean. nControl = 4 slices
neurons from 2 animals, nHemi = 7 slices from 4 animals, ncKO = 8 slices from 4 animals.
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3.2.2.6 Mitochondria Accumulate in the Somata of Parvalbumin In-

terneurons when Miro1 is Knocked-out

The distribution of mitochondria in the soma is substantially different between

hemi-floxed control and cKO conditions (Figure 3.15). In control neurons, mito-

chondria were evenly distributed in a ring shape around the nucleus. However, in

the cKO condition mitochondria accumulated in these MitoDendra positive bright

clusters. Moreover, the number of neurons that contain these accumulation was sig-

nificantly enhanced when Miro1 was knocked-out (Figure 3.15B, % of cells with ac-

cumulations; Hemi (Control) 10.77±3.13%, cKO 38.51±6.90%. t-test p <0.0001,

nControl = 8, ncKO = 8 slices). The percentage area that the mitochondria occupied in

the soma of parvalbumin interneurons was reduced, further demonstrating that the

mitochondria clustered together instead of being evenly distributed (Figure 3.15B,

% Area; Hemi (Control) 39.43±1.00%, cKO 27.83±0.97%, t-test p <0.0001). This

observation did not seem to be the result of MitoDendra mislocalisation in other or-

ganellar compartments such as the golgi apparatus because the MitoDendra signal

colocalised with COX-IV and other mitochondrial markers in both control and cKO

slices (data no shown). As a result, the mitochondria clustered in the soma as they

could not be trafficked properly.
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Figure 3.15: Loss of Miro1 results in MitoDendra+ accumulation in the somata of
parvalbumin interneurons in fixed brain tissue. A) Confocal images from hemi-floxed
(control) and cKO parvalbumin immunopositive cells in fixed brain tissue. Scale Bar =
10µm. Cells in the white box are zoomed as illustrated in the right image, to clearly show
the mitochondria accumulations in the cKO. Scale Bar = 5µm. B) Bar chart shows the quan-
tification for the percentage of cells that contain mitochondrial clusters. C) Quantification
for the percentage area that mitochondria occupy within the parvalbumin immunopositive
soma. Due to the presence of mitochondrial accumulations the % Mito/Soma area is signifi-
cantly decreased in the cKO. Error bars represent the standard error of the mean. nControl/cKO
= 8 slices from 3 animals.
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3.3 Discussion

In this chapter, we generated a suitable mouse model for the cell-type specific in-

vestigation of Miro1 in mitochondrial dynamics in parvalbumin interneurons. This

was a reliable model as more than 90% of the cell underwent Cre-mediated genetic

recombination (Figure 3.6). Additionally, the deletion of Miro1 was confirmed us-

ing immunofluorescence experiments, where Rhot1 fluorescence signal was signif-

icantly reduced when the Cre-recombinase was expressed under the parvalbumin

promoter (Figure 3.7). Expression under the parvalbumin promoter begins during

maturation period (Introduction; Section 1.2.2.2). Therefore, the loss of Miro1 is

not expected to affect migration, differentiation and viability of parvalbumin neu-

rons. Indeed, there was no difference in the number of parvalbumin interneurons in

the hippocampus when Miro1 was knocked-out (Figure 3.14).

Using COX-IV staining of mitochondria we also demonstrated that the levels

of COX-IV were increased in parvalbumin immuno-positive cells, in comparison

to other parvalbumin immuno-negative cells (Figure 3.4). This observation is con-

sistent with the existing evidence in literature that reports increased signal of OX-

PHOS proteins in parvalbumin interneurons such as Complex I, Cytochrome C Ox-

idase, Cytochrome C and ATP synthase (Kann et al. 2011, Gulyas et al. 2006; Paul

et al. 2017). Our data also suggest that parvalbumin interneurons have enhanced

metabolic activity.

As expected, the conditional removal of Miro1 impaired mitochondrial traf-

ficking in parvalbumin interneurons (Figure 3.9). However, mitochondrial transport

was not completely abolished suggesting that other mechanisms existed by which

mitochondria moved in the absence of Miro1. In mammals, the Miro2 isoform that

shares 60% sequence similarity to Miro1 also plays a role in mitochondrial traffick-

ing and fission (Fransson et al. 2006). In contrast to Miro1 knock-out (Rhot1(-/-))

where mice die soon after birth (Nguyen et al. 2014), Miro2 knock-out (Rhot2(-/-))

mice are viable (Lopez-Domenech et al. 2016), suggesting that there is a func-

tional distinction between Miro1 and Miro2. Additionally, Miro2 does not com-

pensate for the mitochondrial trafficking defect in a Miro1 knock-out background
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(Rhot1(-/-)) (Lopez-Domenech et al. 2016). Therefore, the remaining mobile mito-

chondria might have intact dynamics due to engagement of different motors or they

switch to different cytoskeletal tracks such as actin (Morris and Hollenbeck 1995;

Ligon and Steward 2000; Moore et al. 2016; Lopez-Domenech et al. 2018). Also,

there is recent evidence to suggest that TRAK motor proteins can be recruited to

the mitochondria independently from the interaction with Miro1 (Lopez-Domenech

et al. 2018). This could account for the proportion of the remaining moving mito-

chondria. The velocities of mitochondria reported in this study are slightly lower

than in other systems (Table 3.1). These differences could be from the fact that the

experimental set up is in ex vivo brain culture preparations. These values are closer

to the velocities seen in in-vivo models rather than cell-lines and dissociated primary

cultures. Additionally, given that mitochondria can adapt to the metabolic demands

of each cell type (Lin-Hendel et al. 2016), the difference in speed might imply

the presence of cell-type specific mitochondrial trafficking machinery. There was

no significant difference in the velocities of mitochondria between control, hemi-

floxed and cKO conditions suggesting that Miro1 was not affecting the velocities

but only the proportion of mobile mitochondria.

Interestingly, in the presence of only one allele of Rhot1, some properties of

mitochondria such as total displacement and periods of immobility (Figure 3.10H-

I) resembled the effects seen in the conditional knock-out. Trafficking experiments

of mitochondria in dissociated hippocampal cultures of the mitofusin2 (Mfn2-/-)

knock-out mouse demonstrate that mitochondria also undergo longer periods of im-

mobility (Misko et al. 2010). This could suggest that the interaction of Mfn2 with

Miro1 could be concentration-dependent. Therefore, this reduction was possibly

seen in the hemi-floxed because the decreased levels of Miro1 could interact with

Mfn2 or engage motor proteins with altered affinity.

Unfortunately, in our experimental setup it was not possible to distinguish be-

tween the axon and the dendrites. Parvalbumin interneurons in the organotypic slice

cultures were still developing during the imaging period and therefore it was not ap-

parent which mitochondria occupy the dendrites and which the axon. The neurons
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Table 3.1: Mitochondrial Velocities

System Velocity Reference
Rat Hippocampal Cultures 0.91±0.26µm.s-1 Macaskill et al. 2009

Rat Organotypic Slices Neurons: 0.3±0.02µm.s-1 Stephen et al. 2015
Astrocytes: 0.1±0.01µm.s-1

Mouse Hippocampal Cultures Anterograde Axon: 0.61±0.003µm.s-1 Niescier et al. 2016
Retrograde Axon: 0.55±0.020µm.s-1

Mouse Hippocampal Cultures Anterograde Axon: 0.42±0.02µm.s-1 Lopez-Domenech et al. 2016
Retrograde Axon: 0.41±0.02µm.s-1

Anterograde Dendrite: 0.42±0.02µm.s-1

Retrograde Dendrite: 0.43±0.03µm.s-1

Mouse Saphenous Nerve 0.30±0.02µm.s-1 Sajic et al. 2013
Mouse Organotypic Slices 0.21±0.02µm.s-1 Current Study

were still small in comparison to the adult brain and there was also no cell-fill to

properly visualise the neuronal morphology. Still, we proceeded to compare the ex-

tent of the reach of mitochondrial distribution in control and cKO neurons. Firstly,

we looked at the occupancy of mitochondria in processes of parvalbumin interneu-

rons and we saw that there was no difference in the distribution of mitochondria

per 10 µm of process (Figure 3.11). When we quantified the total distance that the

mitochondria covered in parvalbumin interneurons, we noticed that there was a sig-

nificant decrease in the furthest reach between control and cKO conditions (Figure

3.12B). Furthermore, we examined the extent of the total mitochondria in single

cells using the MitoSholl analysis. We saw that there was a shift in the cumula-

tive distribution of the mitochondria between control and cKO cells (Figure 3.12C).

This was further supported by the significant decrease in the Mito90 index which

represents the distance from the soma at which 90% of the mitochondria reside

(Figure 3.12D). This observation suggests that the loss of Miro1-dependent mito-

chondrial trafficking might be sufficient to change the spatiotemporal distribution

of mitochondria along parvalbumin interneuron processes. One major drawback of

the MitoSholl analysis in our setup was that the absence of a cell-fill made the inter-

pretation of these results hard as we could not distinguish whether there was indeed

a shift in the distribution or whether the cells were smaller in size. These issues

are addressed in Chapter 4 where our investigation of mitochondrial distribution in

parvalbumin interneurons in biocytin-filled neurons is presented (Section 4.2.2).

Miro1 is known to mediate mitochondrial trafficking. However, we also



3.3. Discussion 120

wanted to examine whether the loss of Miro1 from parvalbumin interneurons could

be implicated in changing other mechanisms such as oxidative phosphorylation.

Therefore, we bulk loaded organotypic slices with TMRM and imaged the uptake

of TMRM by mitochondria as the dye uptake is directly proportional to the trans-

membrane potential of mitochondria. The transmembrane potential can provide in-

formation on the health status of the mitochondria as changes in the depolarization

have been associated with the opening of the mitochondrial permeability transition

pore and the induction of the apoptotic pathway (Ly et al. 2003). Even though there

was no significant difference in the uptake of TMRM by mitochondria as the mean

fluorescence intensity did not change (Figure 3.13B), there was a marked reduction

in the median and a shift in the cumulative distribution of TMRM fluorescent inten-

sities (Figure 3.13C-E). The limitation of this experiment was that all of the mito-

chondria were pooled together and therefore we could not account for differences in

neuronal compartments, such as the axon or the dendrites, where there was a possi-

bility that only one population could be affected due to the biological differences of

each locations. Therefore, even if populations of mitochondria exhibited differences

in TMRM uptake, the loss of Miro1 did not affect the overall oxidative phospho-

rylation capability of mitochondria in the cell. In other systems where Miro1 is

knocked-out there were also no differences in the mean fluorescence intensity of

TMRM in control and cKO conditions (Nguyen et al. 2014; Lopez-Domenech et al.

2016). To further elaborate on this issue, the actual membrane potential (ΔΨ) needs

to be calculated using drugs to depolarize and hyperpolarize mitochondria such as

valinomycin and oligomycin respectively (Nicholls 2006). Besides the changes in

dye uptake by the mitochondria, it is also interesting to investigate the NAD/NADH

autofluorescence as this is another measure of the activity of the electron transport

chain. Unfortunately due to time constrains and animal availability this experiment

was not performed. However, to further address the oxidative capabilities of mito-

chondria in parvalbumin interneurons, we recorded γ-oscillations in the presence of

energy substrates that stimulate OXPHOS. Specifically, we investigate if mitochon-

dria are functional and can still power network activity at γ-frequency as discussed
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in Chapter 5 (Section 5.2.1).

The loss of Miro1 from parvalbumin interneurons resulted in MitoDendra-

positive mitochondrial accumulation in the somata of parvalbumin interneurons in

adult tissue (Figure 3.14, 3.15). The mitochondria in the somata of cKO cells occu-

pied a smaller area suggesting that they were no longer evenly distributed in a ring

around the nucleus. This observation also explained the reduction in the fluorescent

levels of MitoDendra (Figure 3.7D). These data further suggested that there was a

mitochondrial trafficking impairment and consequently mitochondria accumulated

in the soma as they could no longer be trafficked out to the processes of the cell.

Interestingly, the mitochondrial accumulations described here have also been seen

in other models where Miro1 is knocked-out. Specifically, these accumulations

have also been reported in the CamKIICre+Rhot1f/f mouse at about four months of

age (Lopez-Domenech et al. 2016). In conclusion, loss of Miro1 exclusively in

parvalbumin interneurons impaired mitochondrial trafficking and resulted in the ac-

cumulation of mitochondria in the cell bodies. This effect probably arose from the

inability of mitochondria to be trafficked correctly, leading to their misplacement.

It is generally thought that the misplacement of mitochondria is sufficient to affect

the morphology of neurons as they are no longer precisely located in places were

they are actively required to provide energy and buffer calcium (Guo et al. 2005;

Liu and Shio 2008; Lopez-Domenech et al. 2016; Devine and Kittler 2018). In

the next chapter, we discuss the loss of Miro1 and the defects in Miro1-dependent

trafficking in parvalbumin interneuron morphology and mitochondrial distribution

in acute brain slices.



Chapter 4

Miro1-dependent Mitochondrial

Positioning in Parvalbumin

Interneuron Morphology

4.1 Introduction

The spatiotemporal regulation of mitochondrial positioning to areas of high-energy

demand is crucial for neuronal function and survival. A functional role for the co-

ordinated positioning of mitochondria within axons and dendrites is reported in the

literature (Guo et al. 2005; Liu and Shio 2008; Lopez-Domenech et al. 2016; Kwon

et al. 2016; Vaccaro et al. 2017; Devine and Kittler 2018). It was recently demon-

strated that mitochondria are essential for migration of inhibitory neuron progenitor

cells (Lin-Hendel et al. 2016), supporting the idea that correct placement of mi-

tochondria is crucial to energise the mechanisms that drive interneuron migration.

Furthermore, defects in transport-dependent mitochondrial positioning have been

shown to promote dendritic degeneration as the neurons can no longer be efficiently

fuelled (Lopez-Domenech et al. 2016). Loss of Miro1 from CaMK-II expressing

cells results in alterations in mitochondrial distribution before the dendritic com-

plexity is affected. Impaired trafficking and altered mitochondrial distribution also

result in degeneration of motor neurons (Nguyen et al. 2014). In addition, changes

in mitochondrial physiology have also been reported in neurological diseases and
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have been associated with alterations in cell structure and neuronal death (Norkett

et al. 2016). Mitochondria undergo dynamic morphological changes with varying

cellular environments. Dendritic mitochondria are long and can form large intercon-

nected filamentous networks while axonal mitochondria are single discrete units.

The mechanisms of fusion and fission can define the numbers and morphology of

mitochondria. Therefore, the constant interplay between these two processes can

change based on the physiological conditions or environmental insults. In dendrites

mitochondria are mainly found along the shaft and are implicated in the morpho-

genesis of dendritic spines (Li et al. 2004) and the formation and maintenance of

synapses (Todorova and Blokland 2016). The capture of mitochondria to puta-

tive sites of branching has been linked to extension and arborisation of the axon

(Courchet et al. 2013). This suggests that the precise localisation of mitochondria

in axons and dendrites could have a big implication in homeostatic scaling (Vaccaro

et al. 2017) and plasticity (Kang et al. 2008).

Parvalbumin interneurons have a unique morphology that allows them to ap-

ply fast perisomatic inhibition through an extended axonal plexus that embraces

cells in the pyramidal cell layer of the hippocampus (Pelkey et al. 2017). Our main

objective was to explore how Miro1-dependent mitochondrial trafficking could be

implicated in the parvalbumin interneuron morphology and extent of the mitochon-

drial distribution in single cells in intact brain tissue. In particular, we investigated

whether the loss of Miro1 and the subsequent change in mitochondrial trafficking

were sufficient to alter the architecture of these neurons. To do so, we filled Mito-

Dendra positive cells with biocytin during intracellular recordings. We were able to

reconstruct their morphology by taking advantage of the strong interaction between

biocytin and streptavidin that was conjugated to a secondary fluorescent antibody.

This strategy allowed us to specifically look at the MitoDendra positive mitochon-

dria in single parvalbumin interneurons and investigate their properties in distinct

cellular domains.
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4.2 Results

4.2.1 Parvalbumin Interneuron Morphology

In order to investigate the neuronal morphology and distribution of mitochondria in

parvalbumin interneurons, we filled MitoDendra positive cells with biocytin in acute

hippocampal slices during intracellular recordings. Using a confocal microscope,

and the 20x objective that has a high working distance (Table 2.3), we were able to

collect fluorescent signal of approximately 150µm within the slice. It was easy to

distinguish neuronal compartments of filled neurons as biocytin was uniformly dif-

fused in dendrites while it deposited in varicosities along the axon (Figure 4.1A-B).

Furthermore, the dendrites are mainly found in strata oriens and radiatum, spanning

the hippocampal layers, while the axon is mostly restrained in the pyramidal cell

layer (Somogyi and Klausberger 2005; Pelkey et al. 2017). In order to confirm that

the biocytin-filled varicosities along the axon were indeed presynaptic terminals, we

stained a fixed 350µm acute brain slice against the presynaptic marker vGAT. vGAT

is a marker that is commonly used to identify inhibitory synapses (Micheva et al.

2010). The enrichment of vGAT in neuronal compartments implies the existence

of inhibitory pre-synaptic sites. The biocytin-filled boutons co-localized with the

vGAT clusters suggesting that they were indeed synaptic sites along the axon (Fig-

ure 4.1C-D). On the contrary, biocytin filled dendritic spines did not overlap with

vGAT signal (Figure 4.1E-F). Dendritic spines contain the vast majority of excita-

tory synapses in the brain (Harris and Kater 1994). Inhibitory synapses are mostly

found along the dendritic shaft and not in spines (Markram et al. 2004, Chen et al.

2012). With this control experiment, we confirmed that the biocytin filled boutons

of parvalbumin interneurons were indeed inhibitory presynaptic terminals along the

axon.

By filling cells, we were able to capture the morphological appearance of indi-

vidual parvalbumin cells in control and cKO acute hippocampal slices (Figure 4.2A)

even though the chances of maintaining the intact neuronal architecture were low.

The cells which were accessible for filling were usually closer to the surface of the

slice and therefore the dendrites or the axon were cut on numerous occasions. Still,
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Figure 4.1: Biocytin-filled boutons are pre-synaptic axonal terminals. A) Max-
projected confocal image of biocytin-filled dendrites B) Max-projected confocal image of
biocytin-filled axonal boutons. Scale Bar = 10µm. C) An example of a biocytin-filled axon
in a 350µm hippocampal slice. White line represents line-scan through an axonal bouton.
D) The graph represents the vGAT fluorescence signal from a line scan through a biocytin-
filled bouton. E) An example of a biocytin-filled dendrite in a 350µm hippocampal slice.
White line represents line-scan through a dendritic spine. F) The graph represents the vGAT
fluorescence signal from a line scan through a biocytin-filled dendritic spine. The signal col-
lected is background noise suggesting that vGAT is not enriched in dendritic spines. Scale
Bar = 3µm.
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we were able to collect enough intact cells to reconstruct their morphology (Figure

4.2B) and perform the Sholl analysis (also described in Section 3.2.2.3). We anal-

ysed the reconstruction file (.swc) from Neuromantic (Myatt et al. 2012) in Matlab

with a custom 3D-Sholl script (Madry et al. 2018). We also compared and validated

these data with other commercially available Sholl analysis packages such as Sim-

ple Neurite Tracer Plugin on Fiji (Longair et al. 2011) and NeuronStudio (Wearne

et al. 2005).

The conditional removal of Miro1 had no effect on the total length of parval-

bumin interneuron processes (Figure 4.2C, Total length; Control 23536±1763µm,

cKO 27846±3686µm, t-test NS p = 0.322). However, the number of end points

(tips) was significantly increased suggesting that there were more neuronal pro-

cesses in cKO when compared to control cells (Figure 4.2D, Tips; Control

376±46.23, cKO 506.4± 34.40, t-test p = 0.042). We further investigated whether

the increase in end-points was associated with an increase in the number of neuronal

branches. The loss of Miro1 resulted in an increase in the number of branches in the

cKO cells (Figure 4.2E, Branches; Control 341.6±41.97, cKO 465.4±34.51, t-test

NS p = 0.052). In order to evaluate the increase in end-points, we checked the num-

ber of intersections which are defined as the number of times a segment is crossing

a Sholl ring. By plotting the frequency of the intersections and the frequency of

branches, we noticed that both were elevated between 50µm and 200µm from the

cell body in the cKO (Figure 4.2F-G). The cumulative distribution of the branches

was shifted more proximal to the soma suggesting that the branches were enriched

closer to the cell body (Figure 4.2H).

We further investigated whether the shift in the cumulative distribution of

branches was attributed to a selective increase in the branches of axons or den-

drites. We used the Neuromantic software, instead of other commercially avail-

able tracing packages, because we could label dendritic and axonal compartments

independently (Figure 4.2A). We used the reconstruction file of the isolated den-

drites (.swc) to generate a 3D mask of the biocytin fluorescent signal using the

Simple Neurite Trace Plugin on Fiji (Figure 4.2B) (Longair et al. 2011, Materials
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and Methods; Section 2.4.2). The Simple Neurite Tracer fills the neuron based on

the fluorescent intensity of the biocytin signal (Longair et al. 2011). As a result, the

reconstructed mask appeared to be segmented sometimes where the biocytin fluo-

rescence pixel intensity is weaker. Still, this mask could be used to make overall

inferences on certain properties such as dendrite length. We used this approach to

isolate the dendrites as they were directly joined to the soma (Figure 4.3B). To carry

out the axonal analysis we subtracted the dendritic values from the total neuronal

values as we could not directly generate an axonal reconstruction. We did not notice

any significant difference in the length of either axons or dendrites between control

and cKO conditions (Figure 4.3C,G, Dendrite length; Control 5929±425.7µm, cKO

4748±502.7µm, t-test NS p = 0.111, Axon length; Control 17607±1654µm, cKO

23098±3820µm, t-test NS p = 0.224, nControl = 5, ncKO = 5 neurons). However, we

observed a selective increase in the number of axonal but not dendritic branches.

This indicates that the increased end points and intersections in the Sholl analy-

sis (Figure 4.2D-H) were the result of enhanced axonal branching (Figure 4.3F,J,

Dendritic Branches; Control 45.20± 5.26, cKO 38.40±5.99, t-test NS p = 0.418,

Axonal Branches; Control 296.4±38.46, cKO 427.0±32.18, t-test p = 0.031). We

also observed a selective enhancement of axonal intersections and branches between

50µm and 200µm away from the soma (Figure 4.3H,I). However, no difference was

seen in dendritic intersections and branches between control and cKO cells (Figure

4.3D,E).
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Figure 4.2: Morphological reconstruction of parvalbumin interneurons in the hip-
pocampus. A) Representative Max-projected confocal stacks of biocytin-filled parvalbu-
min interneurons. Scale Bar = 100µm. B) Max-projected reconstruction from Neuromantic
software. Dendrites are depicted in blue and axon in red. C) Quantification of the total
neuronal length. D) Quantification of the number of tips (end points). E) Quantification
of the number of branches. F) The number of intersections are plotted at distances away
from the soma. G) The number of brances are plotted at distances away from the soma. H)
Cumulative frequency of branches. nControl = 5 neurons from 3 slices from 2 animals, ncKO
= 5 neurons from 4 slices from 3 animals.
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Figure 4.3: Loss of Miro1 increases axonal but not dendritic branching. A) Represen-
tative max-projected confocal stacks of biocytin-filled parvalbumin interneurons. Scale Bar
= 100µm. B) Max-projected 3D-mask of the dendrites only. Scale Bar = 100µm. C) Quan-
tification of the dendritic length. D) The number of dendritic intersections are plotted at
distances away from the soma. E) The number of dendritic brances are plotted at distances
away from the soma. F) Bar chart shows number of dendritic branches. G) Quantification
of the axonal length. H) The number of axonal intersections are plotted at distances away
from the soma. I) The number of axonal branches are plotted at distances away from the
soma. J) Bar chart shows number of axonal branches. nControl = 5 neurons from 3 slices
from 2 animals, ncKO = 5 neurons from 4 slices from 3 animals..
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4.2.2 Mitochondrial Distribution in Parvalbumin Interneurons

Since mitochondrial trafficking is reduced in parvalbumin interneurons, we wanted

to investigate whether Miro1-dependent mitochondrial positioning was affected.

Since no mitochondrial motion has been observed in acute brain preparations (Fig-

ure 3.8), the positioning of MitoDendra positive mitochondria in the biocytin-filled

cells represented a snapshot of the mitochondrial distribution at the time when the

brain was harvested. In order to look at the distribution of mitochondria in indi-

vidual cells, we used the reconstruction file (.swc) (Figure 4.4A) to generate a 3D

mask of the biocytin fluorescent signal using the Simple Neurite Trace Plugin on Fiji

(Longair et al. 2011). The 3D mask was then applied on top of the mitochondrial

channel and was used to identify and isolate MitoDendra positive mitochondria in

single parvalbumin interneurons (Figure 4.4B).

We performed the 3D MitoSholl analysis on the confocal stack and observed

a slight shift in the distribution of mitochondria between 180 and 250µm (Figure

4.4C). These data suggested that mitochondria accumulated towards the proximal

regions of the cell which were closer to the soma. Since this was a conditional

model, Miro1 was knocked out after the mitochondria occupied the distal processes

of the cell. Therefore, mitochondria still reached the distal tips of the cell but their

precise distribution seemed to be altered. Given that we observed specific changes

in axons but not dendrites, we further examined whether there was a functional dis-

tinction in mitochondria in each compartment. We generated another mask for the

dendrites only and were able to isolate dendritic mitochondria by applying the 3D

dendritic mask (Figure 4.3B). We managed to distinguish between the mitochondria

in the dendrites and the axon of parvalbumin interneurons and we observed a similar

shift in the distribution in both compartments (Figure 4.4C). The Mito30, Mito60

and Mito90 index were slightly reduced in both dendrites and axons (Figure 4.4F-

H). However, the reduction was stronger in the axon at the distance where 60%

of mitochondria were enriched. This suggested that the loss of Miro1-dependent

mitochondrial transport could alter the spatiotemporal distribution of mitochondria

along parvalbumin interneuron processes. To study the interaction between the lo-
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cation of mitochondrial enrichment and genotype we performed two-way repeated

measures ANOVA. Two-way repeated measures ANOVA demonstrated that there

was no significance difference in the distance at which 30%, 60% and 90% of the

mitochondria reside in control and cKO cells (p-interaction = 0.524). Furthermore,

the interaction between genotypes and mitochondrial enrichment in individual den-

dritic and axonal compartments was also not significant (Dendrites; p = 0.083, axon;

p = 0.344). This implies that the reported difference in the axonal Mito60 index only

could be due to chance and not a real effect.
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Figure 4.4: The loss of Miro1 alters the mitochondrial distribution. A) Max-projected
reconstruction from Neuromantic software. Dendrites are depicted in blue and axon in red.
B) Max projection from 10µm (10 optical sections - for better visualisation) from a parval-
bumin interneuron where the mask was applied in a 350 µm hippocampal brain slices. The
images represent biocytin (red) and mitodendra (green) in single parvalbumin interneurons.
Scale bar = 100µm. C) Cumulative Distribution of mitochondria in the whole neuron. D)
Cumulative Distribution of mitochondria in the dendrites only. E) Cumulative Distribution
of mitochondria in the axon only. F) The box plots show the min, max, median, 25th and
75th percentile of the Mito30, Mito60 and Mito90 index for mitochondria in the whole neu-
ron. Mito30; Control 0.31±0.03, cKO 0.27±0.03. t-test NS p = 0.410, Mito60; Control
0.47±0.04, cKO 0.39±0.03, NS p = 0.137, Mito90; Control 0.67±0.03, cKO 0.59±0.05,
p = 0.204, G) The box plots show the min, max, median, 25th and 75th percentile of the
Mito30, Mito60 and Mito90 index for mitochondria in the dendrites only. Dendrite; Mito30;
Control 0.33±0.06, cKO 0.29±0.05, NS p = 0.566. Mito60; Control 0.45±0.05, cKO
0.38±0.06. NS p = 0.388. Mito90; Control 0.62±0.05, cKO 0.51±0.06, NS p = 0.189. H)
The box plots show the min, max, median, 25th and 75th percentile of the Mito30, Mito60
and Mito90 index for mitochondria in the axon only. Axon: Mito30; Control 0.30±0.03,
cKO 0.27±0.03, NS p = 0.485. Mito60; Control 0.49±0.02, cKO 0.39±0.03, p = 0.031.
Mito90; Control 0.69±0.02, cKO 0.60±0.05, NS p = 0.140. nControl = 5 neurons from 3
slices from 2 animals, ncKO = 4 neurons from 3 slices from 2 animals.
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4.2.3 Loss of Miro1 Affects the Morphology of Mitochondria

Already existing evidence suggest that Miro1 is indirectly implicated in modulating

mitochondrial morphology. Generally, mitochondria tend to be smaller in models

where transport is reduced as the probability of encountering another mitochon-

drion for the process of fusion to occur is substantially lower (Sheng 2014). In

our system, we were able to distinguish between axons and dendrites (Figure 4.1)

and we specifically explored the morphological properties in each compartment by

analysing their structure using the shape descriptors on Fiji (Batchelor 1999). We

focused on (a) the Feret’s diameter which is the longest diameter (in µm), (b) the

area of mitochondria (in µm2) and (c) the roundness which is a function of the as-

pect ratio that takes into account the major and minor axis (zero represents an oval

shape and one a perfect circle).

We noticed that dendritic mitochondria were shorter, occupied a smaller area

and were more rounded when Miro1 was knocked-out (Figure 4.5B-D, Feret’s Di-

ameter; Control 2.07±0.13µm, Hemi 2.14±0.32µm, cKO 1.58±0.08µm, one-way

ANOVA with post hoc Tukey test, Control vs Hemi NS p = 0.978, Control vs

cKO NS p = 0.282, Hemi vs cKO NS p = 0.161, Area; Control 0.97±0.08µm2,

Hemi 0.90±0.07µm2, cKO 0.70±0.05µm2, Control vs Hemi NS p = 0.071, Con-

trol vs cKO p = 0.019, Hemi vs cKO p = 0.084. Roundness; Control 0.37±0.02,

Hemi 0.45±0.02, cKO 0.47±0.02, Control vs Hemi p = 0.001, Control vs cKO

p = 0.0002, Hemi vs cKO NS p= 0.850, nControl = 127, nHemi = 163 mitochondria,

ncKO= 147 mitochondria). In the axon, we found that mitochondria were more glob-

ular further suggesting that they could have undergone a morphological change in

the absence of Miro1. However, the Feret’s diameter and the area were not sig-

nificantly different between each condition (Figure 4.6B-D, Feret’s Diameter; Con-

trol 1.21±0.05µm, Hemi 1.18±0.04µm, cKO 1.10±0.03µm, one-way ANOVA with

post hoc Tukey test, Control vs Hemi NS p = 0.907, Control vs cKO NS p = 0.230,

Hemi vs cKO NS p = 0.423. Area; Control 0.62±0.04µm2, Hemi 0.60±0.03µm2,

cKO 0.56±0.03µm2, Control vs Hemi NS p = 0.906, Control vs cKO NS p = 0.479,

Hemi vs cKO NS p = 0.725. Roundness; Control 0.61±0.01, Hemi 0.61±0.01, cKO
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0.66±0.01, Control vs Hemi NS p = 0.984, Control vs cKO p = 0.017. Hemi vs cKO

p= 0.012, nControl = 227, nHemi = 216, ncKO = 155). In conclusion, these observa-

tions demonstrated that the loss of Miro1 from parvalbumin interneurons and the

subsequent impairment in trafficking might be sufficient to alter the morphology of

mitochondria in both dendrites and axon. However, the observed differences in the

size of mitochondria between control and cKO cells were very small and beyond

the optical resolution of the microscope. Therefore, in order to identify biologi-

cally meaningful differences in the mitochondrial size, super resolution microscopy

should be employed which surpasses the resolution limit of conventional confocal

microscopes. In addition, it is unclear whether such small changes in mitochondrial

structure would be biologically functional.
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Figure 4.5: Loss of Miro1 results in smaller dendritic mitochondria. A) Confocal Im-
ages from MitoDendra positive mitochondria in the dendrites of biocytin-filled parvalbumin
interneurons from control, hemi-floxed and cKO slices. Scale Bar = 10µm. B) Bar chart for
the area of mitochondria. C) Quantification for the Feret’s diameter. D) Quantification for
the roundness. nControl = 127 mitochondria from 2 animals, nHemi = 163 mitochondria from
3 animals, ncKO= 147 mitochondria from 2 animals.
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Figure 4.6: Loss of Miro1 results in rounder axonal mitochondria A) Confocal Images
from MitoDendra positive mitochondria in the axon of biocytin-filled parvalbumin interneu-
rons from control, hemi-floxed and cKO slices. Scale Bar = 10µm. B) Bar chart for the area
of mitochondria. C) Quantification for the Feret’s diameter. D) Quantification for the round-
ness. nControl = 227 mitochondria from 2 animals, nHemi = 216 mitochondria from 3 animals,
ncKO= 155 mitochondria from 2 animals.
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4.2.4 Mitochondria are Found Closer to Sites of Axonal Branch-

ing when Miro1 is Knocked-out

As already stated in Section 4.2.1, the loss of Miro1 resulted in a selective increase

in axonal branches in the cKO neurons (Figure 4.3). In the literature, it is reported

that the positioning of mitochondria is important in the formation of axonal branch

points (Courchet et al. 2013). Hence, we wanted to examine whether the observed

increase in axonal branches (Figure 4.3J) was due to mitochondria being closer to

locations of branching. To do that, we defined the coordinates of branch points

in confocal stacks of the axon and we quantified the minimum distance between a

branch point and the closest mitochondrion (Figure 4.7A). This quantification was

performed in 3D, using the single optical sections of the confocal stack because we

could not easily extract information from the maximum intensity projected image

(Figure 4.7B-C). We observed a significant decrease in the minimum distance be-

tween branch points and mitochondria when Miro1 was knocked-out (Figure 4.7D,

Norm. Min. Distance; Control 1±0.06, cKO 0.73±0.04, Mann Whitney U test p

= 0.0003, nControl = 122, ncKO = 171 branch points). Additionally, the probability

of encountering a mitochondrion within 1 µm from the branch point is higher in

the cKO when compared to the control condition (Figure 4.7E, Probability; Control

0.31, cKO 0.49). This observation could explain the increased number of branches

which could be a side-effect of the impaired trafficking and the altered distribution.

Even though the number of axonal branches was increased in the cKO, the total ax-

onal length was not significantly different (Figure 4.3G). This implied that the axon

was organised in more smaller segments (Figure 4.7A).
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Figure 4.7: Loss of Miro1 results in mitochondria being found closer to points of ax-
onal branching. A) High magnification (63x) max-projected confocal stacks of biocytin
in a 350 µm hippocampal slice. White stars denote branch points. B) High magnification
(63x) max-projected confocal stacks of MitoDendra. C) Single optical section of MitoDen-
dra. Scale Bar = 10 µm. D) Bar graph shows the normalised minimum distance between a
branch point and a mitochondrion in the confocal stack. Error bars represent the standard
error of the mean. E) The probability of finding a mitochondrion within 1µm from the posi-
tion of the branch point is increased in the cKO. nControl = 122 branch points from 5 neurons
from 4 slices from 2 animals, ncKO = 171 branch points from 7 neurons from 6 slices from
3 animals.
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4.2.5 Loss of Miro1-dependent Trafficking Depletes Mitochon-

dria from Axonal Presynaptic Terminals

Given the complex axonal architecture of these neurons we proceeded to exam-

ine the properties of mitochondria in the axonal presynaptic terminals. Since we

were able to clearly identify individual biocytin-filled boutons (Figure 4.1A), we

managed to look at mitochondria in individual presynaptic terminals in single par-

valbumin interneurons in fixed brain tissue.

Interestingly, we observed a marked reduction in the number of axonal presy-

naptic terminals that contained mitochondria (Figure 4.8E % Bouton with Mito-

chondria; Control 73.9±4.1%, cKO 50.9±4.0%, t-test p = 0.003). Notably, the

number of presynaptic terminals that contain mitochondria is higher in parvalbumin

interneurons when compared to pyramidal cells. Less than half of the boutons are

associated with mitochondria in pyramidal cells, while more than 75% of boutons

contain mitochondria in parvalbumin interneurons (Smith et al. 2016; Kwon et al.

2016; Glausier et al. 2017). This observation is consistent with our findings where

about 80% of presynaptic terminals contain a mitochondrion in control cells. The

loss of Miro1 did not affect the size of individual boutons or their occupancy along

the axon as the number of boutons per 10µm of axon did not change (Figure 4.8B-

C, Bouton Size; Control 0.91±0.07, cKO 1.01±0.08, t-test NS p = 0.407, Bouton

Occupancy; Control 2.94±0.33, cKO 2.87±0.17, t-test NS p = 0.840, nControl = 5,

ncKO = 7 parvalbumin interneurons). However, the occupancy of mitochondria was

reduced as the number of mitochondria per 10 µm of axon length was decreased

(Figure 4.8D, Mitochondria occupancy; Control 2.27±0.11, cKO 1.88±0.11 mito-

chondria per 10 µm, t-test p = 0.012). Additionally, the percentage of mitochondria

within boutons was significantly reduced (Figure 4.8F, % mitochondria in boutons;

control 86.8±2.35%, cKO 75.0±3.59%, t-test p = 0.03). We concluded that the

impairment in Miro1-dependent mitochondrial trafficking was sufficient to shift the

mitochondria distribution and deplete mitochondria from axonal presynaptic bou-

tons.

Moreover, we noticed that the minimum distance between boutons and mito-
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chondria was increased when Miro1 was conditionally removed. This further sug-

gested that mitochondria were no longer captured in the presynaptic space along

the axon (Figure 4.9B, Norm. Min. Distance, Control 1±0.06, cKO 1.59±0.14,

Mann Whitney U test p = 0.0001, nControl = 625, ncKO = 526 boutons). This result

is consistent with the previous data showing a decrease of mitochondria in boutons

(Figure 4.8E-F).
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Figure 4.8: Loss of Miro1 depletes mitochondria from axonal presynaptic terminals.
A) Representative images of biocytin-filled synaptic boutons (red) and mitochondria (green)
in control and cKO neurons. Arrows point to boutons that contain mitochondria. B) Bar
chart for the quantification of the mean bouton size. C) Quantification of the bouton oc-
cupancy per 10µm of axon. D) Quantification of the mitochondria occupancy per 10µm of
axon. E) Bar chart showing the percentage of boutons that contain mitochondria. F) Bar
chart showing the percentage of axonal mitochondria that are found in boutons. Scale Bar
= 5 µm. nControl = 5 neurons from 4 slices from 2 animals , ncKO = 7 neurons from 6 slices
from 3 animals.
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Figure 4.9: Mitochondria are found further away from axonal boutons in the absence
of Miro1. A) Representative images of biocytin-filled synaptic boutons (red) and mitochon-
dria (green) in control and cKO neurons. Arrows show examples of the minimum distance
between mitochondria and boutons. Stars represent boutons that contain mitochondria. B)
Quantification for the minimum distance between boutons and mitochondria. Scale Bar =
5 µm. nControl = 625 boutons from 5 neurons from 4 slices from 2 animals, ncKO = 526
boutons from 7 neurons from 6 slices from 3 animals.
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4.3 Discussion

For the described experiments, we used intracellular biocytin-labeling to investigate

the Miro1-dependent mitochondrial positioning in parvalbumin interneurons (Fig-

ure 4.2). We demonstrated that the loss of Miro1 had no effect on the total length

of parvalbumin interneurons as the length of dendrites and axons were comparable

in control and cKO conditions (Figure 4.3). The results we obtained were very sim-

ilar to other work reported in the literature (Doischer et al. 2008). Since we have

shown that neuronal length is not affected by the loss of Miro1, the observed shift

in the MitoSholl analysis in organotypic brain cultures (Figure 3.12) was attributed

to a perturbed mitochondria distribution and not to smaller cell size. In our model,

we observed a selective increase in the axon arborisation (Figure 4.3). Interest-

ingly, loss of Miro1 from CaMK-IICre+ neurons has no effect on axon branching

(Lopez-Domenech et al. 2016). On the contrary, it results in a decrease in dendritic

complexity which precedes neuronal death (Lopez-Domenech et al. 2016).

In this study, we showed that the extension and arborisation of the dendritic

tree of parvalbumin interneurons were not affected by the conditional removal of

Miro1 (Figure 4.3), even though mitochondrial morphology and distribution might

have been altered (Figure 4.4). The dissimilarities in the two models could be ex-

plained by different energy requirements in each compartment and cell-type. Being

able to isolate mitochondria in single parvalbumin interneurons and characterise the

morphology in axons and dendrites (Figure 4.5, 4.6), we demonstrated that the loss

of Miro1 resulted in minor shape changes in both axonal and dendritic mitochon-

dria in parvalbumin interneurons. Other models where Miro1 is knocked-out or

knocked-down also show that mitochondria undergo shortening (Lopez-Domenech

et al. 2018). These observations are consistent with our data that showed that den-

dritic mitochondria were smaller and axonal mitochondria were more globular (Fig-

ure 4.5, 4.6). In conclusion, the loss of Miro1-directed transport could be sufficient

to structurally modulate the shape of mitochondria. This phenotype possibly oc-

curred though the decreased probability of fusion happening (Sheng 2014).

By generating and applying a 3D-mask on the MitoDendra channel, we were
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able to perform the 3D-MitoSholl analysis on mitochondria from single cells. We

noted a small shift in the cumulative distribution of MitoDendra fluorescence in both

axons and dendrites (Figure 4.4). Our data suggested that the loss of Miro1 and the

subsequent defects in mitochondrial trafficking could be sufficient to alter the pre-

cise spatiotemporal distribution of mitochondria in parvalbumin interneurons. One

limitation of the Sholl analysis was that the number of intersections could arise from

the same axonal segment crossing the Sholl radius more than once. This may oc-

cur depending on the structural organisation of the neuronal process. To overcome

this limitation we looked at the number of tips and branches which demonstrated an

increase in neuronal segments (Figure 4.2). Consequently, the rise in axon-specific

branches suggested that the loss of Miro1 from parvalbumin interneurons lead to

the increase in the number of intersections as a result of altered axonal architecture

(Figure 4.4). The dendritic and the axonal arborization of parvalbumin interneurons

display substantial extension during development (Doischer et al. 2008; Chattopad-

hyaya et al. 2004). The establishment of the axon and the formation of nascent

branches could coincide with the conditional removal of Miro1 and the subsequent

shift of mitochondrial distribution. The reported increase in branches in our model

could be the effect of an enrichment of mitochondria to potential sites of axon

branching (Figure 4.7). The shift in mitochondrial distribution could change the

precise mitochondrial localisation thus remodelling axon branching. The minimum

distance between mitochondria and sites of axonal branching we observed, was sig-

nificantly reduced when Miro1 was knocked out, suggesting that the probability of

encountering a mitochondrion from the branch points was higher (Figure 4.7). Our

observation could further suggest that branching required the recruitment of mito-

chondria to presumptive sites along the axon. The arrest of mitochondrial transport

along the axon is required for in-vivo branching in excitatory cells (Courchet et al.

2013; Spillane et al. 2013). Additionally, stalled mitochondria recruit mRNA trans-

lational machinery for the synthesis of proteins that are required for branching at

potential locations along the axon (Spillane et al. 2013). Moreover, not only the

physical presence of mitochondria is important but also the redox state of their
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membrane potential as changes have been shown reduce the generation of actin-

dependent filopodia along the axon and therefore compromising axonal branching

(Sainath et al. 2017).

Furthermore, we focused on the axon as this compartment targets pyramidal

cells in order to apply fast perisomatic inhibition (Hu et al. 2014; Pelkey et al.

2017). We noticed that the number of mitochondria in presynaptic axonal boutons

was reduced when Miro1 was knocked-out (Figure 4.8). Loss of the drosophila or-

thologue of Miro1 (dMiro) also results in a shift in the mitochondrial distribution

proximal to the soma and a mitochondrial depletion in distal segmented nerves of

the larvae ventral ganglia (Guo et al. 2005). Interestingly, in this study the size and

occupancy of synaptic boutons was decreased in the dMiro mutant condition which

supports the idea that activity dependent mitochondrial positioning is required for

maintaining the structural organisation of presynaptic boutons at the drosophila neu-

romuscular junction. In our model, the loss of Miro1 did not affect the structural

integrity of presynaptic terminals as neither the number nor the size of boutons

were altered (Figure 4.8). Synaptic mitochondria are thought to be more suscep-

tible to cellular stress and Ca2+ overload (Brown et al. 2006; Cai and Tammineni

2017; Devine and Kittler 2018). Consequently, the loss of mitochondria from the

presynaptic space could also be explained potentially by the selective elimination

of synaptic mitochondria, rather than a shift in the distribution and impairment in

mitochondrial capture within the bouton. Nevertheless, the loss of Miro1 resulted

in the depletion of mitochondria from axonal presynaptic terminals.

Increasing evidence from in-vivo experiments demonstrated that the rates of

mitochondrial trafficking are reduced with age (Lewis et al. 2016, Smit-Rigter et al.

2016). In our model, Miro1-dependent mitochondrial transport is affected after the

critical period of development. Nevertheless, independent of impaired mitochon-

drial trafficking, the precise control of mitochondrial positioning is essential for

the synaptic maintenance (Devine and Kittler 2018) and therefore shifts in distri-

bution could have a huge impact on brain function. These studies mainly focus

on long range movement and do not comment on the necessity of short term lo-
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cal trafficking for homeostatic maintenance. Lewis Jr and colleagues demonstrated

that mitochondrial trafficking is reduced in the cortex of adult animals and this

is highly correlated with increased presynaptic capture of mitochondria in axonal

boutons (Lewis et al. 2016). Theoretically, such reorganisation of mitochondria in

axonal synapses can have a large impact on the mechanisms of synaptic plasticity

and homeostatic scaling as it could change the calcium sequestering by mitochon-

dria. Interestingly, the observations made by Smit-rigter and colleagues contradict

the idea of activity-dependent enrichment of mitochondria in the presynapse for the

regulation of cortical synaptic plasticity (Smit-Rigter et al. 2016). The mitochon-

drial density in boutons did not follow the structural changes observed in axonal

boutons in the visual cortex after retinal lesions. In our model, we observed a shift

in the mitochondrial distribution (Figure 4.4) and a decrease in the number of mito-

chondria in boutons (Figure 4.8). Consequently, in our study it was of great interest

to examine whether the Miro1-dependent depletion of mitochondria from axonal

boutons could be implicated in changes in synaptic transmission and short-term

plasticity (Chapter 5). Specifically, the ATP producing and Ca2+ buffering prop-

erties of the mitochondria have been implicated in synaptic plasticity (Kang et al.

2008). The movement of axonal mitochondria is believed to underlie the variability

observed in presynaptic strength. A stationary mitochondrion within a presynaptic

terminal stably provides ATP and buffer Ca2+. In contrast, a presynaptic terminal

without a stationary mitochondrion is more easily affected by motile mitochondria

that travel along the axons, as motile mitochondria can transiently provide ATP and

buffer Ca2+ (Sheng 2014). This transient provision of ATP and uptake of Ca2+ by

passing mitochondria can lead to fluctuations in the concentrations of ATP and Ca2+

resulting in variability in synaptic release (Sun et al. 2013, Sheng 2014). Electro-

physiological experiments in sympathetic neurons have shown that loss of function

in syntabulin, which is one of the proteins that stabilize mitochondria in axons, re-

sults in defects in synaptic maturation of developing neurons and in basal synaptic

transmission in mature neurons. Additionally, an associated decrease in the read-

ily releasable pool (RRP) of synaptic vesicles may lead to a decrease in excitatory
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post- synaptic potential (EPSP), in faster synaptic depression and in slower recov-

ery after vesicle depletion. These defects are rescued after the addition of ATP in

presynaptic neurons emphasising the role of axonal transport of mitochondria in

energy production. This further suggests that energy depletion in nerve terminals

can lead to faulty synaptic transmission (Ma et al. 2009).

We hypothesised that the depletion of mitochondria from the axon could have

an effect on the presynaptic release as they can change the local availability of

Ca2+ and ATP. We addressed these questions in Chapter 5 (Section 5.2.3) where we

optogenetically controlled the activation of parvalbumin interneurons to looked at

evoked inhibitory currents and at the pair pulse facilitation component of short term

plasticity.

Concluding, the impairments of mitochondrial trafficking resulted in (a) a shift

in the mitochondrial distribution, (b) in enhanced branching formation at presump-

tive sites along the axon and (c) in the depletion of mitochondria from presynaptic

terminals.



Chapter 5

Miro1-dependent Mitochondrial

Positioning in Parvalbumin

Interneuron Physiology, Network

Activity and Behaviour

5.1 Introduction

Parvalbumin interneurons express high levels of electron transport chain proteins

suggesting that they are metabolically very active (Gulyas et al. 2006; Kann et al.

2011; Kann 2011; Paul et al. 2017). This implies that they heavily rely on mito-

chondrial function in order to meet their energetic demands. Additionally, during

γ-oscillations, the rate of O2 consumption increases which suggests that the activity

of the electron transport chain is enhanced (Niessing et al. 2005; Kann et al. 2011;

Kann 2011; Huchzermeyer et al. 2013). Parvalbumin interneurons are required for

the synchronisation of principal cell assemblies in order to generate rhythmic net-

work activity in the γ-frequency band (30-80Hz) (Bartos et al. 2007; Cardin et al.

2009; Sohal et al. 2009; Buzsaki and Wang 2012). Given that mitochondria play a

critical role in the production of ATP and Ca2+, the interneuron energy hypothesis

emerged proposing that parvalbumin interneurons are vulnerable to metabolic in-

sults (Kann 2016). Parvalbumin interneuron dysfunction can alter network activity
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leading to impaired cognition (Kann et al. 2014; Inan et al. 2016).

Therefore, we wanted to address whether the spatiotemporal regulation of mi-

tochondrial localisation via impaired trafficking could also impact on parvalbumin

interneuron function and network activity. Our main aim was to investigate whether

the Miro1-dependent depletion of mitochondria from the axon altered the physi-

ological properties of parvalbumin interneurons. Thus, we first wanted to exam-

ine if rhythmic network activity in the γ-frequency band (30-80Hz) was affected.

We found that the frequency of γ-oscillations was increased. Consequently, we

recorded the intrinsic properties of parvalbumin interneurons in order to see if

Miro1-dependent mitochondrial positioning were sufficient to alter parvalbumin in-

terneuron physiology and therefore network activity. Additionally, we investigated

the hippocampal transmission by looking at excitation and inhibition. To specifi-

cally assess the ability of parvalbumin interneurons to apply inhibition, we gener-

ated a mouse model where we could temporally control their activation via light

illumination of channel rhodopsin 2 (ChR). Using this strategy we examined differ-

ent parameters such as the total evoked inhibition, the ability to sustain long-lasting

inhibition, short-term plasticity and recovery after prolonged stimulation. Lastly,

in order to see whether the changes we observed were physiologically relevant, we

performed behavioural experiments to test exploratory locomotion, memory and

anxiety in these animals.

5.2 Results

The analysis across all experiments along with the field recordings were performed

by myself. Preparation of reagents, brain extraction and voltage clamp experiments

was performed by both Pantelis Antonoudiou and me. Pantelis also performed all of

the intrinsic properties experiments (Figure 5.3). Furthermore, Pantelis kindly pro-

vided and explained how to use the IgorPro scripts to analyse the LFPs, intrinsic

properties, EPSCs, IPSCs and light trains. Marina Teter kindly provided the equip-

ment for the behavioural tests and demonstrated how to perform the experiments.
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5.2.1 Loss of Miro1 Increases the Frequency of γ-oscillations

Given that γ-oscillations are energetically very costly (Kann et al. 2014) and de-

pend on proper parvalbumin interneuron function, we first wanted to test whether

the changes in Miro1-dependent depletion of mitochondria from axonal boutons

were sufficient to alter network activity. In order to assess network activity, we

measured carbachol (Cch) induced γ-oscillations in the CA3 area of the hippocam-

pus by recording local field potentials (LFP) in acute brain slices (Figure 5.1A).

We quantified γ-oscillation power using the fast Fourier transform (FFT) algorithm,

which generates a power spectral density plot (Figure 2.5).

Application of the cholinergic agonist Cch in control slices induced stable

γ-oscillations centred around 30Hz. Notably, we observed that the recorded γ-

oscillations in the conditional knock-out (cKO) slices exhibited increased fre-

quency when compared to control (Figure 5.1C, Frequency; Control 31.3±0.55Hz,

cKO 36.9±0.93 Hz, one-way ANOVA with post hoc Tukey test, Control vs cKO

p<0.0001). Interestingly, the increase in frequency seemed to be gene-dose depen-

dent as the hemi-floxed value lied in between the control and cKO (Figure 5.1C,

Frequency; Hemi 35.1±0.57Hz, Control vs Hemi p = 0.004, Hemi vs cKO NS p

= 0.182, nControl = 12 nHemi = 23, ncKO = 20 recordings). The peak power and the

power area were not significantly different between control, hemi-floxed and cKO

conditions (Figure 5.1D-E, Peak Power (log norm.); Control 3.79±0.127, Hemi

3.78±0.117, cKO 3.63±0.104, one-way ANOVA with post hoc Tukey test, Con-

trol vs Hemi NS p = 0.999, Control vs cKO p = 0.676, Hemi vs cKO NS p = 0.609,

Power Area (log norm.); Control 4.30±0.139, Hemi 4.39±0.105, cKO 4.28±0.093,

one-way ANOVA with post hoc Tukey test, Control vs Hemi NS p = 0.865, Control

vs cKO NS p = 0.988, Hemi vs cKO NS p = 0.721).

We then quantified the 50% width of the power spectrum distribution as it

can provide indication of the variability in oscillations. The 50% width of the dis-

tribution was significantly broader in the cKO slices when compared to control,

indicating variability in the frequency domain (Figure 5.1F, 50% Width; Control

4.97±0.702, cKO 8.89±0.903, one-way ANOVA with post hoc Tukey test, Con-
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trol vs cKO p = 0.005). Moreover, the width of the gaussian distribution (curve

fit), which was another measure of the FFT width was also increased (Figure 5.1G,

Curve Fit; Control 3.81±0.579, cKO 5.92±0.566, one-way ANOVA with post hoc

Tukey test, Control vs cKO p = 0.023). We also noticed that the width dispersion

of the power spectrum was also increased in the presence of only one Miro1 al-

lele, when compared to the control (Figure 5.1F-G 50% Width; Hemi 7.55±0.600,

Control vs Hemi NS p = 0.078, Hemi vs cKO NS p = 0.378, Curve Width; Hemi

5.29±0.365, Control vs Hemi p = 0.134, Hemi vs cKO NS p = 0.592).

In order to examine whether the γ-oscillations were rhythmic, we performed

the autocorrelation analysis and measured the second peak of the corresponding

γ-frequency (Figure 5.1B). The autocorrelation analysis showed that the regular-

ity in rhythmicity was not significantly different in control, hemi-floxed and cKO

slices (Figure 5.1H, Autocorrelation; Control 0.25±0.033, Hemi 0.30±0.023, cKO

0.25±0.03, one-way ANOVA with post hoc Tukey test, Control vs Hemi p = 0.523,

Control vs cKO NS p = 0.988, Hemi vs cKO NS p = 0.325). This suggested that

the γ-oscillations were still rhythmic. Given the increase in FFT width, we were

expecting that the γ-oscillations rhythmicity would be affected. One possible ex-

planation for this effect is that the waveform of the γ-cycle was more variable whilst

the rhythmicity was conserved resulting in a wider FFT but similar autocorrelation

values. The waveform shape can provide indication on the physiological processes

that underlie neural oscillations (Cole and Voytek 2017). To investigate this in the

future, we could look at the variation in the amplitude envelope of the LFPs between

control and cKO cells.

The LFP data demonstrated that the loss of Miro1 and subsequent changes in

mitochondrial dynamics in parvalbumin neurons could alter network activity. This

further suggested that an interplay exists between mitochondrial oxidative phospho-

rylation and the mechanisms for the generation of γ-oscillations (Kann et al. 2011;

Kann 2011; Inan et al. 2016). These changes could either arise from a change in

energy provision during network activity or from an alteration in parvalbumin in-

terneuron physiological properties. To test whether mitochondria could still fuel
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γ-oscillations, we recorded the LFP of hemi-floxed and cKO slices in the CA3 area

of the hippocampus in the presence of glucose and Cch, and then we switched to

an aCSF containing pyruvate and Cch (Figure 5.2A-B). This was done in order to

fully engage mitochondrial functional capacity and directly promote ATP produc-

tion from oxidative phosphorylation (Galow et al. 2014). In these experiments,

hemi-floxed slices were used as the control. Consistent with the literature, the

peak power and power area of γ-oscillations were reduced in both conditions by al-

most 50% (Figure 5.2E-F Glu:Pyru Peak Power; Hemi 2.01±0.42, cKO 1.74±0.26.

Hemi vs cKO Mann Whitney U test NS p = 0.987. Glu:Pyru Power Area; Hemi

2.08±0.35 and cKO 1.88±0.24. Hemi vs cKO, Mann Whitney U test NS p = 0.942,

nHemi = 18, ncKO = 17 recordings). There was no difference in the change in fre-

quency in control and cKO slices (Figure 5.2D, Glu:Pyru Freq.; Hemi 0.94±0.017

and cKO 0.97±0.02, Hemi vs cKO t-test p = 0.182). These results suggested that

the loss of Miro1 did not affect the ability of mitochondria to produce ATP through

oxidative phosphorylation. This is because γ-oscillations still persisted in control

and cKO slices when pyruvate was the main energy substrate.
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5.2.2 Hippocampal Synaptic Transmission

It is possible that the increase in γ-frequency arose from altered parvalbumin in-

terneuron function. Therefore, we recorded the intrinsic properties of parvalbumin

interneurons in current clamp mode and applied depolarising and hyperpolarising

pulses (Figure 5.3A). We observed that there was no change in action potential

(AP) peak amplitude, input resistance or threshold to fire (Figure 5.3B,E-F). Addi-

tionally, there was no difference in the spike rate at 40pA above Rheobase current

between control, hemi-floxed and cKO animals (Figure 5.3D). The AP half-width

was slightly higher in control when compared to hemi-floxed and cKO record-

ings (Figure 5.3C, Half-width; Control 0.39±0.028ms, Hemi 0.31±0.018ms, cKO

0.323±0.015ms, one-way ANOVA with post hoc Tukey test, Control vs Hemi p

=0.048, Control vs cKO NS p = 0.089, Hemi vs cKO NS p = 0.864). How-

ever, it was only significantly different between control and hemi-floxed condi-

tions. Furthermore, the membrane time constant was also reduced in hemi-floxed

and cKO animals when compared to control (Figure 5.3G, Time constant; Control

11.8±1.96ms, Hemi 8.4±0.76ms, cKO 8.3±0.57ms, one-way ANOVA with post

hoc Tukey test, Control vs Hemi NS p = 0.073, Control vs cKO p = 0.046, Hemi vs

cKO NS p = 0.995). This could suggest that the cKO cells have smaller integration

time and could potentially respond faster to excitatory inputs. The change in mem-

brane time constant could also reflect alterations in the morphology and size of the

cell (Isokawa 1997). As a result, the observed change in axon arborisation in the

cKO parvalbumin interneurons (Figure 4.3J) could potentially have an effect on the

capacitance of the cell.

Since the intrinsic properties of parvalbumin interneurons were not severely al-

tered, we examined if parvalbumin interneurons received different synaptic inputs.

Thus, we performed whole-cell recording in voltage clamp mode and recorded the

spontaneous excitatory post-synaptic currents (sEPSCs) in the hippocampus of con-

trol and cKO mice (Figure 5.4A). The sEPSC frequency was significantly increased,

as shown by the decrease in the mean inter-even interval (IEI) between control and

cKO slices (Figure 5.4B, IEI-sEPSCs; Control 0.033±0.009s, cKO 0.016±0.003s,
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Figure 5.1: Loss of Miro1 increases the frequency of γ-oscillations. A) Representative
trace from CA3 from control, hemi-floxed and cKO slices. B) Representative autocorrelo-
gram of control, hemi-floxed and cKO oscillations. C) Quantification of the Peak frequency
of the fast Fourier transform. D) Quantification of the normalised peak power. E) Quantifi-
cation of the normalised power area. F) Quantification of the 50% width G) Quantification if
the curve-fit. H) Quantification of rhythmicity - autocorrelation with the 2nd peak. nControl
= 12 recordings/slices, nHemi = 23 recordings/slices, ncKO = 20 recordings/slices from 2
control, 6 hemi-floxed and 6 cKO animals.
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Figure 5.2: The power of γ-oscillations decreases when pyruvate is used as the main
energy source. A) Example trace of the γ-power area using glucose and pyruvate as the en-
ergy source. B) Representative trace from CA3 from control and cKO slices with glucose.
C) Representative trace from CA3 from control and cKO slices with pyruvate. D) Quantifi-
cation of glucose to pyruvate ratio in frequency of control and cKO slices. E) Quantification
of the glucose to pyruvate ratio in peak power of control and cKO slices. F) Quantification
of the glucose to pyruvate ratio in power area of control and cKO slices. nHemi = 18 record-
ings/slices from 6 animals, ncKO = 17 recordings/slices from 5 animals.
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Figure 5.3: Intrinsic properties of parvalbumin interneurons. A) Representative traces
of the firing patterns of control, hemi-floxed and cKO cells in response to 200pA current
injection (nControl = 2 animals, nHemi = 4 animals, ncKO = 5 animals). B) Quantification of
the Peak Amplitude; Control 62.9±1.63nA, Hemi 64.1±2.40nA, cKO 61.8±2.54nA, one-
way ANOVA with post hoc Tukey test, Control vs Hemi NS p = 0.962, Control vs cKO
NS p = 0.964, Hemi vs cKO NS p = 0.780. C) Quantification of half-width. D) Quan-
tification of Spike Rate at RheoBase +40pA; Control 20.2±5.45Hz, Hemi 16.7±2.93Hz,
cKO 25.5±3.85Hz, one-way ANOVA with post hoc Tukey test, Control vs Hemi NS p =
0.875, Control vs cKO NS p = 0.662, Hemi vs cKO NS p = 0.240. Cells that fire less than 5
spikes were excluded from the quantification. E) Quantification of Input Resistance; Con-
trol 124.4±18.42MΩ, Hemi 109.6±12.42MΩ, cKO 112.6±12.65MΩ, one-way ANOVA
with post hoc Tukey test, Control vs Hemi NS p = 0.809, Control vs cKO NS p = 0.863,
Hemi vs cKO NS p = 0.985. F) Quantification of Threshold; Control -33.8±0.71mV, Hemi
-35.9±0.98mV, cKO -36.2±0.72mV, one-way ANOVA with post hoc Tukey test, Control
vs Hemi NS p = 0.310, Control vs cKO NS p = 0.194, Hemi vs cKO NS p = 0.961. G)
Quantification of time constant. Error bars represent the standard error of the mean.
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Mann Whitney U test p = 0.025, nControl = 7, ncKO = 10 recordings). We also plot-

ted the responses of CA3 and CA1 cells individually (Figure 5.4B, CA1; Control

0.028±0.005s, cKO 0.013±0.001s, Mann Whitney U test p = 0.036. CA3; Con-

trol 0.036±0.017s, cKO 0.020±0.005s, Mann Whitney U test NS p = 0.413). The

sEPSC IEI was significantly decreased in cells in CA1 and markedly reduced in

CA3, but not significantly.

Additionally, the amplitude of sEPSCs was increased in cKO slices when com-

pared to control slices (Figure 5.4C, Amplitude-sEPSCs; Control -129.6±7.80pA

and cKO -188.2±17.15pA, Mann Whitney U test p = 0.0097, nControl = 7, ncKO = 10

recordings). The increase in amplitude suggested that cKO parvalbumin interneu-

rons received more glutamatergic inputs. Parvalbumin interneurons in the CA3 re-

ceived significantly bigger excitatory inputs (Figure 5.4C, Amplitude-sEPSCs CA3;

Control -117.5±9.33pA, cKO -192.6±29.94pA, Mann Whitney U test p = 0.031,

nControl = 4, ncKO = 5 recordings). This increase was also consistent in CA1 but

was not statistically significant (Figure 5.4C, Amplitude-sEPSCs CA1; Control -

145.8±4.80pA, and cKO -183.8±20.55pA, Mann Whitney U test NS p = 0.393,

nControl = 3, ncKO = 5 recordings). Collectively, the increase of sEPSC frequency

and amplitude implied that there was an enhanced excitatory drive in parvalbumin

interneurons when Miro1 was knocked-out.
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Figure 5.4: cKO Parvalbumin interneurons received increased glutamateric input. A)
Representative electrophysiological traces from control (black) and cKO (red) cells. B)
Quantification for the mean inter-event interval (IEI). C) Quantification for the mean ampli-
tude, nControl = 7 recordings, ncKO = 10 recordings. CA1; nControl = 3 recordings, ncKO = 5
recordings, CA3; nControl = 4 recordings, ncKO = 5 recordings from 2 animals.

In order to investigate whether the increased excitation was accompanied by

structural changes in the number of synapses, we performed immunohistochemical

experiments in fixed brain tissue from control and cKO animals. The colocalisation

between pre- and post- synaptic proteins can provide an indication of the number

of synapses (Dzyubenko et al. 2016). In our experiment, we used the presynaptic

marker Bassoon and the post-synaptic marker Homer and focused on the CA1 and

CA3 area of the hippocampus. We quantified the total immunostained area of each

synaptic marker and the extent of their overlap (colocalisation) in the pyramidal

cell layer and in the dendritic layers combined (Figures 5.5, 5.6). We observed no

significant differences in the total immunostained area that excitatory synapses oc-

cupied in control and cKO cells, in neither the dendritic nor somatic layers (Figures

5.5B-C, 5.6B-C).

We then looked whether the synapses specifically on parvalbumin cells were
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affected. For this experiment we used vGlut1 as a marker for the identification

of the presynaptic compartment of excitatory synapses. Due to the high density

of synaptic staining in the dendritic layers (Figure 2.3A), it was very hard to iso-

late individual synapses that were positioned exclusively on parvalbumin positive

dendrites. The low number of excitatory synapses on pyramidal cell layer made it

easy to identify which synapses were on parvalbumin neurons. Therefore, we used

the fluorescent signal of parvalbumin as a mask to specifically isolate the synapses

on parvalbumin cell bodies in the stratum pyramidale (Favuzzi et al. 2017) (Fig-

ure 5.7A). We observed a very small but significant decrease in the vGlut1 clus-

tered area in the cKO. The levels of Homer were not altered in control and cKO

conditions in either brain areas (Figure 5.7B-D). Consequently, the decrease in pre-

synaptic vGlut1 resulted in a reduction in the area that the colocalised synaptic

pairs occupied. However, this effect was mainly observed in the CA1 area of the

hippocampus, while in the CA3 it was less consistent.

Next, we examined whether there were structural changes in inhibitory synap-

tic components. In particular, we investigated the total levels of the presynaptic

marker vGAT and postsynaptic marker gephyrin (Figure 5.8A-B). There was a sig-

nificant increase in the levels of vGAT in the CA1 area of the hippocampus (Figure

5.8C). The levels of gephyrin did not differ between genotypes (Figure 5.8B-D).

However, no obvious changes in the proteins level were reported in CA3 (Figure

5.8D). Additionally, the colocalization of the vGAT and gephyrin synaptic pairs

was not altered in control and cKO condition in neither CA1 nor CA3, suggesting

that the actual levels of inhibitory synapses did not change (Figure 5.8B-D).

In addition, we looked at the total immunostained area of the α2 subunit of the

GABA receptor (Figure 5.9A-B). A trend towards an increase was reported in CA1

area but not in CA3 area (Figure 5.9C). Usually, changes in GABA receptor subunits

are accompanied by changes in the levels of other proteins or scaffold components

that are associated with them. However, in these experiments the levels of gephyrin

were not altered (Figure 5.8B-D) as it would have been expected given the possible

increase in α2 stained area.
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Figure 5.5: Excitatory synapse in the dendritic strata of the hippocampus are not
altered when Miro1 is knocked-out from parvalbumin interneurons. A) Representa-
tive confocal images from the stratum radium of control and cKO thin brain cryo-sections.
Bassoon (green) is used as the presynaptic marker and Homer (red) is used as the post-
synaptic marker. Scale Bar = 10µm. B) Quantification shows the total immunostained
area that the clusters and their colocalization occupied in CA1. Bassoon; Control 270.3±
4.04µm2, cKO 265.1±3.77µm2, t-test NS p = 0.347. Homer; Control 278.2±10.1µm2, cKO
280.9±3.59µm2, t-test NS p = 0.642. Coloc; Control 93.8±2.44µm2, cKO 88.9±2.81µm2,
t-test NS p = 0.194. nControl = 26 hippocampal strata (oriens/radiatum), ncKO = 26 from 3
animals. C) Quantification shows the total immunostained area that the clusters and their
colocalization occupied in CA3. Bassoon; Control 234.9±3.23µm2, cKO 222.5±7.77µm2.
t-test with Welch’s Correction NS p = 0.169. Homer; Control 176.8±4.53 µm2 and cKO
159.0±13.67µm2, t-test with Welch’s Correction NS p = 0.235. Coloc; Control 77.16
±1.98µm2, cKO 70.5±4.41µm2, t-test with Welch’s Correction NS p = 0.194. nControl =
10 hippocampal slices, ncKO = 11 hippocampal slices from 3 animals.
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Figure 5.6: Excitatory synapse in the stratum pyramidale of the hippocampus are not
altered when Miro1 is knocked-out from parvalbumin interneurons. A) Representative
confocal images from the stratum pyramidale of control and cKO thin brain cryo-sections.
Bassoon (green) is used as the presynaptic marker and Homer (red) is used as the postsynap-
tic marker. Scale Bar = 10µm. B) Quantification shows the total immunostained area that
the clusters and their colocalization occupied in CA1. Bassoon; Control 128.4±6.64µm2,
cKO 133.9±3.67µm2, t-test with Welch Correction NS p = 0.481. Homer; Control
106.5±10.1µm2, cKO 108.3± 6.03µm2, t-test NS p = 0.880. Coloc; Control 71.5±8.57µm2,
cKO 68.9±4.84µm2, t-test NS p = 0.793. CA1; nControl/cKO = 13 hippocampal slices from
3 animals. C) Quantification shows the total immunostained area that the clusters and their
colocalization occupied in CA3. Bassoon; Control 67.45±9.61µm2, cKO 70.90±6.09µm2,
t-test NS p = 0.765. Homer; Control 81.7±11.45µm2, cKO 85.3±7.59µm2, t-test NS p
= 0.793. Coloc; Control 43.2±7.51µm2, cKO 43.6±6.07µm2, t-test NS p = 0.968. CA3;
nControl/cKO = 10 hippocampal slices from 3 animals.



5.2. Results 162

Figure 5.7: Excitatory synapses on parvalbumin interneuron somata in stratum pyra-
midale. A) Representative confocal images from the stratum pyramidale of control and cKO
thin brain cryo-sections. vGlut1 (green) is used as the presynaptic marker and Homer (red)
is used as the postsynaptic marker. The parvalbumin (grey) fluorescent signal is used as a
mask (yellow line) to isolate synapses on parvalbumin cell bodies. Scale Bar = 10µm. B)
Quantification shows the total immunostained area that the clusters and their colocalization
occupied in the hippocampus. vGlut1; Control 13.2±0.71µm2, cKO 10.6±0.66µm2, Mann
Whitney U test p= 0.011, Homer; Control 19.3±1.19µm2, cKO 17.5±1.00µm2, Mann Whit-
ney U test NS p = 0.310. Coloc; Control 6.9±0.42µm2, cKO 5.0±0.35µm2, Mann Whitney
U test p = 0.002. nControl = 76, ncKO = 74 cells from 3 animals. C) Quantification shows
the total immunostained area that the clusters and their colocalization occupied in the CA1.
vGlut1; Control 15.2±1.06µm2, cKO 11.6 ±0.83µm2, Mann Whitney U test p = 0.0098.
Homer; Control 21.3 ±1.83µm2, cKO 17.6±1.45µm2, Mann Whitney U test NS p = 0.068.
Coloc; 8.0±0.60µm2, cKO 5.60±0.41µm2, Mann Whitney U test p= 0.001. nControl = 37,
ncKO = 40 cells from 3 animals. D) Quantification shows the total immunostained area that
the clusters and their colocalization occupied in CA3. vGlut1; Control 11.4±0.86µm2, cKO
9.5±1.01µm2, Mann Whitney U test NS p = 0.147. Homer; Control 17.4±1.48µm2, cKO
17.4±1.39µm2, Mann Whitney U test NS p = 0.737. Coloc; Control 5.76±0.55µm2, cKO
4.26±0.57µm2. Mann Whitney U test NS p = 0.055. nControl = 39, ncKO = 34 cells from 3
animals.
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Figure 5.8: Inhibitory synapse staining in the stratum pyramidale of the hippocam-
pus A) Representative confocal images from the stratum pyramidale of control and cKO
thin brain cryo-sections. vGAT (red) is used as the presynaptic marker and Gephyrin (red)
is used as the postsynaptic marker. Scale Bar = 10µm. B) Quantification shows the total
immunostained area that the clusters and their colocalization occupied in the hippocam-
pus. vGAT; Control 135.7±5.23µm2, cKO 158.9±6.24µm2, t-test p= 0.007. Gephyrin;
55.3± 3.42µm2, cKO 54.4±3.30µm2. t-test NS p= 0.854. Coloc; 12.9±0.79µm2, cKO
14.8±1.38µm2, t-test NS p = 0.235, nControl = 20 hippocampal slices, ncKO = 20 hippocam-
pal slices from 3 animals. C) Quantification shows the total immunostained area that the
clusters and their colocalization occupied in CA1. vGAT; Control 133.2±3.9µm2, cKO
165.3±7.74µm2, t-test p=0.002. Gephyrin; 52.1±5.53µm2, cKO 52.2±5.15µm2, t-test NS
p = 0.991. Coloc; 11.0±0.92µm2, cKO 13.6±2.02µm2, t-test NS p = 0.254, nControl = 10
hippocampal slices, ncKO = 11 hippocampal slices from 3 animals. D) Quantification shows
the total immunostained area that the clusters and their colocalization occupied in CA3.
vGAT; Control 138.3±9.90µm2, cKO 151.8±9.90µm2, t-test p = 0.349. Gephyrin; Control
58.44±4.05 µm2, cKO 56.8±4.12µm2, t-test NS p= 0.785. Coloc; Control 14.8±1.01µm2

and cKO 16.1±1.89 µm2, t-test NS p= 0.528, nControl = 10 hippocampal slices, ncKO = 9
hippocampal slices from 3 animals.
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Figure 5.9: GABAA receptor staining in the hippocampus. A) Representative confocal
images from the α2 staining of control and cKO in the CA1 pyramidal cell layer of the
hippocampus. B) Representative confocal images from the α2 staining of control and cKO
in the CA3 pyramidal cell layer of the hippocampus. Scale Bar = 10µm. C) Quantification
shows the α2 immunostained area. Total; Control 105.7±22.37µm2, cKO 176.1±33.68µm2,
Mann Whitney U test p= 0.042, nControl = 32 hippocampal slices, ncKO = 16 hippocampal
slices from 4 animals. CA1; Control 54.17±15.54µm2, cKO 141.6±46.91µm2, Mann Whit-
ney U test NS p = 0.053, nControl = 17 hippocampal slices, ncKO = 11 hippocampal slices
from 4 animals. CA3; 164.0±39.92µm2, cKO 201.3±47.43 µm2. Mann Whitney U test NS
p = 0.539, nControl = 15 hippocampal slices, ncKO = 15 hippocampal slices from 4 animals.
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In order to see whether the potential increase of vGAT and α2 in the stra-

tum pyramidale had an actual functional effect, we recorded the spontaneous in-

hibitory post-synaptic currents (sIPSCs) that pyramidal cells received in the stra-

tum pyramidale (Figure 5.10A). Collectively, there seemed to be no change in

the frequency and amplitude of the inhibitory post synaptic currents that pyrami-

dal cells received (Figure 5.10B,C, IEI-sIPSCs (Pooled); Control 0.031±0.004s,

cKO 0.027±0.002s, Mann Whitney U test NS p = 0.689, nControl = 13, ncKO = 12

recordings. CA1; Control 0.036±0.007s, cKO 0.027± 0.003s, Mann Whitney U

test NS p = 0.268, nControl = 7, ncKO = 5 recordings. CA3; Control 0.025±0.003s,

cKO 0.027±0.003s, Mann Whitney U test NS p = 0.731, nControl = 6 record-

ings, ncKO = 7 recordings. Amplitude-sIPSCs (Pooled); -159.0±16.06pA, cKO

-169.7±11.78 pA, Mann Whitney U test NS p = 0.205. CA1; Control -139.8±7.60

pA, cKO -190.7±23.68pA, Mann Whitney U test NS p = 0.106. CA3; Control -

181.5±32.75pA, cKO -154.7±8.87pA, Mann Whitney U test NS p = 0.999). How-

ever, there was a trend in smaller IEI and larger amplitudes in the cells located in

the CA1 area which was consistent with the possible increase in vGAT and α2. The

changes seen in CA1 were not statistically significant so more experiments should

be performed before making solid conclusions. The observed changes in the im-

munostained area of vGAT and α2 might not actually be functional since sIPSCs

did not seem to significantly differ. The main conclusion from the synapse staining

experiments was that there were not any robust and striking differences between

control and cKO slices. The loss of Miro1 and the changes in mitochondrial traf-

ficking only result in minor differences that do not seem to affect the inhibitory

currents that pyramidal cells received.
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Figure 5.10: Loss of Miro1 does not affect inhibitory synaptic transmission in the
hippocampus A) Representative electrophysiological traces from control (black) and cKO
(red) cells in CA3 and CA1 areas of the hippocampus. B) Quantification for the mean inter-
event interval (IEI). C) Quantification for the median amplitude. nControl = 13 recordings,
ncKO = 12 recordings from 2 animals. CA1; nControl = 7 recordings, ncKO = 5 recordings
from 2 animals. CA3; nControl = 6 recordings, ncKO = 7 recordings from 2 animals.
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5.2.3 Generation of the PVCre+ Rhot1f/f ChR-YFP Mouse

The cell type specific loss of Miro1 form parvalbumin interneurons resulted in a

small increase in the γ-frequency and an increase in the glutamateric input on par-

valbumin neurons. We proceeded to investigate whether these effects were suffi-

cient to alter parvalbumin interneuron mediated inhibition. Even though the sIP-

SCs were not altered, they contained responses by other inhibitory interneurons

in the network and therefore we could not specifically isolate the contribution of

parvalbumin interneurons. Consequently, we employed optogenetic experiments

to temporally control the activation of parvalbumin interneurons. We generated

a transgenic mouse model where channel rhodopsin (ChR) was expressed in par-

valbumin interneurons and Miro1 was knocked-out using a similar strategy as the

PVCre+MitoDendra mouse (Figure 5.11A-B) (Materials and Methods; Section 2.1).

ChR was conjugated to an EYFP fluorophore allowing for its visualisation (Madisen

et al. 2012). EYFP can be excited at 514nm and it emits light at 527nm which falls

within the green range of the visible spectrum of light. The gene for ChR-EYFP

was placed downstream of a stop-floxed codon at Rosa26 locus and the expression

of Cre under the parvalbumin promoter led to the removal of the termination signal,

allowing for expression selectively in parvalbumin interneurons.

ChR is a light gated ion channel that resides in the plasma membrane. It has

seven transmembrane domains that form a channel and are linked to a retinaldehyde

(retinal) chromophore which is buried within the hydrophobic core. Shining blue

light at 470nm opens the channel. This is achieved through the photo-isomerization

of the retinal chromophore from the trans to the cis isomer. The isomerization in-

duces a conformational change in the channel which promotes the open state, allow-

ing for the flow of cations from the extracellular space and therefore depolarisation

of the cell (Boyden et al. 2005, Hegemann and Nagel 2013).

We observed that ChR is halo shaped around the cell bodies of parvalbu-

min interneurons because it is a membrane protein (Figure 5.11B). ChR was uni-

formly diffused in the dendrites and was clustered in the axon (Figure 5.12A). Thus,

ChR can be used to visualise individual presynaptic boutons. To ensure that there
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were no variations in the expression of ChR, we quantified the fluorescent inten-

sity of the EYFP fluorophore in the hippocampus. We observed no difference be-

tween the two conditions (Figure 5.12D, Fluoresence; Control 19340±1405a.u.,

cKO 23242±1667a.u., t-test NS = 0.082, nControl = 18, ncKO = 18 hippocampal

slices. CA1; Control 19797±2598a.u., cKO 23610±2756a.u., t-test NS p = 0.250,

nControl = 9, ncKO = 9 hippocampal slices. CA3; Control 18882±2406a.u., cKO

22873±2043a.u., t-test NS p = 0.224, nControl = 9, ncKO = 9 hippocampal slices).

Additionally, the number of boutons in regions of the pyramidal cell layer of the hip-

pocampus were not significantly different between control and cKO (Figure 5.12C,

Area; Control 444.3±14.25µm2, cKO 446.4±14.59µm2, t-test NS = 0.918. CA1;

Control 451.6±22.44µm2, cKO 430.9±20.91µm2, t-test NS p = 0.501. CA3; Con-

trol 437.0±18.60µm2, cKO 461.9±20.91µm2, t-test NS p = 0.386). Therefore, there

was no difference in the ChR expression between control and cKO slices.

To check if ChR was functional, we performed whole-cell current clamp

recording in parvalbumin interneurons. Constant light illumination evoked reliable

high frequency spiking, which is characteristic of parvalbumin interneurons (Figure

5.13). We then performed whole-cell voltage clamp recordings in pyramidal cells

and recorded the inhibitory post-synaptic currents (evoked (e)IPSCs) upon photo-

activation of parvalbumin interneurons. For each experiment, we used the LED

power at which 90% of the maximal response was elicited.

Firstly, we tested if IPSCs elicited by transient (1ms) photo-activation of par-

valbumin interneurons resulted in different responses between control and cKO

mice (Figure 5.14A-B). We observed no differences in the amplitude, charge trans-

fer or decay constant in the combined recordings from CA3 and CA1 (Figure 5.14C-

E). Additionally, we observed no differences in the amplitude, charge transfer or

decay constant when we compared traces obtained from cells situated in the CA1

area of the hippocampus (Figure 5.14C-E). However, there was a non-significant de-

crease in the charge transfer and a significant reduction in decay only in cells in the

CA3 area (Figure 5.14D-E, Charge Transfer (CA3); Control 0.47±0.072nC, cKO

0.32±0.048nC, t-test NS p = 0.087. Decay (CA3); Control 0.028±0.003s, cKO
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0.021±0.001s, t-test p = 0.016, nControl = 10, ncKO = 13 recordings). The amplitude

of the evoked inhibitory current was not substantially different (Figure 5.14C, Am-

plitude (CA3); Control 3.7±0.68nA, cKO 3.1±0.50nA, t-test NS p = 0.425). Since

charge transfer is another measure of synaptic efficacy it could be inferred that there

was a small reduction in the inhibition applied by parvalbumin interneurons in the

CA3 area. One limitation was that massive currents were evoked in the nanoampere

range and small effects might have been masked by the huge currents. The applied

inhibition however was faster, as shown by the smaller time constant. Another ap-

proach to investigate parvalbumin mediated inhibition would be to perform paired

recordings between parvalbumin interneurons and pyramidal cells. These experi-

ments could provide information on the unitary connections between parvalbumin

interneurons and pyramidal cells.

Next we wanted to investigate whether parvalbumin interneurons could sus-

tain rhythmic inhibition at γ-frequencies (40Hz). Thus, we presented light pulses at

40Hz for 2 seconds. The trains were repeated 10 times per cell. Activation of par-

valbumin interneurons at 40Hz produced reliable IPSCs in the recorded pyramidal

cells. This indicates that parvalbumin interneurons in cKO slices were able to sus-

tain inhibition in the same way as in the control in both CA1 and CA3 areas of the

hippocampus in all trains (Figure 5.15). These observations further suggested that

the population of parvalbumin interneurons in both genotypes kept reliably apply-

ing long-lasting inhibition (Figure 5.15A). Moreover, the induced trains of IPSCs

depressed in both cKO and control mice but to a similar extent, as their decay val-

ues are not significantly different (Figure 5.15B-D, Decay; Control 2.77±0.401s,

cKO 2.99±0.570s, Mann Whitney U test NS p = 0.604, nControl = 12, ncKO = 20

recordings. CA1; Control 2.36±0.419s, cKO 3.40±1.157s, Mann Whitney U test

NS p = 0.955, nControl = 5, ncKO = 12 recordings. CA3; Control 3.35±0.742s, cKO

2.73±0.592s, Mann Whitney U test NS p = 0.506, nControl = 7, ncKO = 8 recordings).

Given that the trafficking of mitochondria in and out of axonal boutons can intro-

duce variability in presynaptic strength (Sun et al. 2013; Devine and Kittler 2018),

we looked at the peak to peak variability of the amplitude within the train, in 4 suc-
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cessive bins of 500 ms (total of 2s) (Figure 5.15E-G). We observed no significant

difference in the variability when we compared the coefficient of variation (CV) of

the mean peaks. This suggested that the loss of Miro1 and subsequent changes at

the mitochondrial distribution level were not sufficient to affect the ability of par-

valbumin interneurons to apply long lasting inhibition with prolonged stimulation.
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Figure 5.11: Generation of the PVCre Rhot1 ChR-YFP transgenic mouse line. A)
Schematic Diagram of the expression of ChR-YFP and simultaneous conditional removal of
Rhot1. When the Cre recombinase is expressed, under the parvalbumin promoter, the stop-
floxed codon is excised allowing the downstream expression of ChR-YFP. Additionally, the
exon 2 of the Rhot1 gene is found between two loxP sites and also removed selectively in
parvalbumin interneurons. B) Confocal image of parvalbumin immunopositive cells that
express YFP. Scale Bar = 10µm.
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Figure 5.12: The loss of Miro1 does not interfere with expression levels of ChR. A)
Example of ChR distribution in axons and dendrites. ChR-YFP fluorescence is uniformly
diffused in dendrites and clustered in axons. Scale Bar = 10µm. B) Representative confocal
image of ChR in the stratum pyramidale of the hippocampus. C) Quantification of the total
area of ChR-YFP in CA1 and CA3 areas. D) Quantification of the fluorescent intensity
of ChR-YFP positive terminals in the pyramidal cell layer of CA1 and CA3, nControl = 18
hippocampal slices, ncKO = 18 hippocampal slices from 3 animals. CA3/CA1; nControl = 9
hippocampal slices, ncKO = 9 hippocampal slices.
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Figure 5.13: Parvalbumin interneurons expressing ChR exhibit classic fast spiking
firing patterns. A) Max projected confocal image of parvalbumin interneuron that has
been biocytin-filled in a hippocampal brain slice. Scale Bar = 100µm. B) Example of a fast
spiking trace in response to light train stimulation.
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Figure 5.14: Loss of Miro1 from parvalbumin interneurons does not affect the total
applied inhibition. A) Example of confocal image from control and cKO slices in hip-
pocampus. Biocytin (red) shows filled pyramidal cell. White dotted circle shows a YFP-
positive parvalbumin interneuron in close proximity. Scale Bar = 10 µm. B) Representative
trace from CA1, CA3 and combined recordings of evoked inhibitory post-synaptic currents.
C) Quantification of the peak amplitude. Total; Control 3.3±0.39nA, cKO 3.2±0.37nA,
Mann Whitney U test NS p = 0.926. nControl/cKO = 23 recordings from 4 animals each,
CA1; Control 2.9±0.41nA, cKO 3.4±0.57nA, t-test NS p = 0.465. nControl =12 recordings,
ncKO = 9 cells from 4 animals. CA3; nControl = 11 recordings, ncKO =14 recordings from
4 animals. D) Quantification of the charge transfer. Total; Control 0.38±0.045nC, cKO
0.33±0.034nC, t-test NS p = 0.454, n(Control/cKO) = 23 recordings from 4 animals. CA1;
Control 0.29±0.044nC, cKO 0.36±0.047nC, t-test NS p = 0.318, nControl = 12 recordings,
ncKO = 9 recordings from 4 animals. CA3; nControl = 11 recordings, ncKO = 14 recordings
from 4 animals. E) Quantification of the decay time constant. Total; Control 0.023±0.002s,
cKOCA1 = 0.022±0.001s, t-test Welch’s correction NS p = 0.424, nControl = 20 recordings,
ncKO = 22 recordings 4 animals. CA1; Control 0.018±0.002s, cKOCA1 = 0.022±0.002s,
t-test NS p = 0.195, nControl = 10 recordings, ncKO = 9 recordings from 4 animals, CA3;
nControl = 10 recordings, ncKO = 13 recordings from 4 animals.
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Figure 5.15: Control and cKO cells can sustain long-lasting inhibition. A) Example
traces from the inhibitory responses pyramidal cells received in control and cKO slices
during light train stimulation. nControl = 21 recordings, ncKO = 24 recordings, CA1; nControl
= 12 recordings, ncKO = 9 recordings, CA3; nControl = 9 recordings, ncKO = 15 recordings
from 4 animals. B) Mean amplitude of each peak in the train. C) Mean amplitude of
each peak in the train in CA1 cells. D) Mean amplitude of each peak in the train in CA3
cells. E) Quantification of the coefficient of variation (CV) for the peaks every 500ms of the
stimulation. F) Quantification of the coefficient of variation (CV) for the peaks every 500ms
of the stimulation for CA1 recordings. G) Quantification of the coefficient of variation (CV)
for the peaks every 500ms of the stimulation for CA3 recordings.
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5.2.4 Loss of Miro1 from Parvalbumin Interneurons does not

seem to affect short term recovery

Evidence suggests that the absence of a stationary pool of mitochondria in presy-

naptic terminals results in changes in the strength of synaptic release (Devine and

Kittler 2018). This is because stationary mitochondria will provide ATP and se-

quester Ca2+ while a bouton without a mitochondrion will contain more available

Ca2+ for neurotransmitter release (Kang et al. 2008; Ma et al. 2009; Sun et al. 2013;

Vaccaro et al. 2017). Consequently, we investigated whether short term plasticity

was impaired in our cKO model, where a large number of axonal boutons were

devoid of mitochondria. Even though the IPSCs response depressed during 40Hz

photo-stimulation (Figure 5.15), the response after second pulse was sometimes fa-

cilitatory when compared to the first. We therefore calculated the paired-pulse ratio

(PPR) as the peak initiated by the second pulse divided by the peak right after the

first pulse. The PPR was used as an indication of short term synaptic plasticity.

In particular, we quantified the average PPR of the first and second pulses (Fig-

ure 5.16B) which represents the average value of the ten trains. During the repetitive

stimulation it was possible that different depression rates may have occured, altering

the facilitation. Therefore, we also calculated the PPR of the first train only to en-

sure that there is no interference from the stimulation that followed (Figure 5.16C,

1st pulse PPR; Control 1.15±0.135, cKO 0.97±0.04, Mann Whitney U test NS p =

0.848. CA1; Control 1.11±0.206, cKO 0.87±0.047, Mann Whitney U test NS p =

0.651. CA3; Control 1.20±0.166, cKO 1.03±0.052, Mann Whitney U test NS p =

0.599). The data were consistent with both quantification methods and showed that

there was no significant difference in the PPR between control and cKO animals in

neither CA1 nor CA3.

Next, we investigated the recovery of the response at the end of the train.

Specifically, we presented one light pulse at increasing time intervals following the

40Hz light pulse trains (Figure 5.17A). We measured the recovery between 500ms

to 5s from the end of each train. The recovery was represented as a percentage of

the response of the single pulse to the initial response of the preceded train. Control
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Figure 5.16: Loss of Miro1 does not seem to affect short-term facilitation. Example
responses from control and cKO cells in CA1 and CA3 areas of the hippocampus. B)
Quantification of the average paired-pulse ratio of the second response divided by the first.
Average PPR; Control 1.21±0.174, cKO 1.023±0.065, Mann Whitney U test NS p = 0.848.
CA1; Control 1.26±0.293, cKO 0.88±0.052. Mann Whitney U test NS p = 0.464. CA3;
Control 1.13±0.134, cKO 1.09± 0.093, Mann Whitney U test NS p = 0.861. C) Quan-
tification of the average paired-pulse ratio of the first train only. nControl = 21, ncKO = 24
recordings from 4 animals each. CA1; nControl = 12, ncKO = 9 recordings. CA3; nControl = 9,
ncKO = 15 recordings.

and cKO slices were able to fully recover after the train (Figure 5.17B-D). Overall,

there was a collective decrease at the percentage of recovery at 500ms only, which

was attributed to a reduction in recovery at CA3 (Figure 5.17E, % of recovery af-

ter 500ms; Control 51.72±3.562%, cKO 39.97±4.442%, t-test p = 0.04. CA1;

Control 45.43±4.073%, cKO 39.22±4.721%, t-test NS p = 0.349. CA3; Control

60.11±5.312%, cKO 40.45±6.763%, t-test p = 0.04). The response fully recovered

by the end of the train. If there was a robust difference in the recovery between

control and cKO, a consistent decrease would have been expected at all time points.

However, if the decrease at 500ms holds true, it could suggest that the reduction of

mitochondria in the axon was sufficient to reduce the recovery of the response only

shortly after the train has finished. This may also imply that there is a fast process

that occurs within the 500ms time scale and requires the precise positioning of mi-
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tochondria. To study the interaction between the effect of presenting the light pulse

at increasing time intervals and genotype, we performed two-way repeated mea-

sures ANOVA. Two-way repeated measures ANOVA demonstrated that there was

no significance difference in the recovery between control and cKO cells at each

time-point. The p-value for interaction was not significant (p = 0.08) suggesting

that the effect of the genotype might not influence the inhibitory response at each

time point. This implies that the difference observed within the first 500ms only is

likely to be a false positive result.
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Figure 5.17: Miro1-dependent mitochondria positioning does not seem to be impor-
tant for short term recovery. A) Example traces of the responses from recovery pulses
after the light train stimulation in control and cKO slices. B) Quantification of the percent-
age recovery after light stimulation of all cells at each time point from the end of the train.
nControl = 21 recordings from 4 animals, ncKO = 18 recordings from 3 animals. C) Quan-
tification of the percentage recovery after light stimulation of cells in the CA1 at each time
point from the end of the train. nControl = 12 recordings, ncKO = 7 recordings. D) Quan-
tification of the percentage recovery after light stimulation of cells in the CA3 at each time
point from the end of the train. nControl = 9 recordings, ncKO = 11 recordings. E) Bar chart
showing the percentage recovery after 500ms.
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5.2.5 Are the Changes in Miro1-dependent Mitochondrial Dy-

namics Sufficient to Alter Animal Behaviour?

Our previous experiments revealed some consistent but small changes in excitatory

drive (Figure 5.4), inhibitory decay (Figure 5.14) and network activity (Figure 5.1)

when Miro1 was knocked-out from parvalbumin interneurons. We further investi-

gated whether these changes had an actual functional implication in the behaviour

of these animals.

5.2.5.1 Assessment of Nesting Behaviour

Firstly, we examined whether there were any obvious abnormalities in behaviour

in these animals. Behaviour related to husbandry such as house-making is thought

to be hippocampal dependent. Animals with hippocampal lesions have difficulties

forming nests (Deacon 2006). In this experiments, animals were single-caged and

were presented with a cotton square (Nestlet®) (Figure 5.18A). Animals with hip-

pocampal deficits exhibit difficulties in shredding the Nestlet to form nest. This is a

simple test that can reveal strong hippocampal defects. When Miro1 was knocked-

out selectively from parvalbumin interneurons, cKO animals were able to form

nests equally well as the controls (Figure 5.18B-C, % unshredded Nestlet; Con-

trol 35.27±13.90%, cKO = 27.68±6.25%, Mann Whitney U test NS p = 0.937,

nControl= 9, ncKO= 8 animals). The data were presented as the percentage of the

total Nestlet that remained unshredded. It is worth pointing out that there was vari-

ability in the behaviour observed as some of the control animals did not shred the

Nestlet at all. Also, we used both female and male mice in these experiments as

they did not confer significant differences. Even though these experiments did not

show any gross hippocampal deficits, more sensitive paradigms must be employed

before making conclusions as to whether these animals have behavioural deficits.
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Figure 5.18: Assessment of nesting. A) Example of a Nestlet. B) Examples of shredded
and unshredded Neslet of control and cKO animals. C) Quantification of the percentage of
unshredded Nestlet. Blue points represent values from male mice and pink points represent
values from female mice. nControl= 9, ncKO= 8 animals.

5.2.5.2 Assessment of Motor Coordination using the Rotarod

Purkinje cells in the cerebellum also express parvalbumin and consequently Miro1

is also knocked-out from the cerebellum. Therefore, we wanted to see whether

there were any deficits in cerebellum dependent motor coordination (Deacon 2013).

During handling of these animals, no obvious motor defects were reported. The

animals were placed on a revolving rotarod with increasing speed (Figure 5.19A).

The experiment was repeated 3 times (Figure 5.19C). All animals performed well

on the task (Figure 5.19B, Average RPM; Control 30.80±3.12, cKO 28.46±3.34,

Mann Whitney U test NS p = 0.548, nControl = 5 animals, ncKO = 5 animals). Any

striking effect on motor coordination would have been very easy to identify in this

task as animals with cerebellar defects were not expected to perform at all. Since

the sample size is small, more experiments need to be performed to validate these

results. These experiments suggest that there were no striking impairment on motor
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coordination at this time point.

Figure 5.19: Assessment of motor coordination using the rotarod A) Example of the
rotarod. The animal is placed on the revolving rot until it falls and the speed at which it falls
is registered to calculate the RPM. B) Quantification of the average RPM. C) Individual
values plotted for each animal over the three trials. nControl = 5 animals, ncKO = 5 animals.
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5.2.5.3 Assessment of General Exploration in an Open Field

We performed the open field test, in order to test general exploration and locomo-

tor activity of mice (Seibenhener and Wooten 2015). We placed the animals in a

white box and we recorded them for at least 10 minutes. The cKO animals trav-

elled with slightly higher velocities when compared to the control animals (Figure

5.20C, Velocity; Control 38.87±2.340mm/s, cKO 51.46±6.561mm/s, Mann Whit-

ney U test NS p = 0.094, nControl = 9 animals, ncKO = 9 animals). Both control and

cKO animals explored around 80% of the defined areas in the field (Figure 5.20E,

Exploration rate; Control 79.72±3.82%, cKO 86.23±4.31%, Mann Whitney U test

NS p = 0.286). The exploration rate is defined at the percentage of area explored

divided by the total defined areas in the field and is also presented as a heat map of

the zones used (Figure 5.20A). Exploration of the periphery and the edges suggest

that the animals are more frightened or anxious to explore the centre and prefer to

stay closer to the outside, as it conveys more security. It was demonstrated that there

were no significant differences in the preference of control and cKO animals to ex-

plore these areas. This was shown by plotting the percentage of time animals spent

every 5cm from the centre of the chamber (Figure 5.20F). We also extracted the

number of times these mice jumped as it could be a measure of impulsivity. There

was no significant difference in the number of jumps between control and cKO an-

imals (Figure 5.20D, Number of Jumps; Control 58.33±7.787, cKO 54.50±12.43,

Mann Whitney U test NS p = 0.619). The distance travelled by cKO animals in

the open field was slightly increased but did not significantly differ when compared

to the control animals suggesting that there was no striking locomotor impairment

(Figure 5.20B, Distance; Control 25107±1498mm, cKO 33029±4115mm, Mann

Whitney U test NS p = 0.094).
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Figure 5.20: Assessment of general exploration in an open field A) Example trajectories
(green) of control and cKO animals. Bottom panel represents exploration heat map of the
zones visited by the animals within the arena. B) Quantification of the distance travelled.
C) Quantification of the average velocity. D) Quantification of the number of jumps (n = 6
animals). E) Quantification of the exploration rate. F) Quantification of the percentage time
spent at distances away from the centre of the box. nControl = 9 animals, ncKO = 9 animals.
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5.2.5.4 Assessment of Memory

We performed the spontaneous alternation task to test hippocampal-dependent

short-term memory (Deacon and Rawlins 2006). During this task, the mouse was

placed in the start area of the long-arm of the T-maze and was allowed to freely

move through each arm (Figure 5.21A). Generally, mice tend to remember which

arm they have previously visited and therefore try to explore an arm that they have

not been to. The data were presented as the percentage of correct choices. A correct

choice was defined when mice entered the expected arm (defined as the opposite

arm of their first choice) (Figure 5.21B-C). A wrong choice was when a mouse en-

tered the same arm as the previous trial (Figure 5.21C-D). This task tested short

term hippocampal memory and relied on the tendency to make a different choice

than one previously chosen. The control and cKO animals performed similarly on

this task suggesting that there was no impairment in short-term memory (Figure

5.21E, % of correct entries; Control 60.9±6.0%, cKO 62.5±7.2%, Mann Whitney

U test NS p = 0.807, nControl = 8, ncKO = 7 animals). One limitation is that control

animals performed relatively poorly in this task, given that only 60% of the trials

were correct, and therefore this test might not be very sensitive in revealing possible

differences between genotypes.

Next we tested for fear memory impairment using fear conditioning which in-

volves a strong aversive stimulus (Curzon et al. 2009). In this paradigm, the animals

were placed in a box where they were allowed to explore the environment. They

were then presented with a sound that was followed by a mild electric shock (Figure

5.22A). Before the stimulus, control and cKO animals explored the box in a similar

way (Figure 5.22B, % time freezing; Control 2.0±1.52%, cKO 1.0±0.62%, Mann

Whitney U test NS p = 0.999, nControl = 9, ncKO = 9 animals). The following day

the animals were re-introduced to the same box and we recorded the percentage

time that they spent freezing. Both control and cKO animals recognised the box

and therefore froze as they anticipated pain (Figure 5.22C). On the third and final

day, the animals were placed in a new cylindrical box which they explored with-

out freezing. The sound was then presented and control and cKO animals spent
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significant more time freezing after the stimulus (Figure 5.22D, % time freezing

(cue); Control (before/after) = 7.89±3.39/20.22±6.18%, Paired t-test p = 0.017,

cKO (before/after) = 9.74±2.98/20.93±5.76%, p = 0.017). We could infer from

this experiments that there was no impairment in short-term and fear-memory as

mice associated the box and the sound with pain and therefore froze.

Figure 5.21: Assessment of short-term memory using spontaneous alternation T-maze
Example of the T-maze chamber. The animal starts every trial at position marked as start.
B) The animal is allowed to make a decision and is kept in that arm for 30 seconds. C) A
correct entry is considered when the animal makes the opposite decision from the previous
trial. D) A wrong entry is when the animals makes the same decision as in the previous
trial. E) Quantification of the percentage of correct entries. nControl = 8 animals, ncKO = 7
animals.
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Figure 5.22: Assessment of fear memory using fear conditioning A) Schematic repre-
sentation of the three day fear conditioning protocol. B) Percentage time the animals spent
freezing in the conditioning chamber on day one (before sound or shock). C) Percentage
time animals spent freezing on day 2 in the chamber at time intervals. D) Quantification of
the percentage time freezing before and after the auditory tone in the cued chamber on day
3. nControl = 9 animals, ncKO = 9 animals.
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5.2.5.5 Assessment of Anxiety Related Behaviour

Finally, we tested anxiety related behaviour of these animals by employing the ele-

vated plus maze (Figure 5.23). In this task, the animals were placed in an elevated

plus maze where two arms were open and two were closed (Figure 5.23A). The

mice tend to spend more time in the closed arms as a natural aversive behaviour to

light as they feel safer than in the open arms. Interestingly, cKO animals discrimi-

nated less between open and close arms than control animals (Figure 5.23B,D). We

quantified this behaviour in two ways. Firstly, we manually timed the duration that

the mice spent in the closed arm (Figure 5.23B, % time in closed arms: Control

68.16±3.305%, cKO 44.85±3.955%, Mann Whitney U test p = 0.002. % time in

center/open arms; Control 31.84±3.305%, cKO 55.15± 3.955%, Mann Whitney U

test p = 0.002, nControl = 9, ncKO = 8 animals.). The mice were not considered in

the closed arms when more than half of their body was in the centre and open arms.

cKO animals spent significantly less time in the closed arms compared to control an-

imals. In the second quantification, we separated the percentage of time the animals

spent in the centre, open and closed arms from the information we obtained using

the automated tracing software ToxTrac (Rodriguez et al. 2017). We found that the

cKO animals spent a longer duration of time in the open than in the closed arm (Fig-

ure 5.23D, % time in closed arms: Control 69.62±4.399%, cKO 52.34±4.383%,

Mann Whitney U test p = 0.021. % time in center; Control 24.64±4.698%, cKO

29.27±4.520%, Mann Whitney U test NS p = 0.481. % time in open arms; Control

5.739±1.452%, cKO 18.39±4.794%, Mann Whitney U test p = 0.004). Their ex-

ploration did not differ as they travelled similar distances (Figure 5.23C, Distance;

Control 11888±1238mm, cKO 12113±1137mm, Mann Whitney U test NS p =

0.888). Additionally, these animals exhibited similar velocities (Figure 5.23E, Ve-

locity; Control 35.99±3.873mm/s, cKO 36.84±3.735mm/s, Mann Whitney U test

NS p = 0.963). This data implied that the loss of Miro1 from parvalbumin interneu-

rons could have an implication in the anxiogenic behaviour of these animals.
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Figure 5.23: Assessment of anxiety-related behaviour using the elevated plus maze. A)
Schematic diagram of the elevated plus maze and representative ToxTrac trajectories (green)
from control and cKO animals. B) Bar chart of the percentage of time that control and
cKO animals spent in the closed and open arms (manual timing). C) Quantification of the
distance travelled. D) Bar chart of the percentage of time that control and cKO animals spent
in the closed, open arms and middle (ToxTrac) E) Quantification of the distance travelled.
nControl = 9 animals, ncKO = 8 animals.
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5.3 Discussion

5.3.1 Mitochondrial Positioning and Network Activity

In this study, we investigated how changes in Miro1-dependent mitochondrial po-

sitioning in parvalbumin interneurons affected cellular signalling, network activ-

ity and behaviour. Given that one of the most prominent roles of mitochondria is

provision of energy, we tested if energetically expensive network signalling pro-

cesses, mediated through parvalbumin interneurons were altered in the cKO. We

focused on fast rhythmic network oscillations in the γ-band range as they have been

shown to rely on mitochondrial energy provision (Kann et al. 2011; Galow et al.

2014). Parvalbumin interneurons are critical elements in generating and maintain-

ing γ-oscillations (Bartos et al. 2007; Cardin et al. 2009; Sohal et al. 2009; Buzsaki

and Wang 2012). For this reason, we recorded γ-oscillations in the CA3 area of

the hippocampus by applying carbachol in acute brain slices (Figure 5.1). We re-

ported a small but significant increase in the frequency of γ-oscillations that was

gene dose dependent. Nevertheless, the power and rhythmicity of these oscilla-

tions did not seem to be affected by the loss of Miro1 in parvalbumin interneurons.

These results suggested that in addition to the proper functioning of mitochondria,

their precise localisation in the axon may be important in regulating the generation

of γ-oscillations. An increase in frequency was also observed in the presence of

one allele of Miro1. Even though mitochondria were trafficked in the hemi-floxed

control, they covered smaller distances, which could affect the distribution of mito-

chondria in neuronal processes (Figure 3.9, 3.10). This effect demonstrated that the

precise localisation of mitochondria might be crucial in the fine tuning of rhythmic

oscillations in γ-band frequency.

Given the participation of parvalbumin interneurons in γ-oscillations, the

change in γ-frequency could either arise from an alteration in parvalbumin interneu-

ron signalling or from energy deficiencies of mitochondria in these cells. To further

explore the role of mitochondria in γ-oscillations, we decided to substitute glucose

in our media with pyruvate (Figure 5.2A). In this way we circumvented energy

production via glycolysis and promoted the generation of ATP through oxidative
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phosphorylation, which relies entirely on the function of the electron transport ma-

chinery in the inner mitochondrial membrane. Consistently with findings reported

in literature, the power of oscillations decreased substantially (50%) in both hemi-

floxed control and cKO slices when pyruvate was the main energy substrate (Galow

et al. 2014). However, the γ-oscillations persisted in the presence of pyruvate in

both control and cKO slices, but with lower power (Figure 5.2). This effect sug-

gested that ATP from glycolysis is to some extent utilised during these fast rhythmic

oscillations and that oscillations do not fully rely on the oxidative activity of mito-

chondria. However, mitochondria are essential for maintenance of γ-oscillations

as oxygen consumption increases during this network activity and pharmacologi-

cal inhibition of key electron transport complexes collapses γ-oscillations (Whit-

taker et al. 2011; Kann et al. 2011; Kann 2011). These observations demonstrated

the complexity of the system and that backup mechanisms exist to ensure that γ-

oscillations are properly supported. When ATP from oxidative phosphorylation fu-

eled γ-oscillations, control and cKO slices behaved similarly suggesting that there

was no mitochondrial dysfunction and that the oxidative capabilities of mitochon-

dria were fully engaged to their maximum potential. Consequently, the changes

we observed could be attributed to the mis-localisation of mitochondria in the axon

rather than functional impairments in their activity. Next, we recorded the intrinsic

properties of parvalbumin interneurons to see whether the loss of Miro1-dependent

mitochondrial trafficking could affect the basic electrophysiological properties of

the cell. We observed no difference in basic electrophysiological parameters such as

threshold to fire, input resistance, spike amplitude and spike rate (Figure 5.3). How-

ever, we reported changes in the action potential duration. Both the half-width and

membrane time constant were reduced in hemi-floxed and cKO animals when com-

pared to the control. More control recordings are necessary however to increase the

sample size and validate these data. The decreased membrane time constant could

allow parvalbumin interneurons to respond faster to excitation, which is consistent

with the increased frequency of γ-oscillations. Mitochondria were accumulated in

the soma and their distribution was shifted more proximally in the cKO (Figure
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3.15, 4.4). Consequently, the mitochondrial mis-localisation might have lead in

shortening the distance between mitochondria and voltage gated ion channels along

the axon, resulting in quicker provision of energy.

5.3.2 Excitation and Inhibition in the Hippocampus

Next, we recorded the spontaneous excitatory synaptic inputs received by parval-

bumin interneurons (Figure 5.4). We observed an overall increase in the amplitude

of the current and a decrease in the mean inter-event interval which indicates an in-

creased frequency. The increase in frequency could reflect an increase in the presy-

naptic glutamateric input and the increase in amplitude could reflect an increase in

post-synaptic receptors. Therefore, we performed excitatory synapse staining to in-

vestigate whether the changes in excitatory drive were accompanied by structural

changes in synapse integrity (Figure 2.3). When we stained for the presynaptic

marker Bassoon and the post synaptic marker Homer, we observed no difference

in the excitatory synapse stained area in somatic and dendritic layers of the hip-

pocampus (Figure 5.5 and 5.6). We then looked at the synapses specifically on

the somata of parvalbumin cells as they were easy to identify in the pyramidal cell

layer. Even though parvalbumin interneurons received increased excitatory inputs,

the number of excitatory synapses on their somata seemed to be reduced in CA1

due to a selective reduction in presynaptic vGlut1. One possible explanation might

be that the number of synapses were down-regulated to account for the increased

excitation received by these neurons as a homeostatic mechanism. Indeed, parval-

bumin interneurons have been shown to scale the number of synapses, depending

on the activity, as a response to homeostatic scaling (Chang et al. 2010). Therefore,

the putative decrease of excitatory synapses onto parvalbumin interneurons might

have been recruited to rebalance excitation and inhibition dynamics. Perisomatic

synapses only constitute a small proportion of the excitatory synapses on parvalbu-

min interneurons and the observed increase may not represent changes in the total

levels of excitation. Furthermore, the actual levels of the protein parvalbumin have

been shown to affect the number of synapses. In our experiments, we did not dis-

tinguish between high and low parvalbumin levels which might have skewed the
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results (Favuzzi et al. 2017). Also, different factors modulating the number of exci-

tatory synapses on parvalbumin interneuron surface, such as activation of kinases,

are possibly Ca2+-dependent and therefore local Ca2+ availability might play a role

in stabilisation of excitatory synapses on parvalbumin cells. Consequently, changes

in local sequestration of Ca2+ by mitochondria or other buffers could be modulating

the stability of synapses.

We then investigated whether the loss of Miro1 from parvalbumin interneu-

rons had an impact on inhibitory transmission in the hippocampus. We performed

inhibitory synapse staining in brain slices and saw that the levels of the scaffold

protein gephyrin were unchanged between control and cKO conditions in CA1 and

CA3 (Figure 5.8). The levels of the presynaptic marker vGAT were markedly but

not significantly elevated in CA1 (Figure 5.8). This did not seem to be sufficient to

increase the number of inhibitory synapses (vGAT-gephyrin colocalization) in the

hippocampus. A likely explanation was that the increase in vGAT arose from the

increase in number of branches from parvalbumin interneurons in the hippocampal

field of view (Figure 4.3). Another explanation could be that the presynaptic in-

crease in vGAT was derived from other interneuron types in the hippocampus in an

attempt to compensate for minor defects of parvalbumin interneuron inhibition. We

then performed GABA receptor staining by immuno-labeling the α2 subunit (Figure

5.9). We observed a non-significant increase in the levels of α2 stained area in the

CA1 but not much difference in the CA3 area of the hippocampus (Figure 5.9). The

staining experiments only provided a way to quantitatively measure the amount of

synapses and gave no indication on whether the synapses were actually functioning

properly. Therefore, we recorded the inhibitory inputs that pyramidal cells received

and observed no change in neither frequency nor the amplitude (Figure 5.10), sug-

gesting that the potential increase in vGAT and α2 might not be functional. The

sIPSCs consisted of a mixture of response arising from different types of inhibitory

cells and therefore we could not rule out the presence of compensatory mecha-

nisms. Additionally, we did not record any tonic currents and therefore we do not

know whether the increase in α2 stained area was attributed to α2 clustering in the
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extra-synaptic space (Kasugai et al. 2010).

Concluding, parvalbumin interneurons received increased glutamateric input

when Miro1 was knocked-out from parvalbumin interneurons. The increase in ex-

citation did not seem to be sufficient to increase the spontaneous inhibitory currents

that pyramidal cells received. These experiments however did not exclude the possi-

bility that loss of Miro1 and the altered mitochondrial positioning could be involved

in shaping excitation and inhibition dynamics.

5.3.3 Parvalbumin Interneuron Mediated Inhibition

It is possible that glutamatergic drive increased on parvalbumin interneurons to res-

cue minor defects in their ability to apply inhibition. Deficits from parvalbumin in-

terneurons in applying inhibition could arise due to defective GABA release. Thus,

we specifically investigated the inhibitory properties of parvalbumin interneurons.

In particular, we generated the PVCre+ Rhot1f/f ChR-EYFP mouse to temporally

control the activation of parvalbumin interneurons with blue light (Figure 5.11).

The main advantage of employing optogenetic experiments was the selective ac-

tivation of parvalbumin interneurons (Boyden et al. 2005, Hegemann and Nagel

2013). In this way, we were able to isolate inhibition derived by parvalbumin neu-

rons and not other interneurons in the hippocampus. Moreover, using this strategy

we were able to bypass the changes in excitatory drive. The expression of ChR

was uniform, directly comparable between control and cKO animals (Figure 5.12)

and did not seem to affect the intrinsic properties of parvalbumin interneurons since

they could still fire action potentials reliably (Figure 5.13).

By presenting one light pulse, we observed a decrease in the decay time con-

stant and a non-significant reduction in charge transfer between control and cKO

slices (Figure 5.14). This effect was prominent in the CA3 but not in the CA1 area

of the hippocampus. If this potential decrease in decay holds true, it fits well with

the increased frequency of γ-oscillations in the cKO (Figure 5.1) as application

of faster inhibition can entrain the pyramidal cells quicker and therefore shift the

speed of oscillations to a higher frequency. Indeed, drugs that modulate GABAA

receptor activity such as zolpidem have been shown to increase IPSC decay and
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therefore reduce the frequency of γ-oscillations (Heistek et al. 2010). These ob-

servations further suggest that decay time constant and speed of oscillations are

tightly coupled. The change in IPSC decay is often thought to be a post-synaptic ef-

fect and involves the incorporation of GABA subunits with altered kinetics (Okada

et al. 2000; Labrakakis et al. 2014). In some instances, the amount of GABA in the

synaptic cleft can also modulate the duration of the decay independent of the GABA

receptor composition in the post-synaptic side (Nusser et al. 2001; Karayannis et al.

2010). Notably, the magnitude of the inhibition was not altered between control

and cKO animals in our experiments (Figure 5.14). This suggested that the released

concentration of GABA was similar in the two conditions.

During repetitive photostimulation, currents in the nanoampere range were

evoked that might have masked small differences in the released GABA concen-

tration. The trend towards the decrease in charge transfer in CA3 in the cKO could

suggest availability of less GABA. However, a decrease in amplitude was not re-

ported in either sIPSCS, eIPSCs or during the light train stimulation (Figures 5.10,

5.14, 5.15). This suggested that there was no difference in the availability of GABA

neurotransmitter in eliciting a postsynaptic response.

Given the change in axon arborisation (Figure 4.3) it is possible that light stim-

ulation preferentially revealed connections with short conduction delays. The prop-

erties of the perisomatic synapses might not have changed but there might be an

alteration in the precise localisation on excitatory cells. The extent of the axon

branching could be more concentrated on the pyramidal cell layer and therefore tar-

geting fewer cell assemblies at a time, resulting in the variability observed in the

width of the power density distribution (Figure 5.1). Therefore, Miro1 and the pre-

cise positioning of mitochondria along the axon might be implicated in modulating

the distribution of inhibitory synapses rather than their actual physical properties.

During repetitive light stimulation at 40Hz, control and cKO cells were able to

sustain prolonged inhibition (Figure 5.15). Even though eventually all cells recov-

ered in similar manner in control and cKO slices, there was a significant decrease in

the rate of recovery within the first 500ms. This decrease was not consistent during
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all time intervals. If there is indeed a true effect at such a short time point, this could

suggest that the precise positioning of mitochondria in the axon is essential for pro-

cesses that take place within the 500ms time range. Such processes could include

ATP-dependent endocytosis, the mobilisation of the resting pool or the replenish-

ment of the recycling pool which could influence recovery in a time-dependent man-

ner. The diffusion coefficient of ATP is 150µm2/s (Crank 1975). This means that

ATP can travel around approximately 6µm in 500ms. Along the same lines of rea-

soning, the free Ca2+ diffusion coefficient in the cytoplasm is 223µm2/s suggesting

that it can travel about 7µm per 500ms (Allbritton et al. 1992). Ca2+ however can be

sequestered by various buffers, in a concentration dependent manner, such as ER,

mitochondria and parvalbumin. The average minimum distance between mitochon-

dria and axonal presynaptic boutons is less than 7µm (Figure 4.8) suggesting that

ATP and Ca2+ diffusion would theoretically be sufficient to energise the synapse

even in the absence of a stationary mitochondrion close to the boutons. Therefore,

a stronger reduction at all time points would be expected between control and cKO,

if there was a defect in recovery mechanisms.

We assumed that the impairment in mitochondrial positioning would be suffi-

cient to see changes in properties such as Ca2+ buffering that could ultimately affect

neurotransmitter release. Specifically, we expected that the reduction of mitochon-

dria from axonal presynaptic boutons would enhance facilitation as there would be

more available Ca2+ to mediate neurotransmitter release. On the contrary, by look-

ing at the paired-pulse ratio of the first two pulses of the train, we observed that

there was no enhancement in neuronal facilitation in the cKO (Figure 5.16). One

possibility was that parvalbumin behaved as a Ca2+ buffer in the absence of a sta-

ble mitochondrial buffering pool. Under physiological conditions the majority of

parvalbumin in the cell is bound to Mg2+ ions. The possibility exists that very high

Ca2+ concentrations displace magnesium and occupy the active sites of parvalbu-

min (Eggermann and Jonas 2011). As a result the Ca2+ is sequestered and therefore

no longer participated in synaptic release. The average levels of parvalbumin were

not different between control and cKO animals (Figure 3.7C). To further investigate
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this issue, an experiment can be designed where Ca2+ sensitive fluorescent dyes are

targeted to the mitochondria and cytoplasm, in order to compare the relative levels

in each compartment in control and cKO cells. One limitation of the experiments is

that the activation of ChR results in the unphysiological influx of cations and there-

fore should not be used to examine the physiological properties of the presynaptic

neuron.

In our study we observed slightly different effects in CA1 and CA3. Synaptic

transmission was mostly affected in the CA1 as shown by the marked change in

sEPCS and synaptic markers (vGlut1, vGAT, α2) (Figures 5.7, 5.8 5.9). However,

most of the changes during optogenetic activation were observed in CA3 (Figures

5.14, 5.17). CA3 area in general has more mitochondria as demonstrated by early

EM experiments and is also a location where γ-oscillations are more prominent

(Kann et al. 2011; Kann 2011; Wojtowicz et al. 2009). Therefore, the absence of

Miro1 in the CA3 might have resulted in more robust effects. The changes we

observed in CA1 could be effects that propagate from CA3 and the result of altered

feedback and feedforward loops in the hippocampus.

5.3.4 Assessment of Animal Behaviour

The changes in parvalbumin interneuron excitability and the alterations in network

activity have been associated with the emergence of behavioural features that have

been seen in neurological and neuropsychiatric disorder (Marin 2012; Inan et al.

2016; Zou et al. 2016; Pelkey et al. 2017). Given that the reported effects in the

current study were quite small, we wanted to explore whether there were any physi-

ological consequences in the behaviour of these animals. Initially, we hypothesised

that the excitation of parvalbumin interneurons would induce seizures as changes in

excitation and inhibition balance could modulate epileptiform activity (Jiang et al.

2016). Even though glutamatergic input was increased in parvalbumin interneurons

in the cKO (Figure 5.4), no apparent seizures were documented in these animals. It

would also be interesting to investigate in the future whether these animals are more

prone to epileptiform activity by chronic recordings.

These animals had no problems forming a nest (Figure 5.18), did not seem
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to have motor coordination defects (Figure 5.19) and exhibited normal exploratory

and locomotor behaviour (Figure 5.20). Parvalbumin interneuron function has been

implicated in working memory (Fuchs et al. 2007; Murray et al. 2011; Murray et al.

2015). Therefore, we tested short-term working memory using the spontaneous

alternation T-maze paradigm (Figure 5.21). Control and cKO animals performed

equally well suggesting that there were no obvious short-term memory abnormal-

ities. Furthermore, we performed a three day fear conditioning protocol to test

whether the changes in parvalbumin interneuron function upon the loss of Miro1

were able to affect fear memory formation (Curzon et al. 2009) (Figure 5.22). Con-

trol and cKO animals froze at similar levels during both contextual and cued mem-

ory assessment suggesting that the contribution of both hippocampus and amyg-

dala areas of the brain was intact. In conclusion, loss of Miro1 from parvalbumin

interneurons did not affect fear memory formation as cKO animals were able to

associate both the box (context) and sound (cue) with pain and exhibited similar

freezing periods as the controls.

However, we observed that cKO animals spent more time in the open arms

of the elevated plus maze (EPM) than controls. Given that we only observed a

behavioural effect in the elevated plus maze, it is possible that the increased excita-

tory drive was sufficient to alter network activity resulting in the emergence of low

anxiety-related behaviour (Figure 5.23). Pharmacological enhancement of inhibi-

tion can result in anxiolytic behaviour (Fraser et al. 2010). We observed no signifi-

cant increase in the inhibitory currents received by pyramidal cells in the hippocam-

pus suggesting that overall inhibitory transmission is not affected. In the future, it

might be interesting to investigate other brain areas such as the amygdala, which

have been involved in fear and anxiety (Tovote et al. 2015). One consideration re-

garding the EPM is that it relies on the ability of animals to distinguish between

bright and dark. Miro1 was also knocked out in the visual cortex and we have no

evidence as to whether this led to diminished photosensitivity. More anxiety-related

tasks need to be performed before we can be completely sure that there was indeed

an anxiety related behavioural effect in our model. The most relevant test to perform
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would be the social interaction test. Indeed, deficits in parvalbumin interneurons

function have been associated with impaired social interaction performance which

has also been seen in neuropsychiatric disorders such as schizophrenia (Barnes et al.

2015; Murray et al. 2015; Inan et al. 2016). In this behavioural paradigm the time

spent interacting with other animals or engaging in social behaviour can provide an

indication of the anxiety state of these animals.

5.3.5 Conclusion

In conclusion, our findings suggested that the loss of Miro1 impaired mitochondrial

trafficking which resulted in a shift of the mitochondrial distribution and depletion

of mitochondria from presynaptic terminals along the axon. Parvalbumin interneu-

rons received increased excitation and the frequency of γ-oscillations was elevated.

Thus, changes in network activity might give rise to the emergence of anxiolytic

phenotypes. Social interaction tests should be carried out as this behaviour has

been associated with compromised parvalbumin interneuron function. Therefore,

the altered mitochondrial distribution and parvalbumin interneuron axon morphol-

ogy could be implicated in changing the fingerprint of inhibition, giving rise to

cognitive deficit.



Chapter 6

General Discussion

6.1 Mitochondrial Dynamics in Parvalbumin In-

terneurons
In this study, we generated a transgenic mouse model which enabled the investi-

gation of Miro1-dependent mitochondrial dynamics in parvalbumin interneurons.

Miro1 was knocked-out and mitochondria were fluorescently labeled with Mito-

Dendra exclusively in parvalbumin interneurons (Figure 3.7). This mouse model ex-

hibited efficient recombination as more than 90% of the parvalbumin immunoposi-

tive cells expressed MitoDendra and vice versa (Figure 3.6). Moreover, the pattern

of expression of MitoDendra increased during development, consistent with the

profile of expression under the parvalbumin promoter (Barnes et al. 2015) (Figure

3.3).

Two photon live-imaging of MitoDendra positive mitochondria in organotypic

slices revealed that the loss of Miro1 impaired mitochondrial trafficking in parval-

bumin interneurons (Figure 3.9). This result is consistent with the functional role

of Miro1 in modulating mitochondrial transport (Guo et al. 2005; Macaskill et al.

2009; Wang and Schwarz 2009; Nguyen et al. 2014; Lopez-Domenech et al. 2016;

Lopez-Domenech et al. 2018) (Introduction; Section 1.3.4).

The velocity of moving mitochondria in parvalbumin interneurons differs from

other neuronal types (Table 3.1) implying that the properties of mitochondrial trans-

port may be distinct in different cellular environments. This may suggest that trans-
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port machinery could be flexible and adaptable to the metabolic demands of the cell

type under investigation. It is possible that distinct proteins constitute the trans-

port machinery in parvalbumin interneurons or Miro1 interacts with different motor

proteins. One way to address these possibilities and to identify the molecular archi-

tecture of the trafficking apparatus is to employ single-cell transcriptome analysis

of distinct cell types (Paul et al. 2017).

A small proportion of the mitochondria (less than 10%) was still mobile in

the absence of Miro1, suggesting that mitochondrial trafficking was not completely

abolished in the cKO (Figure 3.9). Other studies also report a reduction but not com-

plete cessation of mitochondrial trafficking upon loss of Miro1 (Russo et al. 2009;

Macaskill et al. 2009; Lopez-Domenech et al. 2016). This indicates the presence of

other mechanisms for mitochondria transport. Trak1/2 motors have been recently

shown to be recruited to the mitochondria in the absence of Miro1 in mouse embry-

onic fibroblasts (MEFs)(Lopez-Domenech et al. 2018). Therefore, the attachment

of mitochondria to motors may still facilitate organelle transport to some extent.

Furthermore, movement along the actin cytoskeleton has been implicated in short-

range mitochondrial transport (Morris and Hollenbeck 1995; Chada and Hollenbeck

2004). Considering that the length of the trajectory that mobile mitochondria trav-

elled was significantly shorter between control and cKO conditions (Figure 3.10),

the possibility exists that the remaining mitochondria engaged other cytoskeletal

elements such as actin. However, the moving mitochondria exhibited directional

movement, and not random, which would favour transport along microtubules.

We also showed that mitochondria in the cKO exhibited longer periods of im-

mobility (Figure 3.10). These data were similar in the hemi-floxed and cKO when

compared to control. The levels of dMiro in drosophila have been shown to regu-

late the amount of time mitochondria spent on specific motor proteins (Russo et al.

2009). Consequently, the engagement of Miro1 with motor proteins may be prefer-

entially affected in a dose dependent manner. Moreover, the interaction of Miro1 to

kinesin motor proteins is dependent on Ca2+ (Macaskill et al. 2009). This could sug-

gest that changes in the concentration of either Miro1 or Ca2+ would be sufficient to
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affect the interaction of Miro1 and kinesin motor proteins and consequently mito-

chondrial transport. This observation could partially explain why the mitochondria

in the hemi-floxed mouse exhibit phenotypic similarities to the cKO instead of the

control. Since both hemi-floxed and cKO experience longer periods of immobility,

it might be due to prolonged motor processivity in low levels or in the absence of

Miro1.

In the current study, we reported that the loss of Miro1 resulted in shorter

mitochondria in dendrites (Figure 4.5) and rounder mitochondria in axons (Figure

4.6, 6.1). Since impairments in trafficking also influence the morphology of the

mitochondria, it could be inferred that the mechanisms that mediate transport and

regulation of morphology are closely associated (Sheng 2014; Misko et al. 2010;

Russo et al. 2009). Mitochondrial morphology was also affected upon the loss

of Miro1 or expression of distinct Miro1 domains (Fransson et al. 2003; Saotome

et al. 2008; Lopez-Domenech et al. 2018) (Introduction - Section 1.3.1.4, Table

1.3). The changes in mitochondria size could be influenced by the interaction of

Miro1 with fusion and fission proteins (Introduction; Section 1.3.4.1, Table 1.2).

Miro1 and Mfn1/2 can interact and mediate mitochondrial trafficking (Misko et al.

2010). Since Mfns are pro-fusion proteins, the loss of Miro1 could impact on the

regulation of fusion and therefore impede on mitochondrial elongation. Moreover,

Miro1 has been proposed to negatively regulate the activity of the pro-fission protein

Drp1 (Saotome et al. 2008). Therefore, the loss of Miro1 could promote fission

via the activation of Drp1 and therefore shift the fusion/fission balance, resulting

in shorter mitochondria. Fusion and fission are types of mitochondrial dynamics

whose probability of occurring is directly depended on the ability of mitochondria to

be trafficked (Sheng 2014). Since MitoDendra can be irreversibly photo-converted

from green to red by exciting it with a high power 405 nm laser (Chudakov et al.

2007; Pham et al. 2012), single mitochondrion tracking experiments and fusion and

fission investigations can be carried out. Thus, it will be interesting to examine

how fusion and fission dynamics are affected when trafficking is impaired via the

conditional removal of Miro1 from parvalbumin interneurons.
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Impairment of mitochondrial transport via disruption of motor proteins such

as kinesins has been shown to result in mitochondrial clustering around the nucleus

(Tanaka et al. 1998). Perinuclear clustering has also been reported upon the loss of

Miro1 in knock-out MEFs (Nguyen et al. 2014; Lopez-Domenech et al. 2018). We

also noticed that when Miro1 was knocked-out from parvalbumin interneurons, mi-

tochondria accumulated in bright MitoDendra-positive clusters in the soma (Figures

3.14, 3.15, 6.1). This is possibly because mitochondrial trafficking was impaired

in parvalbumin interneurons, and therefore mitochondria could not be effectively

trafficked to the processes of the cell in the cKO. These accumulations have been

reported in other models such as the CaMK-IICre Rhot1f/f mouse at 4 months of age

(Lopez-Domenech et al. 2016). In that mouse model, Miro1 is knocked-out exclu-

sively from excitatory, CaMK-II expressing cells. Notably, mitochondria in PVCre

Rhot1f/f animals accumulate in the soma by two months, which is at an earlier time

point than in excitatory cells. This observation further indicates that each cell type

might rely differently on mitochondrial trafficking and exhibit distinct sensitivities

to incidents of impaired mitochondrial localisation.

The impairment in mitochondrial trafficking was sufficient to alter the distri-

bution of mitochondria in parvalbumin interneurons (Figure 4.4). Regulation of

mitochondrial localisation in neurons is crucial for developmental and homeostatic

processes such as axon extension, dendritic arborisation, dendritic maintenance,

neurotransmission and plasticity (Li et al. 2004 Mattson et al. 2008; MacAskill and

Kittler 2010; Courchet et al. 2013; Sainath et al. 2017; Spillane et al. 2013; Lopez-

Domenech et al. 2016; Sainath et al. 2017; Devine and Kittler 2018). We found

that the distribution of both dendritic and axonal mitochondria was shifted more

proximal to the soma when Miro1 was conditionally removed from parvalbumin

interneurons (Figure 4.4).

Genetic removal of Miro1 from CaMK-IICre animals results in the loss of mi-

tochondria in the dendrites, but not in the axon (Lopez-Domenech et al. 2016). Ad-

ditionally, the shift in the mitochondrial distribution leads to diminished dendritic

complexity and eventually in cell death (Lopez-Domenech et al. 2016). However,
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we reported no significant alteration in neither the total length nor branching of the

parvalbumin interneuron dendritic arbor (Figure 4.3). Moreover, the loss of Miro1

from parvalbumin interneurons did not affect cell viability in the hippocampus (Fig-

ure 3.14). Given the existing evidence in the literature which suggests that a local

pool of mitochondria is essential in fuelling homeostatic maintenance of dendrites

(Liu and Shio 2008; Lopez-Domenech et al. 2016), it is possible that parvalbumin

interneuron dendrites will degenerate at a later time point. We did not keep these

animals past six months so it might be interesting to look at neuronal morphology

at a later time point.

Even though dendritic morphology does not seem to be affected at this time

point in cKO animals, it might still be relevant to investigate further the properties

of dendritic mitochondria. Parvalbumin interneuron dendrites contain gap junctions

that facilitate electrical coupling between adjacent parvalbumin interneurons and

the formation of a mutually interconnected network (Tamas et al. 2000; Hu et al.

2014). In cardiac muscle cells, mitochondria have been found to closely associate

with gap junctions (Forbes and Sperelakis 1982). Therefore, dendritic mitochon-

dria may be implicated in the electrical coupling of the parvalbumin interneuron

network. It would be interesting to test whether the decrease in mitochondrial den-

sity in dendrites impacts on the stability of gap junctions and the interconnectivity

of the basket cell network.

Miro1-dependent Ca2+ sensing has also been implicated in mitochondrial ar-

rest (Saotome et al. 2008; Chang et al. 2011; Macaskill et al. 2009; Wang and

Schwarz 2009). Furthermore, the displacement of Miro1 from cytoskeletal motor

proteins by syntaphilin has been shown to mediate presynaptic capture of mitochon-

dria along the axon (Chen and Sheng 2013). When Miro1 was knocked-out from

parvalbumin interneurons, we reported the depletion of mitochondria from axonal

boutons (Figure 4.8, 6.1). The absence of Miro1 in the cKO might have disturbed

the interaction between syntaphilin and kinesin (Chen and Sheng 2013). Thus, the

loss of mitochondria from axonal terminals in the cKO might be the effect of defec-

tive tethering machinery. Loss of dMiro in drosophila also resulted in the reduction
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of mitochondria from axonal presynaptic terminals (Guo et al. 2005). Additionally,

structural changes in the morphology of axonal presynaptic terminals were reported.

We did not observe any alteration in the size of boutons (Figures 4.8, 5.12). This

is possibly because developmental maturation of axonal boutons occurred before

Miro1 was knocked-out (Chattopadhyaya et al. 2004). The expression of Cre, un-

der the parvalbumin promoter mediates the conditional removal of Miro1 during the

maturation period (Introduction; Section 1.2.2.2).

In this study, we reported that the loss of Miro1 did not affect the total ax-

onal length of parvalbumin interneurons but was sufficient to increase the number

of axonal branches (Figure 4.3, 6.1). The number of tips also increased in the cKO,

which meant that the axon was organised in more, but smaller axonal segments.

Mitochondrial arrest and presynaptic capture along the axon is important for axon

extension and formation of branching patterns, as mitochondria can locally pro-

vide energy in the form of ATP (Courchet et al. 2013; Spillane et al. 2013; Sainath

et al. 2017; Smith and Gallo 2017). Spillane and colleagues demonstrated that the

local ablation of mitochondria from the axon using chromophore-assisted light in-

activation (CALI) results in the reduction of actin filopodia and impairs branching

(Spillane et al. 2013). Given that mitochondrial positioning is essential for actin

assembly, axon branching dynamics might have been enhanced when Miro1 was

knocked-out in parvalbumin interneurons, as reflected by the increased number of

branches (Figure 4.3). This observation could be a direct effect of the altered dis-

tribution of axonal mitochondria. Since the overall axon length was not different

between control and cKO conditions, we could infer that mitochondrial function

in fuelling axon filopodia stabilisation and branch formation was intact. However,

the respiratory capacity of mitochondria is also important in determining sites of

branching (Sainath et al. 2017). Depolarising the membrane potential of mitochon-

dria results in a reduction in axonal filopodia during the initiation of axon branch

formation. Even though the collective TMRM uptake by mitochondria did not dif-

fer in the cKO, a proportion of mitochondria expressed low signal for TMRM as

demonstrated by the reduction in the median fluorescent value (Figure 3.13). Since
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the number of axon branches was enhanced in the cKO, it seems that the potential

decrease of TMRM at the single mitochondrion level was not sufficient to desta-

bilise actin dynamics and reduce the branch formation. This further demonstrates

that mitochondria remained functional in the absence of Miro1 from parvalbumin

interneurons. Since the extension and retraction of the axon are developmentally dy-

namic processes (Chattopadhyaya et al. 2004; Chattopadhyaya et al. 2007; Huang

et al. 2007), the Miro1-dependent shift in mitochondrial distribution might promote

either the generation of branches proximal to the soma or the re-organization of

branches via regulating cytoskeletal dynamics. To address this in the future, an ex-

periment can be designed were a mitochondrial fluorescent probe and a cell-fill is

introduced in parvalbumin interneurons to monitor the extension of the axon over a

long time window in organotypic brain slices. Using this approach, the simultane-

ous visualisation of the cell and precise mitochondrial positioning will be possible.

Long-term imaging of these slices will enable the examination of the correlation

between the location of mitochondria with the extension and branching of the axon.

Thus, we will be able to investigate directly how mitochondria are implicated in

the axon elongation, in the formation of new branches or in the remodelling of the

already existing ones.

6.2 Parvalbumin Interneuron Physiology and Net-

work Activity
Parvalbumin interneurons comprise a population of inhibitory neurons that are effi-

cient in applying strong and fast inhibition (Introduction; Section 1.2). Furthermore,

parvalbumin interneurons have been implicated in the generation of rhythmic net-

work activity at γ-frequency (30-80Hz) which is thought to be metabolically very

expensive. This is because a lot of energy, in the form of ATP, is required to main-

tain ion concentration gradients (Kann 2011). Parvalbumin interneurons express

high levels of proteins of the electron transport chain and have therefore been pro-

posed to be metabolically very active (Gulyas et al. 2006; Kann et al. 2011; Paul

et al. 2017). Thus, incidents of mitochondrial impairment could impact on par-
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valbumin interneuron function and disrupt γ-oscillations (Kann 2011; Kann et al.

2014; Kann 2016; Inan et al. 2016). In our model, the loss of Miro1 from par-

valbumin interneurons reduced mitochondrial trafficking and shifted mitochondrial

distribution proximal to the soma, depleting mitochondria from axonal-presynaptic

terminals. We tested whether the changes in Miro1-dependent mitochondrial dy-

namics and the alteration in axon branching could also be important in parvalbumin

interneuron signalling and network activity.

Thus, to investigate rhythmic network activity, we recorded carbachol induced

γ-oscillations in the CA3 area of hippocampal brain slices. We reported a small but

significant increase in the frequency of γ-oscillations when Miro1 was conditionally

knocked-out from parvalbumin interneurons (Figure 5.1). Neither the power nor the

rhythmicity were found to be altered. However, the width of the power spectra was

wider suggesting that the shape of the γ-cycle could be more variable. Alterations

in axonal branching could have an implication on the innervation of post-synaptic

targets (Huang et al. 2007). It is therefore possible that the innervation of parval-

bumin interneurons on pyramidal cells might have changed due to the alteration in

axon branching (Figure 4.3). If the reach of the axon in the hippocampus is reduced

then parvalbumin interneurons might inhibit less cells in the local network. Indeed,

the number of axonal intersections and branch points was enhanced more proximal

to the soma, as shown by the Sholl analysis on the reconstructed neurons (Figure

4.3). Variability in the synchronisation of cell assemblies might be introduced if in-

dividual parvalbumin cells in the network apply perisomatic inhibition to a different

number of pyramidal cells in the population.

The involvement of the oxidative capabilities of mitochondria in shaping net-

work dynamics has been demonstrated using pharmacological inhibition of electron

transport chain proteins (Kann et al. 2011; Kann 2011; Whittaker et al. 2011). To

test whether the loss of Miro1 affected the functional properties of mitochondria in

fuelling γ-oscillations, we stimulated energy production via oxidative phosphoryla-

tion by providing pyruvate in the media. The γ-power was reduced but oscillations

still persisted in the presence of pyruvate in both control and cKO slices (Figure
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5.2). Control and cKO slices responded in a similar manner suggesting that mi-

tochondrial functional properties were intact. Consistent with these observations,

previous work on Miro1 knock-out models also proposed that the functional prop-

erties of mitochondria are not altered in the absence of Miro1 (Nguyen et al. 2014;

Lopez-Domenech et al. 2016; Lopez-Domenech et al. 2018). Thus, we showed for

the first time that the precise positioning of mitochondria in parvalbumin interneu-

rons, not just their function, may still be sufficient to modulate the frequency of

γ-activity.

We then investigated synaptic transmission in the hippocampus. Parvalbumin

interneurons were found to receive increased excitation as demonstrated by the in-

creased frequency and amplitude of the spontaneous excitatory post-synaptic cur-

rents that pyramidal cells received (Figure 5.4). Given the increase in excitation

on parvalbumin interneurons, inhibition received by pyramidal cells (feedforward

inhibition) would be expected to increase. In order to see if there was a change in in-

hibitory synaptic transmission in the hippocampus, we also recorded the inhibitory

inputs that pyramidal cells received. We observed no significant difference between

control and cKO cells in neither the amplitude nor the frequency of the inhibitory

currents (Figure 5.10). Furthermore, the number of inhibitory synapses was not

significantly different in control and cKO animals as indicated by the colocaliza-

tion of vGAT and gephyrin synaptic markers (Figure 5.8). However, the sIPSCs

consisted of currents from various inhibitory neurons in the area and therefore the

specific contribution of parvalbumin interneurons could be masked. Consequently,

we wanted to specifically assess the parvalbumin mediated inhibition, by selectively

stimulating parvalbumin interneuron release. However, before concluding whether

hippocampal transmission changed, the synaptic inhibitory and excitatory ratio of

the inputs that pyramidal cells receive should be recorded. This can be done in

voltage clamp mode by recording the EPSCs at -60mV and the IPSCs at 0mV from

the same cell. In this way, we could test whether the increase in glutamatergic in-

put is specific to parvalbumin cells or a global effect and provide information as to

whether excitation/inhibition (E/I) balance is altered in the network (Pelkey et al.
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2016).

6.3 Parvalbumin Interneuron Mediated Inhibition

We generated the PVCre Rhot1 ChR2-EYFP mice to selectively investigate the inhi-

bition applied by parvalbumin interneurons and to bypass potential changes in exci-

tation (Figure 5.11). Channel Rhodopsin (ChR) was expressed and Miro1 was con-

ditionally knocked-out exclusively in parvalbumin interneurons (Figure 5.11). We

recorded the inhibitory currents pyramidal cells received upon the photo-activation

of ChR (Figure 5.14, 5.15). We found that light-evoked inhibition was not signif-

icantly different, as the amplitude of the inhibitory response was comparable be-

tween control and cKO conditions (Figure 5.14). Furthermore, the synaptic efficacy

and kinetics of inhibition were not significantly different between control and cKO

when we looked at the combined recordings from the hippocampus (CA1 and CA3

together) (Figure 5.14). Using optogenetic experiments however, we found that

the evoked inhibition derived from parvalbumin interneurons in CA3 decayed 25%

faster in the cKO when compared to the control (Figure 5.14). Faster decay could

further support faster oscillations at the γ-band frequency in the cKO (Figure 5.1).

Faster inhibition could lead to faster synchronisation of the network and therefore

activity at an increased frequency.

Parvalbumin interneurons were able to sustain long-lasting inhibition during

prolonged light stimulation (Figure 5.15). These experiments demonstrated that

parvalbumin interneuron release was intact. The population of parvalbumin in-

terneurons recruited during photo-illumination could collectively cope with high

40Hz light train stimulation. Furthermore, the inhibitory response was reduced to

the same extent between control and cKO cells (Figure 5.15), suggesting that all of

the parvalbumin interneuron - pyramidal cell synapses underwent depression during

the 40Hz light train stimulation.

Mitochondrial-dependent regulation of presynaptic Ca2+ has been implicated

in short-term plasticity (Sun et al. 2013; Ma et al. 2009; Vaccaro et al. 2017; Devine

and Kittler 2018). The loss of mitochondria from axonal presynaptic terminals is
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Figure 6.1: Loss of Miro1-directed mitochondrial trafficking in parvalbumin interneu-
rons. Loss of Miro1 reduced mitochondrial trafficking in parvalbumin interneuron and
resulted in the accumulation of mitochondria in their somata. The distribution of mitochon-
dria shifted more proximally to the soma, in both axons and dendrites. This shift resulted in
the depletion of mitochondria from presynaptic terminals along the axon. Additionally, the
total axon length was not affected but loss of Miro1 resulted in more branches in the cKO
when compared to control.
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sufficient to alter neuronal communication between pre- and post- synaptic neurons.

By comparing the inhibitory response after the first two light pulses of the train, we

calculated the paired-pulse ratio (PPR) which provided an indication of short-term

plasticity. The control slices consisted of a heterogenous mixture of depressing and

facilitating synapses, contributing to synaptic communication (Figure 5.16). How-

ever, in the cKO model, there was a small, non significant reduction in magnitude

of facilitation during paired-pulse experiments (Figure 5.16). The absence of a sta-

ble pool of mitochondria would theoretically result in enhanced facilitation because

Ca2+ in the pre-synapse would no longer be sequestered by mitochondria. One pos-

sible mechanistic explanation for this effect is that the elevated Ca2+ levels during

photo-stimulation were sufficient to activate the buffering capabilities of the protein

parvalbumin (Eggermann and Jonas 2011). Under physiological conditions, parval-

bumin is bound to Mg2+ ions. Therefore, in the absence of mitochondria buffering,

the high concentration of Ca2+ might displace Mg2+ ions for the parvalbumin ac-

tive sites. Live Ca2+-imaging of the axonal boutons using synaptically target Ca2+

sensors such as SyGCaMP (Akerboom et al. 2012; Vaccaro et al. 2017) or mito-

chondrial sensors such as mito-GCaMP (Esterberg et al. 2014) could provide infor-

mation on the relative Ca2+ levels in each compartment. As a result, we could mon-

itor Ca2+ transients during 40Hz stimulation. The absence of mitochondria from

boutons could also affect the local provision of energy in the form of ATP. The

metabolic functionalities of mitochondria did not seem to be affected when Miro1

was knocked-out of parvalbumin interneurons as the mean TMRM fluorescence of

parvalbumin interneurons was not changed and γ-oscillations still persisted in the

absence of glucose (Figures 3.13, 5.2). The diffusion of ATP from mitochondrial

rich regions to boutons devoid of mitochondria seems to be sufficient to sustain the

metabolic requirements of synapses (Pathak et al. 2015).

Short term plasticity supports a variety of brain computations as it drastically

defines how the post-synaptic cell is activated (Abbott et al. 1997; Abbott and

Regehr 2004). Given that changes in synaptic communication can have a variety

of effects, it is challenging to interpret the impact of depressing synapses on neu-
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ronal networks. Synaptic depression however has been implicated in processes such

temporal filtering, by shaping the response of the post-synaptic neuron after activa-

tion (Ghanbari et al. 2017). In general, parvalbumin interneuron mediated inhibition

might be less efficient during high frequency stimulation due to the presence of de-

pressing synapses that behave as low pass filters and therefore favour release at

lower firing rates (Anwar et al. 2017). This can have great implication in shaping

the E/I balance and consequently rhythmic network activity. However, in our model

the synapses depressed similarly in the control and cKO cells after prolonged 40Hz

stimulation (Figure 5.15). Therefore, control and cKO parvalbumin interneurons

could shape E/I balance and consequently rhythmic network activity in a similar

manner.

6.4 Loss of Miro1 from Parvalbumin Interneurons

and Anxiety-Related Behaviour
Finally, we wanted to investigate whether the observed effects at the cellular and

network level had an implication in the behaviour of cKO animals. Therefore, we

examined whether the small increase in frequency of γ-oscillations could be re-

flected as alteration in animal behaviour (Figure 5.1). Locomotion was intact in con-

trol and cKO animals (Figures 5.20). No behavioural abnormalities were reported in

behaviours such as memory formation and general exploration (Figures 5.20, 5.21,

5.22). However, data obtained during the elevated plus maze task (EPM) revealed

the possibility that these animals displayed low-anxiety related phenotypes. cKO

animals spent more time exploring the open arm, which is considered to be a more

stressful environment (Figure 5.23). More anxiety related behavioural paradigms

need to be performed, such as the social interaction test, before making conclusions.

It is possible that this anxiety phenotype arises from altered parvalbumin interneu-

ron function impacting on network signalling. It has been shown that chemical ac-

tivation of parvalbumin interneurons, using DREADD technologies in the dentate

gyrus of the hippocampus, resulted in an anxiolytic effect which was also portrayed

as an increased time spent in the open arms of the EPM (Zou et al. 2016). This
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observation is similar to our findings where parvalbumin interneurons in cKO mice

receive increased excitation and spent more time in the open arms (Figure 5.23).

In our experiments, parvalbumin interneurons received more excitation in CA3 and

CA1 hippocampal subfields. It is therefore possible that parvalbumin interneurons

in DG also receive increased glutamatergic inputs, resulting in an anxiolotyic effect.

A decrease in anxiety has also been pharmacologically replicated using GABAA al-

losteric modulators such as diazepam (Fraser et al. 2010). Since enhancement of

inhibition can result in anxiolytic behaviour, the potential reduction in anxiety in

our model would suggest that parvalbumin mediated inhibition could be elevated.

However, the inhibition received by the pyramidal cells was not significantly al-

tered (Figure 5.10, 5.14, 5.15). Therefore, compensatory mechanisms might exist

to ensure correct parvalbumin interneuron function. One possibility is that other

interneurons such as somatostatin interneurons are recruited to inhibit parvalbumin

cells and balance E/I. This poses questions on the compensatory mechanisms that

exist to ensure balance between excitation and inhibition. Given the fundamental

role of parvalbumin interneurons in orchestrating the activity of neuronal assem-

blies, it is very likely that backup mechanisms exist to ensure that the network can

operate. More anxiety related tasks need to be performed, especially the social in-

teraction test, in order to obtain more information on the anxiety status of these

animals.

6.5 Concluding Remarks

In conclusion, we generated a suitable model for the investigation of Miro1-

dependent mitochondrial dynamics in parvalbumin interneurons. We demonstrated

that the cell-type specific loss of Miro1 from parvalbumin interneurons impaired

mitochondrial trafficking. Consequently, the precise positioning of mitochondria

in axons and dendrites was altered, leading to the depletion of mitochondria from

presynaptic terminals along the axon. The shift in the mitochondrial distribution

potentially resulted in an increase in axonal but not dendritic branching. These

changes were sufficient to increase the frequency of γ-oscillations and thus altered
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network activity. Even though parvalbumin interneurons received elevated gluta-

materic input, inhibitory synaptic transmission was not impaired and neither was

parvalbumin interneuron mediated release. However, the kinetics of parvalbumin

interneuron inhibition may be faster, supporting the increase in frequency of γ-

oscillations. The observed changes did not seem to affect locomotor activity, ex-

ploratory behaviour, motor coordination and memory. Interestingly, anxiety-related

behaviour may be reduced in the cKO mice. Thus, we showed for the first time

that the Miro1-dependent spatiotemporal positioning of mitochondria in parvalbu-

min interneurons can modulate network activity at γ-band range and potentially

influence stress related behaviour like anxiety.



Bibliography

L. F. Abbott and Wade G. Regehr. Synaptic computation. Nature, 431(7010):796–

803, 2004. doi: 10.1038/nature03010.

L. F. Abbott, J. A. Varela, Kamal Sen, and S. B. Nelson. Synaptic depression and

cortical gain control. Science, 275(5297):221–224, 1997. doi: 10.1126/science.

275.5297.221.

R F Ackermann, D M Finch, T L Babb, and J Engel. Increased glucose metabolism

during long-duration recurrent inhibition of hippocampal pyramidal cells. The

Journal of neuroscience : the official journal of the Society for Neuroscience, 4

(1):251–64, 1984.

Daniel L Adams, John R Economides, and Jonathan C Horton. Co-localization of

glutamic acid decarboxylase and vesicular gaba transporter in cytochrome oxi-

dase patches of macaque striate cortex. Visual neuroscience, 32:E026, 2015. doi:

10.1017/S0952523815000218.

Jasper Akerboom, Tsai-Wen Chen, Trevor J Wardill, Lin Tian, Jonathan S Mar-

vin, Sevin Mutlu, Nicole Carreras Caldern, Federico Esposti, Bart G Borghuis,

Xiaonan Richard Sun, Andrew Gordus, Michael B Orger, Ruben Portugues, Flo-

rian Engert, John J Macklin, Alessandro Filosa, Aman Aggarwal, Rex A Kerr,

Ryousuke Takagi, Sebastian Kracun, Eiji Shigetomi, Baljit S Khakh, Herwig

Baier, Leon Lagnado, Samuel S-H Wang, Cornelia I Bargmann, Bruce E Kimmel,

Vivek Jayaraman, Karel Svoboda, Douglas S Kim, Eric R Schreiter, and Loren L

Looger. Optimization of a gcamp calcium indicator for neural activity imaging.



BIBLIOGRAPHY 216

The Journal of neuroscience : the official journal of the Society for Neuroscience,

32(40):13819–40, 2012. doi: 10.1523/JNEUROSCI.2601-12.2012.

N L Allbritton, T Meyer, and L Stryer. Range of messenger action of calcium ion

and inositol 1,4,5-trisphosphate. Science (New York, N.Y.), 258(5089):1812–5,

1992.

Stewart A. Anderson, J.D. Classey, F. Conde, J.S. Lund, and David A. Lewis. Syn-

chronous development of pyramidal neuron dendritic spines and parvalbumin-

immunoreactive chandelier neuron axon terminals in layer iii of monkey pre-

frontal cortex. Neuroscience, 67(1):7–22, 1995. doi: 10.1016/0306-4522(95)

00051-J.

Haroon Anwar, Xinping Li, Dirk Bucher, and Farzan Nadim. Functional roles of

short-term synaptic plasticity with an emphasis on inhibition. Current Opinion

in Neurobiology, 43:71–78, 2017. doi: 10.1016/J.CONB.2017.01.002.

Ghazaleh Ashrafi, Julia S. Schlehe, Matthew J. LaVoie, and Thomas L. Schwarz.

Mitophagy of damaged mitochondria occurs locally in distal neuronal axons and

requires pink1 and parkin. The Journal of Cell Biology, 206(5):655–670, 2014.

doi: 10.1083/jcb.201401070.

Talia A Atkin, Andrew F MacAskill, Nick J Brandon, and Josef T Kittler. Disrupted

in schizophrenia-1 regulates intracellular trafficking of mitochondria in neurons.

Molecular psychiatry, 16(2):122–4, 121, 2011. doi: 10.1038/mp.2010.110.

David Attwell and Simon B. Laughlin. An energy budget for signaling in the grey

matter of the brain. Journal of Cerebral Blood Flow & Metabolism, 21(10):

1133–1145, 2001. doi: 10.1097/00004647-200110000-00001.

Milos Babic, Gary J Russo, Andrea J Wellington, Ryan M Sangston, Migdalia Gon-

zalez, and Konrad E Zinsmaier. Miro’s n-terminal gtpase domain is required for

transport of mitochondria into axons and dendrites. The Journal of neuroscience

: the official journal of the Society for Neuroscience, 35(14):5754–71, 2015. doi:

10.1523/JNEUROSCI.1035-14.2015.



BIBLIOGRAPHY 217

Selva Baltan. Can lactate serve as an energy substrate for axons in good times and

in bad, in sickness and in health? Metabolic Brain Disease, 30(1):25–30, 2015.

doi: 10.1007/s11011-014-9595-3.

S A Barnes, A Pinto-Duarte, A Kappe, A Zembrzycki, A Metzler, E A Mukamel,

J Lucero, X Wang, T J Sejnowski, A Markou, and M M Behrens. Disruption of

mglur5 in parvalbumin-positive interneurons induces core features of neurode-

velopmental disorders. Molecular Psychiatry, 20(10):1161–1172, 2015. doi:

10.1038/mp.2015.113.

Giorgia Bartolini, Gabriele Ciceri, and Oscar Marin. Integration of gabaergic in-

terneurons into cortical cell assemblies: lessons from embryos and adults. Neu-

ron, 79(5):849–64, 2013. doi: 10.1016/j.neuron.2013.08.014.

Marlene Bartos and Claudio Elgueta. Functional characteristics of parvalbumin-

and cholecystokinin-expressing basket cells. The Journal of Physiology, 590(4):

669–681, 2012. doi: 10.1113/jphysiol.2011.226175.

Marlene Bartos, Imre Vida, and Peter Jonas. Synaptic mechanisms of synchronized

gamma oscillations in inhibitory interneuron networks. Nature Reviews Neuro-

science, 8(1):45–56, 2007. doi: 10.1038/nrn2044.

B. Batchelor. The image processing handbook. International Journal of Adap-

tive Control and Signal Processing, 13(5):417–418, 1999. doi: 10.1002/(SICI)

1099-1115(199908)13:5〈417::AID-ACS541〉3.0.CO;2-E.

A. Bellion, Jean-Pierre Baudoin, Chantal Alvarez, Michel Bornens, and Christine

Metin. Nucleokinesis in tangentially migrating neurons comprises two alternat-

ing phases: Forward migration of the golgi/centrosome associated with centro-

some splitting and myosin contraction at the rear. Journal of Neuroscience, 25

(24):5691–5699, 2005. doi: 10.1523/JNEUROSCI.1030-05.2005.

Michael J. Berridge, Peter Lipp, and Martin D. Bootman. The versatility and uni-

versality of calcium signalling. Nature Reviews Molecular Cell Biology, 1(1):

11–21, 2000. doi: 10.1038/35036035.



BIBLIOGRAPHY 218

Nicol Birsa, Rosalind Norkett, Nathalie Higgs, Guillermo Lopez-Domenech, and

JosefT. Kittler. Mitochondrial trafficking in neurons and the role of the miro

family of gtpase proteins. Biochemical Society Transactions, 41(6):1525–1531,

2013. doi: 10.1042/BST20130234.

Nicol Birsa, Rosalind Norkett, Tobias Wauer, Tycho E. T. Mevissen, Hsiu-Chuan

Wu, Thomas Foltynie, Kailash Bhatia, Warren D. Hirst, David Komander, Helene

Plun-Favreau, and Josef T. Kittler. Lysine 27 ubiquitination of the mitochondrial

transport protein miro is dependent on serine 65 of the parkin ubiquitin ligase.

Journal of Biological Chemistry, 289(21):14569–14582, 2014. doi: 10.1074/jbc.

M114.563031.

D. P. Bischop, D. Orduz, L. Lambot, S. N. Schiffmann, and D. Gall. Control of

neuronal excitability by calcium binding proteins: A new mathematical model

for striatal fast-spiking interneurons. Frontiers in Molecular Neuroscience, 5:78,

2012. doi: 10.3389/fnmol.2012.00078.

Dante Bortone and Franck Polleux. Kcc2 expression promotes the termination of

cortical interneuron migration in a voltage-sensitive calcium-dependent manner.

Neuron, 62(1):53–71, 2009. doi: 10.1016/j.neuron.2009.01.034.

Fawzi Boumezbeur, Kitt F Petersen, Gary W Cline, Graeme F Mason, Kevin L

Behar, Gerald I Shulman, and Douglas L Rothman. The contribution of blood

lactate to brain energy metabolism in humans measured by dynamic 13c nuclear

magnetic resonance spectroscopy. The Journal of neuroscience : the official

journal of the Society for Neuroscience, 30(42):13983–91, 2010. doi: 10.1523/

JNEUROSCI.2040-10.2010.

Anne-Karine Bouzier-Sore, Pierre Voisin, Paul Canioni, Pierre J Magistretti, and

Luc Pellerin. Lactate is a preferential oxidative energy substrate over glucose

for neurons in culture. Journal of Cerebral Blood Flow & Metabolism, 23(11):

1298–1306, 2003. doi: 10.1097/01.WCB.0000091761.61714.25.

Edward S Boyden, Feng Zhang, Ernst Bamberg, Georg Nagel, and Karl Deisseroth.



BIBLIOGRAPHY 219

Millisecond-timescale, genetically targeted optical control of neural activity. Na-

ture Neuroscience, 8(9):1263–1268, 2005. doi: 10.1038/nn1525.

Maile R. Brown, Patrick G. Sullivan, and James W. Geddes. Synaptic mitochondria

are more susceptible to ca <sup>2+</sup> overload than nonsynaptic mito-

chondria. Journal of Biological Chemistry, 281(17):11658–11668, 2006. doi:

10.1074/jbc.M510303200.

Gyorgy Buzsaki and Xiao-Jing Wang. Mechanisms of gamma oscillations.

Annual Review of Neuroscience, 35(1):203–225, 2012. doi: 10.1146/

annurev-neuro-062111-150444.

Jan-Harry Cabungcal, Pascal Steullet, Rudolf Kraftsik, Michel Cuenod, and Kim Q.

Do. Early-life insults impair parvalbumin interneurons via oxidative stress: Re-

versal by n-acetylcysteine. Biological Psychiatry, 73(6):574–582, 2013. doi:

10.1016/j.biopsych.2012.09.020.

Qian Cai and Prasad Tammineni. Mitochondrial aspects of synaptic dysfunction

in alzheimer’s disease. Journal of Alzheimer’s disease : JAD, 57(4):1087–1103,

2017. doi: 10.3233/JAD-160726.

Qian Cai, Claudia Gerwin, and Zu-Hang Sheng. Syntabulin-mediated anterograde

transport of mitochondria along neuronal processes. The Journal of cell biology,

170(6):959–69, 2005. doi: 10.1083/jcb.200506042.

O Caillard, Herman Moreno, Beat Schwaller, Isabel Llano, Marco R. Celio, and

Alain Marty. Role of the calcium-binding protein parvalbumin in short-term

synaptic plasticity. Proceedings of the National Academy of Sciences of the

United States of America, 97(24):13372–7, 2000. doi: 10.1073/pnas.230362997.

Jessica A Cardin. Snapshots of the brain in action: Local circuit operations

through the lens of γ oscillations. The Journal of neuroscience : the offi-

cial journal of the Society for Neuroscience, 36(41):10496–10504, 2016. doi:

10.1523/JNEUROSCI.1021-16.2016.



BIBLIOGRAPHY 220

Jessica A. Cardin, Marie Carlen, Konstantinos Meletis, Ulf Knoblich, Feng Zhang,

Karl Deisseroth, Li-Huei Tsai, and Christopher I. Moore. Driving fast-spiking

cells induces gamma rhythm and controls sensory responses. Nature, 459(7247):

663–667, 2009. doi: 10.1038/nature08002.

Sonita R Chada and Peter J Hollenbeck. Nerve growth factor signaling regulates

motility and docking of axonal mitochondria. Current biology : CB, 14(14):

1272–6, 2004. doi: 10.1016/j.cub.2004.07.027.

Diane T W Chang, Anthony S Honick, and Ian J Reynolds. Mitochondrial traffick-

ing to synapses in cultured primary cortical neurons. The Journal of neuroscience

: the official journal of the Society for Neuroscience, 26(26):7035–45, 2006. doi:

10.1523/JNEUROSCI.1012-06.2006.

Karen T Chang, Robert F Niescier, and Kyung-Tai Min. Mitochondrial matrix ca2+

as an intrinsic signal regulating mitochondrial motility in axons. Proceedings

of the National Academy of Sciences of the United States of America, 108(37):

15456–61, 2011. doi: 10.1073/pnas.1106862108.

Michael C Chang, Joo Min Park, Kenneth A Pelkey, Heidi L Grabenstatter, Desheng

Xu, David J Linden, Thomas P Sutula, Chris J McBain, and Paul F Worley. Narp

regulates homeostatic scaling of excitatory synapses on parvalbumin-expressing

interneurons. Nature Neuroscience, 13(9):1090–1097, 2010. doi: 10.1038/nn.

2621.

Bidisha Chattopadhyaya, Graziella Di Cristo, Hiroyuki Higashiyama, Graham W

Knott, Sandra J Kuhlman, Egbert Welker, and Z Josh Huang. Experience and

activity-dependent maturation of perisomatic gabaergic innervation in primary

visual cortex during a postnatal critical period. The Journal of neuroscience :

the official journal of the Society for Neuroscience, 24(43):9598–611, 2004. doi:

10.1523/JNEUROSCI.1851-04.2004.

Bidisha Chattopadhyaya, Graziella Di Cristo, Cai Zhi Wu, Graham Knott, Sandra

Kuhlman, Yu Fu, Richard D. Palmiter, and Z. Josh Huang. Gad67-mediated



BIBLIOGRAPHY 221

gaba synthesis and signaling regulate inhibitory synaptic innervation in the visual

cortex. Neuron, 54(6):889–903, 2007. doi: 10.1016/J.NEURON.2007.05.015.

Jerry L Chen, Katherine L Villa, Jae Won Cha, Peter T C So, Yoshiyuki Kubota,

and Elly Nedivi. Clustered dynamics of inhibitory synapses and dendritic spines

in the adult neocortex. Neuron, 74(2):361–73, 2012. doi: 10.1016/j.neuron.2012.

02.030.

Sigeng Chen, Geoffrey C. Owens, and David B. Edelman. Dopamine inhibits mi-

tochondrial motility in hippocampal neurons. PLoS ONE, 3(7):e2804, 2008. doi:

10.1371/journal.pone.0002804.

Yanmin Chen and Zu-Hang Sheng. Kinesin-1-syntaphilin coupling mediates

activity-dependent regulation of axonal mitochondrial transport. The Journal of

cell biology, 202(2):351–64, 2013. doi: 10.1083/jcb.201302040.

Salvatore J Cherra, Erin Steer, Aaron M Gusdon, Kirill Kiselyov, and Charleen T

Chu. Mutant lrrk2 elicits calcium imbalance and depletion of dendritic mitochon-

dria in neurons. The American journal of pathology, 182(2):474–84, 2013. doi:

10.1016/j.ajpath.2012.10.027.

KathleenK.A. Cho, Renee Hoch, AnthonyT. Lee, Tosha Patel, JohnL.R. Rubenstein,

and VikaasS. Sohal. Gamma rhythms link prefrontal interneuron dysfunction

with cognitive inflexibility in dlx5/6+/ mice. Neuron, 85(6):1332–1343, 2015.

doi: 10.1016/j.neuron.2015.02.019.

Chi-Jing Choong and Hideki Mochizuki. Inappropriate trafficking of damaged

mitochondria in parkinson’s disease. Stem cell investigation, 4:17, 2017. doi:

10.21037/sci.2017.02.07.

Dmitriy M Chudakov, Sergey Lukyanov, and Konstantin A Lukyanov. Tracking

intracellular protein movements using photoswitchable fluorescent proteins ps-

cfp2 and dendra2. Nature Protocols, 2(8):2024–2032, 2007. doi: 10.1038/nprot.

2007.291.



BIBLIOGRAPHY 222

S. R. Cobb, Eberhard H. Buhl, K. Halasy, Ole Paulsen, and Peter Somogyi. Syn-

chronization of neuronal activity in hippocampus by individual gabaergic in-

terneurons. Nature, 378(6552):75–78, 1995. doi: 10.1038/378075a0.

Scott R. Cole and Bradley Voytek. Brain oscillations and the importance of

waveform shape. Trends in Cognitive Sciences, 21(2):137–149, 2017. doi:

10.1016/J.TICS.2016.12.008.

Thibault Collin, Mireille Chat, Marie Gabrielle Lucas, Herman Moreno, Peter

Racay, Beat Schwaller, Alain Marty, and Isabel Llano. Developmental changes

in parvalbumin regulate presynaptic ca2+ signaling. The Journal of neuroscience

: the official journal of the Society for Neuroscience, 25(1):96–107, 2005. doi:

10.1523/JNEUROSCI.3748-04.2005.

Sonia C. Correia, George Perry, and Paula I. Moreira. Mitochondrial traffic jams in

alzheimer’s disease - pinpointing the roadblocks. Biochimica et Biophysica Acta

(BBA) - Molecular Basis of Disease, 1862(10):1909–1917, 2016. doi: 10.1016/

J.BBADIS.2016.07.010.

Julien Courchet, Tommy L Lewis, Sohyon Lee, Virginie Courchet, Deng-Yuan

Liou, Shinichi Aizawa, and Franck Polleux. Terminal axon branching is regu-

lated by the lkb1-nuak1 kinase pathway via presynaptic mitochondrial capture.

Cell, 153(7):1510–25, 2013. doi: 10.1016/j.cell.2013.05.021.

Christian Covill-Cooke, Jack H. Howden, Nicol Birsa, and Josef T. Kittler. Ubiq-

uitination at the mitochondria in neuronal health and disease. Neurochemistry

International, 2017. doi: 10.1016/j.neuint.2017.07.003.

Rita Marie Cowell, Kathryn Rose Blake, and James W. Russell. Localization of

the transcriptional coactivator pgc-1α to gabaergic neurons during maturation of

the rat brain. The Journal of Comparative Neurology, 502(1):1–18, 2007. doi:

10.1002/cne.21211.

John. Crank. The mathematics of diffusion. Clarendon Press, 1975.



BIBLIOGRAPHY 223

Csaba Cserep, Balazs Posfai, Anett Dora Schwarcz, and Adam Denes. Mitochon-

drial ultrastructure is coupled to synaptic performance at axonal release sites.

eNeuro, 5(1), 2018. doi: 10.1523/ENEURO.0390-17.2018.

Jozsef Csicsvari, Brian Jamieson, Kensall D Wise, and Gyorgy Buzsaki. Mecha-

nisms of gamma oscillations in the hippocampus of the behaving rat. Neuron, 37

(2):311–22, 2003. doi: 10.1016/S0896-6273(02)01169-8.

Mark O Cunningham and P. F. Chinnery. Mitochondria and cortical gamma oscil-

lations: food for thought? Brain, 134(2):330–332, 2011. doi: 10.1093/brain/

awq382.

Peter Curzon, Nathan R. Rustay, and Kaitlin E. Browman. Cued and Contextual

Fear Conditioning for Rodents. 2009.

Anna De Simoni and Lily MY Yu. Preparation of organotypic hippocampal slice

cultures: interface method. Nature Protocols, 1(3):1439–1445, 2006. doi: 10.

1038/nprot.2006.228.

Kurt J. De Vos, Gabor M. Morotz, Radu Stoica, Elizabeth L. Tudor, Kwok-Fai

Lau, Steven Ackerley, Alice Warley, Christopher E. Shaw, and Christopher C.J.

Miller. Vapb interacts with the mitochondrial protein ptpip51 to regulate calcium

homeostasis. Human Molecular Genetics, 21(6):1299–1311, 2012. doi: 10.1093/

hmg/ddr559.

Robert M J Deacon and J Nicholas P Rawlins. T-maze alternation in the rodent.

Nature Protocols, 1(1):7–12, 2006. doi: 10.1038/nprot.2006.2.

Robert MJ Deacon. Assessing nest building in mice. Nature Protocols, 1(3):1117–

1119, 2006. doi: 10.1038/nprot.2006.170.

Robert M.J. Deacon. Measuring motor coordination in mice. Journal of Visualized

Experiments, (75):e2609–e2609, 2013. doi: 10.3791/2609.



BIBLIOGRAPHY 224

JoseAntonio del Rio, L. de Lecea, Isidro Ferrer, and Eduardo Soriano. The devel-

opment of parvalbumin-immunoreactivity in the neocortex of the mouse. Devel-

opmental Brain Research, 81(2):247–259, 1994. doi: 10.1016/0165-3806(94)

90311-5.

Michael J. Devine and Josef T. Kittler. Mitochondria at the neuronal presynapse

in health and disease. Nature Reviews Neuroscience, 19(2):63–80, 2018. doi:

10.1038/nrn.2017.170.

Michael J. Devine, Nicol Birsa, and Josef T. Kittler. Miro sculpts mitochondrial

dynamics in neuronal health and disease. Neurobiology of Disease, 90:27–34,

2016a. doi: 10.1016/J.NBD.2015.12.008.

Michael J. Devine, Rosalind Norkett, and Josef T. Kittler. Disc1 is a coordinator

of intracellular trafficking to shape neuronal development and connectivity. The

Journal of Physiology, 594(19):5459–5469, 2016b. doi: 10.1113/JP272187.

Gerald A Dienel. Brain lactate metabolism: The discoveries and the controversies.

Journal of Cerebral Blood Flow & Metabolism, 32(7):1107–1138, 2012. doi:

10.1038/jcbfm.2011.175.

Gerald A Dienel and Nancy F Cruz. Contributions of glycogen to astrocytic ener-

getics during brain activation. Metabolic brain disease, 30(1):281–98, 2015. doi:

10.1007/s11011-014-9493-8.

Daniel Doischer, Jonas Aurel Hosp, Yuchio Yanagawa, Kunihiko Obata, Peter

Jonas, Imre Vida, and Marlene Bartos. Postnatal differentiation of basket cells

from slow to fast signaling devices. The Journal of neuroscience : the of-

ficial journal of the Society for Neuroscience, 28(48):12956–68, 2008. doi:

10.1523/JNEUROSCI.2890-08.2008.

Mikhail Drobizhev, Nikolay S Makarov, Shane E Tillo, Thomas E Hughes, and

Aleksander Rebane. Two-photon absorption properties of fluorescent proteins.

Nature Methods, 8(5):393–399, 2011. doi: 10.1038/nmeth.1596.



BIBLIOGRAPHY 225

Heng Du, Lan Guo, Shiqiang Yan, Alexander A Sosunov, Guy M McKhann, and

Shirley ShiDu Yan. Early deficits in synaptic mitochondria in an alzheimer’s

disease mouse model. Proceedings of the National Academy of Sciences of

the United States of America, 107(43):18670–5, 2010. doi: 10.1073/pnas.

1006586107.

Jordi Duran, Isabel Saez, Agnes Gruart, Joan J Guinovart, and Jos M Delgado-

Garcia. Impairment in long-term memory formation and learning-dependent

synaptic plasticity in mice lacking glycogen synthase in the brain. Journal of

Cerebral Blood Flow & Metabolism, 33(4):550–556, 2013. doi: 10.1038/jcbfm.

2012.200.

Egor Dzyubenko, Andrey Rozenberg, Dirk M. Hermann, and Andreas Faissner.

Colocalization of synapse marker proteins evaluated by sted-microscopy reveals

patterns of neuronal synapse distribution in vitro. Journal of Neuroscience Meth-

ods, 273:149–159, 2016. doi: 10.1016/j.jneumeth.2016.09.001.

Emmanuel Eggermann and Peter Jonas. How the ’slow’ ca2+ buffer parvalbumin af-

fects transmitter release in nanodomain-coupling regimes. Nature Neuroscience,

15(1):20–22, 2011. doi: 10.1038/nn.3002.

Emmanuel Eggermann, Iancu Bucurenciu, Sarit Pati Goswami, and Peter Jonas.

Nanodomain coupling between ca2+ channels and sensors of exocytosis at fast

mammalian synapses. Nature Reviews Neuroscience, 13(1):7–21, 2011. doi:

10.1038/nrn3125.

Susan L. Erickson and David A. Lewis. Postnatal development of parvalbumin-

and gaba transporter-immunoreactive axon terminals in monkey prefrontal cor-

tex. The Journal of Comparative Neurology, 448(2):186–202, 2002. doi:

10.1002/cne.10249.

Robert Esterberg, Dale W Hailey, Edwin W Rubel, and David W Raible. Er-

mitochondrial calcium flow underlies vulnerability of mechanosensory hair cells



BIBLIOGRAPHY 226

to damage. The Journal of neuroscience : the official journal of the Society for

Neuroscience, 34(29):9703–19, 2014. doi: 10.1523/JNEUROSCI.0281-14.2014.

Michelle C Faits, Chunmeng Zhang, Florentina Soto, and Daniel Kerschensteiner.

Dendritic mitochondria reach stable positions during circuit development. eLife,

5:e11583, 2016. doi: 10.7554/eLife.11583.

Anna Falkowska, Izabela Gutowska, Marta Goschorska, Przemysaw Nowacki, Dar-

iusz Chlubek, and Irena Baranowska-Bosiacka. Energy metabolism of the brain,

including the cooperation between astrocytes and neurons, especially in the con-

text of glycogen metabolism. International journal of molecular sciences, 16

(11):25959–81, 2015. doi: 10.3390/ijms161125939.

Clare Faux, Sonja Rakic, William Andrews, and Joanne M Britto. Neurons on the

move: migration and lamination of cortical interneurons. Neuro-Signals, 20(3):

168–89, 2012. doi: 10.1159/000334489.

Emilia Favuzzi, Andre Marques-Smith, Ruben Deogracias, Christian M. Winter-

flood, Alberto Sanchez-Aguilera, Laura Mantoan, Patricia Maeso, Cathy Fernan-

des, Helge Ewers, and Beatriz Rico. Activity-dependent gating of parvalbumin

interneuron function by the perineuronal net protein brevican. Neuron, 95(3):

639–655.e10, 2017. doi: 10.1016/j.neuron.2017.06.028.

Federica Filice, Karl Jakob Vorckel, Ayse Ozge Sungur, Markus Wohr, and Beat

Schwaller. Reduction in parvalbumin expression not loss of the parvalbumin-

expressing gaba interneuron subpopulation in genetic parvalbumin and shank

mouse models of autism. Molecular Brain, 9(1):10, 2016. doi: 10.1186/

s13041-016-0192-8.

Toren Finkel, Sara Menazza, Kira M Holmstrom, Randi J Parks, Julia Liu, Jun-

hui Sun, Jie Liu, Xin Pan, and Elizabeth Murphy. The ins and outs of mito-

chondrial calcium. Circulation research, 116(11):1810–9, 2015. doi: 10.1161/

CIRCRESAHA.116.305484.



BIBLIOGRAPHY 227

Andre Fisahn, Fenella G. Pike, Eberhard H. Buhl, and Ole Paulsen. Cholinergic

induction of network oscillations at 40hz in the hippocampus in vitro. Nature,

394(6689):186–189, 1998. doi: 10.1038/28179.

M W Fleck, S Hirotsune, M J Gambello, E Phillips-Tansey, G Suares, R F Mervis,

A Wynshaw-Boris, and C J McBain. Hippocampal abnormalities and enhanced

excitability in a murine model of human lissencephaly. The Journal of neuro-

science : the official journal of the Society for Neuroscience, 20(7):2439–50,

2000.

M.S. Forbes and N. Sperelakis. Association between mitochondria and gap junc-

tions in mammalian myocardial cells. Tissue and Cell, 14(1):25–37, 1982. doi:

10.1016/0040-8166(82)90004-0.

Asa Fransson, Aino Ruusala, and Pontus Aspenstrom. Atypical rho gtpases have

roles in mitochondrial homeostasis and apoptosis. The Journal of biological

chemistry, 278(8):6495–502, 2003. doi: 10.1074/jbc.M208609200.

Asa Fransson, Aino Ruusala, and Pontus Aspenstrom. The atypical rho gtpases

miro-1 and miro-2 have essential roles in mitochondrial trafficking. Biochem-

ical and Biophysical Research Communications, 344(2):500–510, 2006. doi:

10.1016/J.BBRC.2006.03.163.

Leanne M. Fraser, Richard E. Brown, Ahmed Hussin, Mara Fontana, Ashley

Whittaker, Timothy P. O’Leary, Lauren Lederle, Andrew Holmes, and Andre

Ramos. Measuring anxiety- and locomotion-related behaviours in mice: a

new way of using old tests. Psychopharmacology, 211(1):99–112, 2010. doi:

10.1007/s00213-010-1873-0.

Tamas F. Freund and Gyorgy Buzsaki. Interneurons of the hippocampus. Hip-

pocampus, 6(4):347–470, 1996. doi: 10.1002/(SICI)1098-1063(1996)6:4\&lt;

347::AID-HIPO1\&gt;3.0.CO;2-I.

Tamas F. Freund and Gyorgy Buzsaki. Interneurons of the hippocampus. Hip-



BIBLIOGRAPHY 228

pocampus, 6(4):347–470, 1998. doi: 10.1002/(SICI)1098-1063(1996)6:4〈347::

AID-HIPO1〉3.0.CO;2-I.

Elke C Fuchs, Aleksandar R Zivkovic, Mark O Cunningham, Steven Middleton,

Fiona E N Lebeau, David M Bannerman, Andrei Rozov, Miles A Whittington,

Roger D Traub, J Nicholas P Rawlins, and Hannah Monyer. Recruitment of

parvalbumin-positive interneurons determines hippocampal function and associ-

ated behavior. Neuron, 53(4):591–604, 2007. doi: 10.1016/j.neuron.2007.01.031.

Mario Galarreta and Shaul Hestrin. A network of fast-spiking cells in the neocortex

connected by electrical synapses. Nature, 402(6757):72–75, 1999. doi: 10.1038/

47029.

Lukas V. Galow, Justus Schneider, Andrea Lewen, Thuy-Truc Ta, Ismini E. Papa-

georgiou, and Oliver Kann. Energy substrates that fuel fast neuronal network

oscillations. Frontiers in Neuroscience, 8:398, 2014. doi: 10.3389/fnins.2014.

00398.

Jorg R.P Geiger, Joachim Lubke, Arnd Roth, Michael Frotscher, and Peter Jonas.

Submillisecond ampa receptor-mediated signaling at a principal neuroninterneu-

ron synapse. Neuron, 18(6):1009–1023, 1997. doi: 10.1016/S0896-6273(00)

80339-6.

Abed Ghanbari, Aleksey Malyshev, Maxim Volgushev, and Ian H. Stevenson.

Estimating short-term synaptic plasticity from pre- and postsynaptic spiking.

PLOS Computational Biology, 13(9):e1005738, 2017. doi: 10.1371/journal.pcbi.

1005738.

Jill R Glausier, Rosalinda C Roberts, and David A Lewis. Ultrastructural analysis

of parvalbumin synapses in human dorsolateral prefrontal cortex. The Journal of

comparative neurology, 525(9):2075–2089, 2017. doi: 10.1002/cne.24171.

Christine Grienberger and Arthur Konnerth. Imaging calcium in neurons. Neuron,

73(5):862–885, 2012. doi: 10.1016/J.NEURON.2012.02.011.



BIBLIOGRAPHY 229

A I Gulyas, M Megias, Z Emri, and T F Freund. Total number and ratio of excitatory

and inhibitory synapses converging onto single interneurons of different types in

the ca1 area of the rat hippocampus. The Journal of neuroscience : the official

journal of the Society for Neuroscience, 19(22):10082–97, 1999.

Attila I. Gulyas, Gyorgy Buzsaki, Tamas F. Freund, and Hajime Hirase. Popula-

tions of hippocampal inhibitory neurons express different levels of cytochrome

c. European Journal of Neuroscience, 23(10):2581–2594, 2006. doi: 10.1111/j.

1460-9568.2006.04814.x.

Thomas E. Gunter, David I. Yule, Karlene K. Gunter, Roman A. Eliseev, and Ja-

son D. Salter. Calcium and mitochondria. FEBS Letters, 567(1):96–102, 2004.

doi: 10.1016/j.febslet.2004.03.071.

Xiufang Guo, Greg T Macleod, Andrea Wellington, Fangle Hu, Sarvari Panchu-

marthi, Miriam Schoenfield, Leo Marin, Milton P Charlton, Harold L Atwood,

and Konrad E Zinsmaier. The gtpase dmiro is required for axonal transport

of mitochondria to drosophila synapses. Neuron, 47(3):379–93, 2005. doi:

10.1016/j.neuron.2005.06.027.

Norbert Hajos and Ole Paulsen. Network mechanisms of gamma oscillations in the

ca3 region of the hippocampus. Neural Networks, 22(8):1113–1119, 2009. doi:

10.1016/j.neunet.2009.07.024.

Norbert Hajos, Janos Palhalmi, Edward O Mann, Beata Nemeth, Ole Paulsen, and

Tamas F Freund. Spike timing of distinct types of gabaergic interneuron during

hippocampal gamma oscillations in vitro. The Journal of neuroscience : the

official journal of the Society for Neuroscience, 24(41):9127–37, 2004. doi: 10.

1523/JNEUROSCI.2113-04.2004.

Julia J Harris, Renaud Jolivet, and David Attwell. Synaptic energy use and supply.

Neuron, 75(5):762–77, 2012. doi: 10.1016/j.neuron.2012.08.019.

Kristen M. Harris and S B Kater. Dendritic spines: Cellular specializations impart-



BIBLIOGRAPHY 230

ing both stability and flexibility to synaptic function. Annual Review of Neuro-

science, 17(1):341–371, 1994. doi: 10.1146/annurev.ne.17.030194.002013.

CoreyC. Harwell, LuisC. Fuentealba, Adrian Gonzalez-Cerrillo, PhillipR.L. Parker,

CaitlynC. Gertz, Emanuele Mazzola, MiguelTurrero Garcia, Arturo Alvarez-

Buylla, ConstanceL. Cepko, and Arnold R. Kriegstein. Wide dispersion and

diversity of clonally related inhibitory interneurons. Neuron, 87(5):999–1007,

2015. doi: 10.1016/j.neuron.2015.07.030.

Takanori Hashimoto, David W Volk, Stephen M Eggan, Karoly Mirnics, Joseph N

Pierri, Zhuoxin Sun, Allan R Sampson, and David A Lewis. Gene expression

deficits in a subclass of gaba neurons in the prefrontal cortex of subjects with

schizophrenia. The Journal of neuroscience : the official journal of the Society

for Neuroscience, 23(15):6315–26, 2003.

Peter Hegemann and Georg Nagel. From channelrhodopsins to optogenetics.

EMBO molecular medicine, 5(2):173–6, 2013. doi: 10.1002/emmm.201202387.

Tim S Heistek, A Jaap Timmerman, Sabine Spijker, Arjen B Brussaard, and Huib-

ert D Mansvelder. Gabaergic synapse properties may explain genetic variation in

hippocampal network oscillations in mice. Frontiers in cellular neuroscience, 4:

18, 2010. doi: 10.3389/fncel.2010.00018.

Michael J Higley and Bernardo L Sabatini. Calcium signaling in dendritic spines.

Cold Spring Harbor perspectives in biology, 4(4):a005686, 2012. doi: 10.1101/

cshperspect.a005686.

Simon Hippenmeyer, Eline Vrieseling, Markus Sigrist, Thomas Portmann, Celia

Laengle, David R Ladle, and Silvia Arber. A developmental switch in the re-

sponse of drg neurons to ets transcription factor signaling. PLoS Biology, 3(5):

e159, 2005. doi: 10.1371/journal.pbio.0030159.

Nobutaka Hirokawa, Shinsuke Niwa, and Yosuke Tanaka. Molecular motors in

neurons: transport mechanisms and roles in brain function, development, and

disease. Neuron, 68(4):610–38, 2010. doi: 10.1016/j.neuron.2010.09.039.



BIBLIOGRAPHY 231

Chung-Han Hsieh, Atossa Shaltouki, Ashley E. Gonzalez, Alexandre Bettencourt

da Cruz, Lena F. Burbulla, Erica St. Lawrence, Birgitt Schle, Dimitri Krainc,

Theo D. Palmer, and Xinnan Wang. Functional impairment in miro degradation

and mitophagy is a shared feature in familial and sporadic parkinson’s disease.

Cell Stem Cell, 19(6):709–724, 2016. doi: 10.1016/J.STEM.2016.08.002.

H. Hu, J. Gan, and P. Jonas. Fast-spiking, parvalbumin+ gabaergic interneurons:

From cellular design to microcircuit function. Science, 345(6196):1255263–

1255263, 2014. doi: 10.1126/science.1255263.

Hua Hu, Fabian C. Roth, David Vandael, and Peter Jonas. Complementary tuning of

na + and k + channel gating underlies fast and energy-efficient action potentials

in gabaergic interneuron axons. Neuron, 98(1):156–165.e6, 2018. doi: 10.1016/

j.neuron.2018.02.024.

Z. J. Huang, G. Di Cristo, and F. Ango. Development of gaba innervation in the

cerebral and cerebellar cortices. Nature Reviews Neuroscience, 8(9):673–686,

2007. doi: 10.1038/nrn2188.

Christine Huchzermeyer, Klaus Albus, Hans-Jurgen Gabriel, Jakub Otahal, Nando

Taubenberger, Uwe Heinemann, Richard Kovacs, and Oliver Kann. Gamma os-

cillations and spontaneous network activity in the hippocampus are highly sen-

sitive to decreases in po2 and concomitant changes in mitochondrial redox state.

The Journal of neuroscience : the official journal of the Society for Neuroscience,

28(5):1153–62, 2008. doi: 10.1523/JNEUROSCI.4105-07.2008.

Christine Huchzermeyer, Nikolaus Berndt, Hermann-Georg Holzhtter, and Oliver

Kann. Oxygen consumption rates during three different neuronal activity states

in the hippocampal ca3 network. Journal of Cerebral Blood Flow & Metabolism,

33(2):263–271, 2013. doi: 10.1038/jcbfm.2012.165.

Anthony G Hudetz, Jeannette A Vizuete, and Siveshigan Pillay. Differential effects

of isoflurane on high-frequency and low-frequency γ oscillations in the cerebral



BIBLIOGRAPHY 232

cortex and hippocampus in freely moving rats. Anesthesiology, 114(3):588–95,

2011. doi: 10.1097/ALN.0b013e31820ad3f9.

Hannah F. Iaccarino, Annabelle C. Singer, Anthony J. Martorell, Andrii Rudenko,

Fan Gao, Tyler Z. Gillingham, Hansruedi Mathys, Jinsoo Seo, Oleg Kritskiy,

Fatema Abdurrob, Chinnakkaruppan Adaikkan, Rebecca G. Canter, Richard

Rueda, Emery N. Brown, Edward S. Boyden, and Li-Huei Tsai. Gamma fre-

quency entrainment attenuates amyloid load and modifies microglia. Nature, 540

(7632):230–235, 2016. doi: 10.1038/nature20587.

N. Inamura, T. Kimura, S. Tada, T. Kurahashi, M. Yanagida, Y. Yanagawa, K. Ike-

naka, and F. Murakami. Intrinsic and extrinsic mechanisms control the termina-

tion of cortical interneuron migration. Journal of Neuroscience, 32(17):6032–

6042, 2012. doi: 10.1523/JNEUROSCI.3446-11.2012.

Melis Inan, Mingrui Zhao, Monica Manuszak, Cansu Karakaya, Anjali M. Rajad-

hyaksha, Virginia M. Pickel, Theodore H. Schwartz, Peter A. Goldstein, and Gio-

vanni Manfredi. Energy deficit in parvalbumin neurons leads to circuit dysfunc-

tion, impaired sensory gating and social disability. Neurobiology of Disease, 93:

35–46, 2016. doi: 10.1016/J.NBD.2016.04.004.

M Isokawa. Membrane time constant as a tool to assess cell degeneration. Brain

research. Brain research protocols, 1(2):114–6, 1997.

Anton Ivanov, Marat Mukhtarov, Piotr Bregestovski, and Yuri Zilberter. Lactate

effectively covers energy demands during neuronal network activity in neonatal

hippocampal slices. Frontiers in neuroenergetics, 3:2, 2011. doi: 10.3389/fnene.

2011.00002.

X. Jiang, M. Lachance, and E. Rossignol. Involvement of cortical fast-spiking

parvalbumin-positive basket cells in epilepsy. Progress in Brain Research, 226:

81–126, 2016. doi: 10.1016/BS.PBR.2016.04.012.

Y Jiao, Z Sun, T Lee, F R Fusco, T D Kimble, C A Meade, S Cuthbertson, and

A Reiner. A simple and sensitive antigen retrieval method for free-floating and



BIBLIOGRAPHY 233

slide-mounted tissue sections. Journal of neuroscience methods, 93(2):149–62,

1999.

Peter Jonas, Josef Bischofberger, Desdemona Fricker, and Richard Miles. Interneu-

ron diversity series: Fast in, fast out temporal and spatial signal processing in

hippocampal interneurons. Trends in Neurosciences, 27(1):30–40, 2004. doi:

10.1016/j.tins.2003.10.010.

Gil Kanfer, Thibault Courtheoux, Martin Peterka, Sonja Meier, Martin Soste,

Andre Melnik, Katarina Reis, Pontus Aspenstrom, Matthias Peter, Paola Pi-

cotti, and Benoit Kornmann. Mitotic redistribution of the mitochondrial net-

work by miro and cenp-f. Nature Communications, 6(1):8015, 2015. doi:

10.1038/ncomms9015.

Jian-Sheng Kang, Jin-Hua Tian, Ping-Yue Pan, Philip Zald, Cuiling Li, Chuxia

Deng, and Zu-Hang Sheng. Docking of axonal mitochondria by syntaphilin con-

trols their mobility and affects short-term facilitation. Cell, 132(1):137–48, 2008.

doi: 10.1016/j.cell.2007.11.024.

Oliver Kann. The energy demand of fast neuronal network oscillations: insights

from brain slice preparations. Frontiers in pharmacology, 2:90, 2011. doi: 10.

3389/fphar.2011.00090.

Oliver Kann. The interneuron energy hypothesis: Implications for brain disease.

Neurobiology of Disease, 90:75–85, 2016. doi: 10.1016/J.NBD.2015.08.005.

Oliver Kann and Richard Kovacs. Mitochondria and neuronal activity. American

Journal of Physiology-Cell Physiology, 292(2):C641–C657, 2007. doi: 10.1152/

ajpcell.00222.2006.

Oliver Kann, Christine Huchzermeyer, Richard Kovcs, Stefanie Wirtz, and Markus

Schuelke. Gamma oscillations in the hippocampus require high complex i gene

expression and strong functional performance of mitochondria. Brain, 134(2):

345–358, 2011. doi: 10.1093/brain/awq333.



BIBLIOGRAPHY 234

Oliver Kann, Ismini E Papageorgiou, and Andreas Draguhn. Highly energized in-

hibitory interneurons are a central element for information processing in cortical

networks. Journal of Cerebral Blood Flow & Metabolism, 34(8):1270–1282,

2014. doi: 10.1038/jcbfm.2014.104.

Theofanis Karayannis, David Elfant, Icnelia Huerta-Ocampo, Sundeep Teki, Ri-

cardo S Scott, Dmitri A Rusakov, Mathew V Jones, and Marco Capogna. Slow

gaba transient and receptor desensitization shape synaptic responses evoked

by hippocampal neurogliaform cells. The Journal of neuroscience : the of-

ficial journal of the Society for Neuroscience, 30(29):9898–909, 2010. doi:

10.1523/JNEUROSCI.5883-09.2010.

Yu Kasugai, Jerome D. Swinny, J. David B. Roberts, Yannis Dalezios, Yugo

Fukazawa, Werner Sieghart, Ryuichi Shigemoto, and Peter Somogyi. Quanti-

tative localisation of synaptic and extrasynaptic gabaa receptor subunits on hip-

pocampal pyramidal cells by freeze-fracture replica immunolabelling. European

Journal of Neuroscience, 32(11):1868–1888, 2010. doi: 10.1111/j.1460-9568.

2010.07473.x.

Thomas Klausberger, J David B Roberts, and Peter Somogyi. Cell type- and input-

specific differences in the number and subtypes of synaptic gaba(a) receptors in

the hippocampus. The Journal of neuroscience : the official journal of the Society

for Neuroscience, 22(7):2513–21, 2002. doi: 20026228.

Julian L Klosowiak, Pamela J Focia, Srinivas Chakravarthy, Eric C Landahl, Dou-

glas M Freymann, and Sarah E Rice. Structural coupling of the ef hand and

c-terminal gtpase domains in the mitochondrial protein miro. EMBO reports, 14

(11):968–74, 2013. doi: 10.1038/embor.2013.151.

Julian L. Klosowiak, Sungjin Park, Kyle P. Smith, Michael E. French, Pamela J.

Focia, Douglas M. Freymann, and Sarah E. Rice. Structural insights into parkin

substrate lysine targeting from minimal miro substrates. Scientific Reports, 6(1):

33019, 2016. doi: 10.1038/srep33019.



BIBLIOGRAPHY 235

Yohei Kobayashi and Takao K. Hensch. Germline recombination by conditional

gene targeting with parvalbumin-cre lines. Frontiers in Neural Circuits, 7:168,

2013. doi: 10.3389/fncir.2013.00168.

Z. Kohus, S. Kali, L. Rovira-Esteban, D. Schlingloff, O. Papp, Tamas. F. Freund,

Norbet. Hajos, and Attila. I. Gulyas. Properties and dynamics of inhibitory synap-

tic communication within the ca3 microcircuits of pyramidal cells and interneu-

rons expressing parvalbumin or cholecystokinin. The Journal of Physiology, 594

(13):3745–3774, 2016. doi: 10.1113/JP272231.

Seok-Kyu Kwon, Richard Sando, Tommy L. Lewis, Yusuke Hirabayashi, Anton

Maximov, and Franck Polleux. Lkb1 regulates mitochondria-dependent presy-

naptic calcium clearance and neurotransmitter release properties at excitatory

synapses along cortical axons. PLOS Biology, 14(7):e1002516, 2016. doi:

10.1371/journal.pbio.1002516.

Charalampos Labrakakis, Uwe Rudolph, and Yves De Koninck. The heterogeneity

in gabaa receptor-mediated ipsc kinetics reflects heterogeneity of subunit compo-

sition among inhibitory and excitatory interneurons in spinal lamina ii. Frontiers

in Cellular Neuroscience, 8:424, 2014. doi: 10.3389/fncel.2014.00424.

Michael Levy, Guido C Faas, Peter Saggau, William J Craigen, and J David

Sweatt. Mitochondrial regulation of synaptic plasticity in the hippocampus. The

Journal of biological chemistry, 278(20):17727–34, 2003. doi: 10.1074/jbc.

M212878200.

David A Lewis, Allison A Curley, Jill R Glausier, and David W Volk. Cortical

parvalbumin interneurons and cognitive dysfunction in schizophrenia. Trends in

neurosciences, 35(1):57–67, 2012. doi: 10.1016/j.tins.2011.10.004.

TommyL. Lewis, GergelyF. Turi, Seok-Kyu Kwon, Attila Losonczy, and Franck

Polleux. Progressive decrease of mitochondrial motility during maturation of

cortical axons invitro and invivo. Current Biology, 26(19):2602–2608, 2016.

doi: 10.1016/j.cub.2016.07.064.



BIBLIOGRAPHY 236

Corentin LeMagueresse and Hannah Monyer. Gabaergic interneurons shape the

functional maturation of the cortex. Neuron, 77(3):388–405, 2013. doi: 10.1016/

J.NEURON.2013.01.011.

Yan Li, Seung Lim, David Hoffman, Pontus Aspenstrom, Howard J. Federoff, and

David A. Rempe. Hummr, a hypoxia- and hif-1αinducible protein, alters mito-

chondrial distribution and transport. The Journal of Cell Biology, 185(6):1065–

1081, 2009. doi: 10.1083/jcb.200811033.

Zheng Li, Ken-Ichi Okamoto, Yasunori Hayashi, and Morgan Sheng. The impor-

tance of dendritic mitochondria in the morphogenesis and plasticity of spines and

synapses. Cell, 119(6):873–87, 2004. doi: 10.1016/j.cell.2004.11.003.

Lee A. Ligon and Oswald Steward. Role of microtubules and actin filaments in the

movement of mitochondria in the axons and dendrites of cultured hippocampal

neurons. The Journal of Comparative Neurology, 427(3):351–361, 2000. doi:

10.1002/1096-9861(20001120)427:3〈351::AID-CNE3〉3.0.CO;2-R.

Jiandie Lin, Christoph Handschin, and Bruce M. Spiegelman. Metabolic control

through the pgc-1 family of transcription coactivators. Cell Metabolism, 1(6):

361–370, 2005. doi: 10.1016/j.cmet.2005.05.004.

ErikaG. Lin-Hendel, MeaganJ. McManus, DouglasC. Wallace, StewartA. Ander-

son, and JeffreyA. Golden. Differential mitochondrial requirements for radially

and non-radially migrating cortical neurons: Implications for mitochondrial dis-

orders. Cell Reports, 15(2):229–237, 2016. doi: 10.1016/j.celrep.2016.03.024.

Qiong A. Liu and Helen Shio. Mitochondrial morphogenesis, dendrite develop-

ment, and synapse formation in cerebellum require both bcl-w and the glutamate

receptor δ2. PLoS Genetics, 4(6):e1000097, 2008. doi: 10.1371/journal.pgen.

1000097.

Xingguo Liu, David Weaver, Orian Shirihai, and Gyorgy Hajnoczky. Mitochondrial

’kiss-and-run’: interplay between mitochondrial motility and fusion-fission dy-



BIBLIOGRAPHY 237

namics. The EMBO journal, 28(20):3074–89, 2009. doi: 10.1038/emboj.2009.

255.

M. H. Longair, D. A. Baker, and J. D. Armstrong. Simple neurite tracer: open source

software for reconstruction, visualization and analysis of neuronal processes.

Bioinformatics, 27(17):2453–2454, 2011. doi: 10.1093/bioinformatics/btr390.

Guillermina Lopez-Bendito, Juan Antonio Sanchez-Alcaniz, Ramon Pla, Victor

Borrell, Esther Pico, Miguel Valdeolmillos, and Oscar Marin. Chemokine signal-

ing controls intracortical migration and final distribution of gabaergic interneu-

rons. The Journal of neuroscience : the official journal of the Society for Neuro-

science, 28(7):1613–24, 2008. doi: 10.1523/JNEUROSCI.4651-07.2008.

Guillermo Lopez-Domenech, Roman Serrat, Serena Mirra, Salvatore D’Aniello,

Ildiko Somorjai, Alba Abad, Nathalia Vitureira, Elena Garcia-Arumi,

Maria Teresa Alonso, Macarena Rodriguez-Prados, Ferran Burgaya, Antoni L.

Andreu, Javier Garcia-Sancho, Ramon Trullas, Jordi Garcia-Fernandez, and Ed-

uardo Soriano. The eutherian armcx genes regulate mitochondrial trafficking in

neurons and interact with miro and trak2. Nature Communications, 3:814, 2012.

doi: 10.1038/ncomms1829.

Guillermo Lopez-Domenech, Nathalie F Higgs, Victoria Vaccaro, Hana Ros,

I Lorena Arancibia-Carcamo, Andrew F MacAskill, and Josef T Kittler. Loss

of dendritic complexity precedes neurodegeneration in a mouse model with dis-

rupted mitochondrial distribution in mature dendrites. Cell reports, 17(2):317–

327, 2016. doi: 10.1016/j.celrep.2016.09.004.

Guillermo Lopez-Domenech, Christian CovillCooke, Davor Ivankovic, Els F Halff,

David F Sheehan, Rosalind Norkett, Nicol Birsa, and Josef T Kittler. Miro

proteins coordinate microtubule and actindependent mitochondrial transport and

distribution. The EMBO Journal, page e96380, 2018. doi: 10.15252/EMBJ.

201696380.

Elizabeth K Lucas, Sean J Markwardt, Swati Gupta, James H Meador-Woodruff,



BIBLIOGRAPHY 238

Jiandie D Lin, Linda Overstreet-Wadiche, and Rita M Cowell. Parvalbumin de-

ficiency and gabaergic dysfunction in mice lacking pgc-1alpha. The Journal of

neuroscience : the official journal of the Society for Neuroscience, 30(21):7227–

35, 2010. doi: 10.1523/JNEUROSCI.0698-10.2010.

J. D. Ly, D. R. Grubb, and A. Lawen. The mitochondrial membrane potential (δψm)

in apoptosis; an update. APOPTOSIS, 8(2):115–128, 2003. doi: 10.1023/A:

1022945107762.

Huan Ma, Qian Cai, Wenbo Lu, Zu-Hang Sheng, and Sumiko Mochida. Kif5b mo-

tor adaptor syntabulin maintains synaptic transmission in sympathetic neurons.

The Journal of neuroscience : the official journal of the Society for Neuroscience,

29(41):13019–29, 2009. doi: 10.1523/JNEUROSCI.2517-09.2009.

Andrew F. MacAskill and Josef T. Kittler. Control of mitochondrial transport and

localization in neurons. Trends in Cell Biology, 20(2):102–112, 2010. doi: 10.

1016/J.TCB.2009.11.002.

Andrew F. MacAskill, Kieran Brickley, F. Anne Stephenson, and Josef T. Kittler.

Gtpase dependent recruitment of grif-1 by miro1 regulates mitochondrial traf-

ficking in hippocampal neurons. Molecular and Cellular Neuroscience, 40(3):

301–312, 2009. doi: 10.1016/J.MCN.2008.10.016.

Andrew F Macaskill, Johanne E Rinholm, Alison E Twelvetrees, I Lorena

Arancibia-Carcamo, James Muir, Asa Fransson, Pontus Aspenstrom, David At-

twell, and Josef T Kittler. Miro1 is a calcium sensor for glutamate receptor-

dependent localization of mitochondria at synapses. Neuron, 61(4):541–55, 2009.

doi: 10.1016/j.neuron.2009.01.030.

Linda Madisen, Tianyi Mao, Henner Koch, Jia-min Zhuo, Antal Berenyi,

Shigeyoshi Fujisawa, Yun-Wei A Hsu, Alfredo J Garcia, Xuan Gu, Sebastien

Zanella, Jolene Kidney, Hong Gu, Yimei Mao, Bryan M Hooks, Edward S Boy-

den, Gyorgy Buzsaki, Jan Marino Ramirez, Allan R Jones, Karel Svoboda, Xue

Han, Eric E Turner, and Hongkui Zeng. A toolbox of cre-dependent optogenetic



BIBLIOGRAPHY 239

transgenic mice for light-induced activation and silencing. Nature Neuroscience,

15(5):793–802, 2012. doi: 10.1038/nn.3078.

Christian Madry, Vasiliki Kyrargyri, I. Lorena Arancibia-Carcamo, Renaud Jolivet,

Shinichi Kohsaka, Robert M. Bryan, and David Attwell. Microglial ramification,

surveillance, and interleukin-1β release are regulated by the two-pore domain

k+ channel thik-1. Neuron, 97(2):299–312.e6, 2018. doi: 10.1016/J.NEURON.

2017.12.002.

Edward O. Mann, Jillian M. Suckling, Norbert Hajos, Susan A. Greenfield, and Ole

Paulsen. Perisomatic feedback inhibition underlies cholinergically induced fast

network oscillations in the rat hippocampus in vitro. Neuron, 45(1):105–117,

2005. doi: 10.1016/j.neuron.2004.12.016.

Wenjie Mao, Takuya Watanabe, Sukhee Cho, Jeffrey L. Frost, Tina Truong, Xiaohu

Zhao, and Kensuke Futai. Shank1 regulates excitatory synaptic transmission in

mouse hippocampal parvalbumin-expressing inhibitory interneurons. European

Journal of Neuroscience, 41(8):1025–1035, 2015. doi: 10.1111/ejn.12877.

O. Marin, M. Valiente, X. Ge, and L.-H. Tsai. Guiding neuronal cell migrations.

Cold Spring Harbor Perspectives in Biology, 2(2):a001834–a001834, 2010. doi:

10.1101/cshperspect.a001834.

Oscar Marin. Interneuron dysfunction in psychiatric disorders. Nature Reviews

Neuroscience, 13(2):107, 2012. doi: 10.1038/nrn3155.

Oscar Marin. Cellular and molecular mechanisms controlling the migration of

neocortical interneurons. European Journal of Neuroscience, 38(1):2019–2029,

2013. doi: 10.1111/ejn.12225.

Oscar Marin and John L. R. Rubenstein. A long, remarkable journey: Tangential

migration in the telencephalon. Nature Reviews Neuroscience, 2(11):780–790,

2001. doi: 10.1038/35097509.



BIBLIOGRAPHY 240

Henry Markram, Maria Toledo-Rodriguez, Yun Wang, Anirudh Gupta, Gilad Sil-

berberg, and Caizhi Wu. Interneurons of the neocortical inhibitory system. Na-

ture Reviews Neuroscience, 5(10):793–807, 2004. doi: 10.1038/nrn1519.

Francisco J Martini, Manuel Valiente, Guillermina Lopez Bendito, Gabor Sz-

abo, Fernando Moya, Miguel Valdeolmillos, and Oscar Marin. Biased selec-

tion of leading process branches mediates chemotaxis during tangential neu-

ronal migration. Development (Cambridge, England), 136(1):41–50, 2009. doi:

10.1242/dev.025502.

Elizabeth A. Matthews and Dirk Dietrich. Buffer mobility and the regulation of

neuronal calcium domains. Frontiers in Cellular Neuroscience, 9:48, 2015. doi:

10.3389/fncel.2015.00048.

Mark P Mattson, Marc Gleichmann, and Aiwu Cheng. Mitochondria in neu-

roplasticity and neurological disorders. Neuron, 60(5):748–66, 2008. doi:

10.1016/j.neuron.2008.10.010.

Christian Mayer, XavierH. Jaglin, LucyV. Cobbs, RachelC. Bandler, Carmen Stre-

icher, ConstanceL. Cepko, Simon Hippenmeyer, and Gord Fishell. Clonally re-

lated forebrain interneurons disperse broadly across both functional areas and

structural boundaries. Neuron, 87(5):989–998, 2015. doi: 10.1016/j.neuron.

2015.07.011.

Chris J. McBain and Andr Fisahn. Interneurons unbound. Nature Reviews Neuro-

science, 2(1):11–23, 2001. doi: 10.1038/35049047.

E C McNay and P E Gold. Extracellular glucose concentrations in the rat hippocam-

pus measured by zero-net-flux: effects of microdialysis flow rate, strain, and age.

Journal of neurochemistry, 72(2):785–90, 1999.

Erik Meijering, Oleh Dzyubachyk, and Ihor Smal. Methods for cell and par-

ticle tracking. Methods in Enzymology, 504:183–200, 2012. doi: 10.1016/

B978-0-12-391857-4.00009-4.



BIBLIOGRAPHY 241

Christine Metin, Jean-Pierre Baudoin, Sonja Rakic, and John G. Parnavelas. Cell

and molecular mechanisms involved in the migration of cortical interneurons.

European Journal of Neuroscience, 23(4):894–900, 2006. doi: 10.1111/j.

1460-9568.2006.04630.x.

Kristina D Micheva, Brad Busse, Nicholas C Weiler, Nancy O’Rourke, and

Stephen J Smith. Single-synapse analysis of a diverse synapse population:

proteomic imaging methods and markers. Neuron, 68(4):639–53, 2010. doi:

10.1016/j.neuron.2010.09.024.

Thomas Misgeld and Thomas L. Schwarz. Mitostasis in neurons: Maintaining mi-

tochondria in an extended cellular architecture. Neuron, 96(3):651–666, 2017.

doi: 10.1016/j.neuron.2017.09.055.

Albert Misko, Sirui Jiang, Iga Wegorzewska, Jeffrey Milbrandt, and Robert H

Baloh. Mitofusin 2 is necessary for transport of axonal mitochondria and in-

teracts with the miro/milton complex. The Journal of neuroscience : the of-

ficial journal of the Society for Neuroscience, 30(12):4232–40, 2010. doi:

10.1523/JNEUROSCI.6248-09.2010.

Annekathrin Moller, Claudia S Bauer, Rebecca N Cohen, Christopher P Webster,

and Kurt J De Vos. Amyotrophic lateral sclerosis-associated mutant sod1 inhibits

anterograde axonal transport of mitochondria by reducing miro1 levels. Human

Molecular Genetics, 26(23):4668–4679, 2017. doi: 10.1093/hmg/ddx348.

Andrew S. Moore, Yvette C. Wong, Cory L. Simpson, and Erika L. F. Holzbaur. Dy-

namic actin cycling through mitochondrial subpopulations locally regulates the

fissionfusion balance within mitochondrial networks. Nature Communications,

7:12886, 2016. doi: 10.1038/ncomms12886.

G. M. Morotz, K. J. De Vos, A. Vagnoni, Steven Ackerley, C. E. Shaw, and C. C. J.

Miller. Amyotrophic lateral sclerosis-associated mutant vapbp56s perturbs cal-

cium homeostasis to disrupt axonal transport of mitochondria. Human Molecular

Genetics, 21(9):1979–1988, 2012. doi: 10.1093/hmg/dds011.



BIBLIOGRAPHY 242

R L Morris and P J Hollenbeck. Axonal transport of mitochondria along micro-

tubules and f-actin in living vertebrate neurons. The Journal of cell biology, 131

(5):1315–26, 1995.

Harvey J Motulsky and Ronald E Brown. Detecting outliers when fitting data with

nonlinear regression - a new method based on robust nonlinear regression and

the false discovery rate. BMC Bioinformatics, 7(1):123, 2006. doi: 10.1186/

1471-2105-7-123.

Fernando Moya and Miguel Valdeolmillos. Polarized increase of calcium and nu-

cleokinesis in tangentially migrating neurons. Cerebral Cortex, 14(6):610–618,

2004. doi: 10.1093/cercor/bhh022.

Andrew J Murray, Jonas-Frederic Sauer, Gernot Riedel, Christina McClure, Laura

Ansel, Lesley Cheyne, Marlene Bartos, William Wisden, and Peer Wulff.

Parvalbumin-positive ca1 interneurons are required for spatial working but not

for reference memory. Nature Neuroscience, 14(3):297–299, 2011. doi: 10.

1038/nn.2751.

Andrew J. Murray, Marta U. Woloszynowska-Fraser, Laura Ansel-Bollepalli, Katy

L. H. Cole, Angelica Foggetti, Barry Crouch, Gernot Riedel, and Peer Wulff.

Parvalbumin-positive interneurons of the prefrontal cortex support working mem-

ory and cognitive flexibility. Scientific Reports, 5(1):16778, 2015. doi: 10.1038/

srep16778.

Darren R. Myatt, Tye Hadlington, Giorgio A. Ascoli, and Slawomir J. Nasuto. Neu-

romantic from semi-manual to semi-automatic reconstruction of neuron mor-

phology. Frontiers in Neuroinformatics, 6:4, 2012. doi: 10.3389/fninf.2012.

00004.

Bagirathy Nadarajah, Pavlos Alifragis, Rachel O. L. Wong, and John G. Parnave-

las. Ventricle-directed migration in the developing cerebral cortex. Nature Neu-

roscience, 5(3):218–224, 2002. doi: 10.1038/nn813.



BIBLIOGRAPHY 243

Tammy T Nguyen, Sang S Oh, David Weaver, Agnieszka Lewandowska, Dane

Maxfield, Max-Hinderk Schuler, Nathan K Smith, Jane Macfarlane, Gerald Saun-

ders, Cheryl A Palmer, Valentina Debattisti, Takumi Koshiba, Stefan Pulst, Eva L

Feldman, Gyorgy Hajnoczky, and Janet M Shaw. Loss of miro1-directed mito-

chondrial movement results in a novel murine model for neuron disease. Pro-

ceedings of the National Academy of Sciences of the United States of America,

111(35):E3631–40, 2014. doi: 10.1073/pnas.1402449111.

David G Nicholls. Simultaneous monitoring of ionophore- and inhibitor-mediated

plasma and mitochondrial membrane potential changes in cultured neurons. The

Journal of biological chemistry, 281(21):14864–74, 2006. doi: 10.1074/jbc.

M510916200.

David G. Nicholls and Samantha L. Budd. Neuronal excitotoxicity: the role of

mitochondria. BioFactors (Oxford, England), 8(3-4):287–99, 1998.

David G. Nicholls and Samantha L. Budd. Mitochondria and neuronal survival.

Physiological Reviews, 80(1):315–360, 2000. doi: 10.1152/physrev.2000.80.1.

315.

David G Nicholls, Sabino Vesce, Liana Kirk, and Susan Chalmers. Interactions

between mitochondrial bioenergetics and cytoplasmic calcium in cultured cere-

bellar granule cells. Cell Calcium, 34(4-5):407–424, 2003. doi: 10.1016/

S0143-4160(03)00144-1.

Feng Nie and Margaret T. T. Wong-Riley. Double labeling of gaba and cytochrome

oxidase in the macaque visual cortex: Quantitative em analysis. The Journal of

Comparative Neurology, 356(1):115–131, 1995. doi: 10.1002/cne.903560108.

Robert F. Niescier, Sang Kyu Kwak, Se Hun Joo, Karen T. Chang, and Kyung-

Tai Min. Dynamics of mitochondrial transport in axons. Frontiers in Cellular

Neuroscience, 10:123, 2016. doi: 10.3389/fncel.2016.00123.

Jrn Niessing, Boris Ebisch, Kerstin E Schmidt, Michael Niessing, Wolf Singer, and

Ralf A W Galuske. Hemodynamic signals correlate tightly with synchronized



BIBLIOGRAPHY 244

gamma oscillations. Science (New York, N.Y.), 309(5736):948–51, 2005. doi:

10.1126/science.1110948.

Anja Norenberg, Hua Hu, Imre Vida, Marlene Bartos, and Peter Jonas. Dis-

tinct nonuniform cable properties optimize rapid and efficient activation of fast-

spiking gabaergic interneurons. Proceedings of the National Academy of Sci-

ences of the United States of America, 107(2):894–9, 2010. doi: 10.1073/pnas.

0910716107.

Rosalind Norkett, Souvik Modi, Nicol Birsa, Talia A Atkin, Davor Ivankovic,

Manav Pathania, Svenja V Trossbach, Carsten Korth, Warren D Hirst, and Josef T

Kittler. Disc1-dependent regulation of mitochondrial dynamics controls the mor-

phogenesis of complex neuronal dendrites. The Journal of biological chemistry,

291(2):613–29, 2016. doi: 10.1074/jbc.M115.699447.

Z Nusser, D Naylor, and I Mody. Synapse-specific contribution of the variation of

transmitter concentration to the decay of inhibitory postsynaptic currents. Bio-

physical journal, 80(3):1251–61, 2001. doi: 10.1016/S0006-3495(01)76101-2.

Yuki Oe, Otto Baba, Hitoshi Ashida, Kouichi C Nakamura, and Hajime Hirase.

Glycogen distribution in the microwave-fixed mouse brain reveals heterogeneous

astrocytic patterns. Glia, 64(9):1532–45, 2016. doi: 10.1002/glia.23020.

Fumiaki Ogawa, Elise L.V. Malavasi, Darragh K. Crummie, Jennifer E. Eykelen-

boom, Dinesh C. Soares, Shaun Mackie, David J. Porteous, and J. Kirsty Millar.

Disc1 complexes with trak1 and miro1 to modulate anterograde axonal mito-

chondrial trafficking. Human Molecular Genetics, 23(4):906–919, 2014. doi:

10.1093/hmg/ddt485.

M Okada, K Onodera, C Van Renterghem, W Sieghart, and T Takahashi. Functional

correlation of gaba(a) receptor alpha subunits expression with the properties of

ipscs in the developing thalamus. The Journal of neuroscience : the official

journal of the Society for Neuroscience, 20(6):2202–8, 2000.



BIBLIOGRAPHY 245

Benjamin W Okaty, Mark N Miller, Ken Sugino, Chris M Hempel, and Sacha B

Nelson. Transcriptional and electrophysiological maturation of neocortical fast-

spiking gabaergic interneurons. The Journal of neuroscience : the official jour-

nal of the Society for Neuroscience, 29(21):7040–52, 2009. doi: 10.1523/

JNEUROSCI.0105-09.2009.

Iris Oren, Edward O Mann, Ole Paulsen, and Norbert Hajos. Synaptic currents

in anatomically identified ca3 neurons during hippocampal gamma oscillations

in vitro. The Journal of neuroscience : the official journal of the Society for

Neuroscience, 26(39):9923–34, 2006. doi: 10.1523/JNEUROSCI.1580-06.2006.

Laura D. Osellame, Thomas S. Blacker, and Michael R. Duchen. Cellular and

molecular mechanisms of mitochondrial function. Best Practice & Research

Clinical Endocrinology & Metabolism, 26(6):711–723, 2012. doi: 10.1016/J.

BEEM.2012.05.003.

Adam M Packer and Rafael Yuste. Dense, unspecific connectivity of neocortical

parvalbumin-positive interneurons: a canonical microcircuit for inhibition? The

Journal of neuroscience : the official journal of the Society for Neuroscience, 31

(37):13260–71, 2011. doi: 10.1523/JNEUROSCI.3131-11.2011.

Raz Palty, William F Silverman, Michal Hershfinkel, Teresa Caporale, Stefano L

Sensi, Julia Parnis, Christiane Nolte, Daniel Fishman, Varda Shoshan-Barmatz,

Sharon Herrmann, Daniel Khananshvili, and Israel Sekler. Nclx is an essential

component of mitochondrial na+/ca2+ exchange. Proceedings of the National

Academy of Sciences of the United States of America, 107(1):436–41, 2010. doi:

10.1073/pnas.0908099107.

Young-Un Park, Jaehoon Jeong, Haeryun Lee, Ji Young Mun, Joung-Hun Kim,

Jong Seo Lee, Minh Dang Nguyen, Sung Sik Han, Pann-Ghill Suh, and Sang Ki

Park. Disrupted-in-schizophrenia 1 (disc1) plays essential roles in mitochondria

in collaboration with mitofilin. Proceedings of the National Academy of Sciences



BIBLIOGRAPHY 246

of the United States of America, 107(41):17785–90, 2010. doi: 10.1073/pnas.

1004361107.

Anant B Patel, Robin A de Graaf, Graeme F Mason, Douglas L Rothman, Robert G

Shulman, and Kevin L Behar. The contribution of gaba to glutamate/glutamine

cycling and energy metabolism in the rat cortex in vivo. Proceedings of the

National Academy of Sciences of the United States of America, 102(15):5588–

93, 2005. doi: 10.1073/pnas.0501703102.

Divya Pathak, Lauren Y Shields, Bryce A Mendelsohn, Dominik Haddad, Wei Lin,

Akos A Gerencser, Hwajin Kim, Martin D Brand, Robert H Edwards, and Ken

Nakamura. The role of mitochondrially derived atp in synaptic vesicle recycling.

The Journal of biological chemistry, 290(37):22325–36, 2015. doi: 10.1074/jbc.

M115.656405.

Manav Pathania, Elizabeth Claire Davenport, James Muir, David F Sheehan,

Guillermo Lopez-Domenech, and Josef T Kittler. The autism and schizophre-

nia associated gene cyfip1 is critical for the maintenance of dendritic complexity

and the stabilization of mature spines. Translational Psychiatry, 4(3):e374–e374,

2014. doi: 10.1038/tp.2014.16.

Anirban Paul, Megan Crow, Ricardo Raudales, Miao He, Jesse Gillis, and Z Josh

Huang. Transcriptional architecture of synaptic communication delineates

gabaergic neuron identity. Cell, 171(3):522–539.e20, 2017. doi: 10.1016/j.cell.

2017.08.032.

Thomas L. Pauls, Jos A. Cox, and Martin W. Berchtold. The ca2+-binding proteins

parvalbumin and oncomodulin and their genes: new structural and functional

findings. Biochimica et Biophysica Acta (BBA) - Gene Structure and Expression,

1306(1):39–54, 1996. doi: 10.1016/0167-4781(95)00221-9.

Kenneth A. Pelkey, Ramesh Chittajallu, Michael T. Craig, Ludovic Tricoire, Ja-

son C. Wester, and Chris J. McBain. Hippocampal gabaergic inhibitory interneu-



BIBLIOGRAPHY 247

rons. Physiological Reviews, 97(4):1619–1747, 2017. doi: 10.1152/physrev.

00007.2017.

KennethA. Pelkey, Elizabeth Barksdale, MichaelT. Craig, Xiaoqing Yuan, Madhav

Sukumaran, GeoffreyA. Vargish, RobertM. Mitchell, MeganS. Wyeth, RonaldS.

Petralia, Ramesh Chittajallu, Rose-Marie Karlsson, HeatherA. Cameron, Ya-

sunobu Murata, MatthewT. Colonnese, PaulF. Worley, and ChrisJ. McBain. Pen-

traxins coordinate excitatory synapse maturation and circuit integration of par-

valbumin interneurons. Neuron, 90(3):661, 2016. doi: 10.1016/j.neuron.2016.

04.024.

Anh H. Pham, J. Michael McCaffery, and David C. Chan. Mouse lines with photo-

activatable mitochondria to study mitochondrial dynamics. genesis, 50(11):833–

843, 2012. doi: 10.1002/dvg.22050.

F G Pike, R S Goddard, J M Suckling, P Ganter, N Kasthuri, and O Paulsen. Distinct

frequency preferences of different types of rat hippocampal neurones in response

to oscillatory input currents. The Journal of physiology, 529 Pt 1:205–13, 2000.

Franck Polleux, Kristin L. Whitford, Paul A. Dijkhuizen, Tania Vitalis, and Anirvan

Ghosh. Control of cortical interneuron migration by neurotrophins and pi3-kinase

signaling. Development, 129(13), 2002.

Gordon L. Rintoul and Ian J. Reynolds. Mitochondrial trafficking and morphology

in neuronal injury. Biochimica et Biophysica Acta (BBA) - Molecular Basis of

Disease, 1802(1):143–150, 2010. doi: 10.1016/J.BBADIS.2009.09.005.

E. L. Roberts. 2.1 the support of energy metabolism in the central nervous sys-

tem with substrates other than glucose. In Handbook of Neurochemistry and

Molecular Neurobiology, pages 137–179. Springer US, Boston, MA, 2007. doi:

10.1007/978-0-387-30411-3 7.

Alvaro Rodriguez, Hanqing Zhang, Jonatan Klaminder, Tomas Brodin, Patrik L.

Andersson, and Magnus Andersson. Toxtrac: A fast and robust software for



BIBLIOGRAPHY 248

tracking organisms. Methods in Ecology and Evolution, 2017. doi: 10.1111/

2041-210X.12874.

Gary J Russo, Kathryn Louie, Andrea Wellington, Greg T Macleod, Fangle Hu,

Sarvari Panchumarthi, and Konrad E Zinsmaier. Drosophila miro is required for

both anterograde and retrograde axonal mitochondrial transport. The Journal of

neuroscience : the official journal of the Society for Neuroscience, 29(17):5443–

55, 2009. doi: 10.1523/JNEUROSCI.5417-08.2009.

Rajiv Sainath, Andrea Ketschek, Leah Grandi, and Gianluca Gallo. Cspgs inhibit

axon branching by impairing mitochondria-dependent regulation of actin dynam-

ics and axonal translation. Developmental Neurobiology, 77(4):454–473, 2017.

doi: 10.1002/dneu.22420.

Marija Sajic, Vincenzo Mastrolia, Chao Yu Lee, Diogo Trigo, Mona Sadeghian,

Angelina J. Mosley, Norman A. Gregson, Michael R. Duchen, and Kenneth J.

Smith. Impulse conduction increases mitochondrial transport in adult mammalian

peripheral nerves in vivo. PLoS Biology, 11(12):e1001754, 2013. doi: 10.1371/

journal.pbio.1001754.

D. B. Salkoff, E. Zagha, O. Yuzgec, and D. A. McCormick. Synaptic mechanisms of

tight spike synchrony at gamma frequency in cerebral cortex. Journal of Neuro-

science, 35(28):10236–10251, 2015. doi: 10.1523/JNEUROSCI.0828-15.2015.

Masao Saotome, Dzhamilja Safiulina, Gyorgy Szabadkai, Sudipto Das, Asa Frans-

son, Pontus Aspenstrom, Rosario Rizzuto, and Gyrgy Hajnczky. Bidirectional

ca2+-dependent control of mitochondrial dynamics by the miro gtpase. Proceed-

ings of the National Academy of Sciences of the United States of America, 105

(52):20728–33, 2008. doi: 10.1073/pnas.0808953105.

R C Scaduto and L W Grotyohann. Measurement of mitochondrial membrane po-

tential using fluorescent rhodamine derivatives. Biophysical journal, 76(1 Pt 1):

469–77, 1999. doi: 10.1016/S0006-3495(99)77214-0.



BIBLIOGRAPHY 249

Edith M Schneider Gasser, Carolin J Straub, Patrizia Panzanelli, Oliver Wein-

mann, Marco Sassoe-Pognetto, and Jean-Marc Fritschy. Immunofluorescence

in brain sections: simultaneous detection of presynaptic and postsynaptic pro-

teins in identified neurons. Nature Protocols, 1(4):1887–1897, 2006. doi:

10.1038/nprot.2006.265.

A Schurr and R S Payne. Lactate, not pyruvate, is neuronal aerobic glycolysis

end product: An in vitro electrophysiological study. 2007. doi: 10.1016/j.

neuroscience.2007.05.002.

B. Schwaller. The continuing disappearance of pure ca2+buffers. Cellu-

lar and Molecular Life Sciences, 66(2):275–300, 2009. doi: 10.1007/

s00018-008-8564-6.

B. Schwaller. Cytosolic ca2+ buffers. Cold Spring Harbor Perspectives in Biology,

2(11):a004051–a004051, 2010. doi: 10.1101/cshperspect.a004051.

Thomas L Schwarz. Mitochondrial trafficking in neurons. Cold Spring Harbor

perspectives in biology, 5(6):a011304, 2013. doi: 10.1101/cshperspect.a011304.

Michael L. Seibenhener and Michael C. Wooten. Use of the open field maze to

measure locomotor and anxiety-like behavior in mice. Journal of Visualized Ex-

periments, (96):e52434–e52434, 2015. doi: 10.3791/52434.

Diego Sepulveda-Falla, Alvaro Barrera-Ocampo, Christian Hagel, Anne Korwitz,

Maria Fernanda Vinueza-Veloz, Kuikui Zhou, Martijn Schonewille, Haibo Zhou,

Luis Velazquez-Perez, Roberto Rodriguez-Labrada, Andres Villegas, Isidro Fer-

rer, Francisco Lopera, Thomas Langer, Chris I. De Zeeuw, and Markus Glatzel.

Familial alzheimer’s diseaseassociated presenilin-1 alters cerebellar activity and

calcium homeostasis. The Journal of Clinical Investigation, 124(4):1552–1567,

2014. doi: 10.1172/JCI66407.

Zu-Hang Sheng. Mitochondrial trafficking and anchoring in neurons: New insight

and implications. The Journal of cell biology, 204(7):1087–98, 2014. doi: 10.

1083/jcb.201312123.



BIBLIOGRAPHY 250

Zu-Hang Sheng and Qian Cai. Mitochondrial transport in neurons: impact on

synaptic homeostasis and neurodegeneration. Nature reviews. Neuroscience, 13

(2):77–93, 2012. doi: 10.1038/nrn3156.

Gordon M. G. Shepherd and Kristen M. Harris. Three-dimensional structure and

composition of ca3ca1 axons in rat hippocampal slices: Implications for presy-

naptic connectivity and compartmentalization. Journal of Neuroscience, 18(20),

1998.

Ping Shi, Jozsef Gal, David M. Kwinter, Xiaoyan Liu, and Haining Zhu. Mi-

tochondrial dysfunction in amyotrophic lateral sclerosis. Biochimica et Bio-

physica Acta (BBA) - Molecular Basis of Disease, 1802(1):45–51, 2010. doi:

10.1016/J.BBADIS.2009.08.012.

A Sik, M Penttonen, A Ylinen, and Gyorgy Buzsaki. Hippocampal ca1 interneu-

rons: an in vivo intracellular labeling study. The Journal of neuroscience : the

official journal of the Society for Neuroscience, 15(10):6651–65, 1995.

Laura Smit-Rigter, Rajeev Rajendran, CatiaA.P. Silva, Liselot Spierenburg, Femke

Groeneweg, EmmaM. Ruimschotel, Danielle vanVersendaal, Chris vanderTogt,

UlfT. Eysel, J.Alexander Heimel, Christian Lohmann, and ChristiaanN. Levelt.

Mitochondrial dynamics in visual cortex are limited in vivo and not affected by

axonal structural plasticity. Current Biology, 26(19):2609–2616, 2016. doi: 10.

1016/j.cub.2016.07.033.

George M. Smith and Gianluca Gallo. The role of mitochondria in axon develop-

ment and regeneration. Developmental Neurobiology, 2017. doi: 10.1002/dneu.

22546.

Heather L Smith, Jennifer N Bourne, Guan Cao, Michael A Chirillo, Linnaea E

Ostroff, Deborah J Watson, and Kristen M Harris. Mitochondrial support of

persistent presynaptic vesicle mobilization with age-dependent synaptic growth

after ltp. eLife, 5, 2016. doi: 10.7554/eLife.15275.



BIBLIOGRAPHY 251

Vikaas S Sohal. How close are we to understanding what (if anything) γ os-

cillations do in cortical circuits? The Journal of neuroscience : the offi-

cial journal of the Society for Neuroscience, 36(41):10489–10495, 2016. doi:

10.1523/JNEUROSCI.0990-16.2016.

Vikaas S. Sohal, Feng Zhang, Ofer Yizhar, and Karl Deisseroth. Parvalbumin neu-

rons and gamma rhythms enhance cortical circuit performance. Nature, 459

(7247):698–702, 2009. doi: 10.1038/nature07991.

L Sokoloff, M Reivich, C Kennedy, M H Des Rosiers, C S Patlak, K D Pettigrew,

O Sakurada, and M Shinohara. The [14c]deoxyglucose method for the measure-

ment of local cerebral glucose utilization: theory, procedure, and normal values

in the conscious and anesthetized albino rat. Journal of neurochemistry, 28(5):

897–916, 1977.

Peter Somogyi and Thomas Klausberger. Defined types of cortical interneurone

structure space and spike timing in the hippocampus. The Journal of Physiology,

562(1):9–26, 2005. doi: 10.1113/jphysiol.2004.078915.

Mirela Spillane, Andrea Ketschek, Tanuja T Merianda, Jeffery L Twiss, and Gi-

anluca Gallo. Mitochondria coordinate sites of axon branching through local-

ized intra-axonal protein synthesis. Cell reports, 5(6):1564–75, 2013. doi:

10.1016/j.celrep.2013.11.022.

Terri-Leigh Stephen, Nathalie F Higgs, David F Sheehan, Sana Al Awabdh,

Guillermo Lopez-Domenech, I Lorena Arancibia-Carcamo, and Josef T Kittler.

Miro1 regulates activity-driven positioning of mitochondria within astrocytic pro-

cesses apposed to synapses to regulate intracellular calcium signaling. The Jour-

nal of neuroscience : the official journal of the Society for Neuroscience, 35(48):

15996–6011, 2015. doi: 10.1523/JNEUROSCI.2068-15.2015.

Pascal Steullet, Jan-Harry Cabungcal, Anita Kulak, Rudolf Kraftsik, Ying Chen,

Timothy P Dalton, Michel Cuenod, and Kim Q Do. Redox dysregulation affects

the ventral but not dorsal hippocampus: impairment of parvalbumin neurons,



BIBLIOGRAPHY 252

gamma oscillations, and related behaviors. The Journal of neuroscience : the

official journal of the Society for Neuroscience, 30(7):2547–58, 2010. doi: 10.

1523/JNEUROSCI.3857-09.2010.

Pascal Steullet, Jan-Harry Cabungcal, J Coyle, M Didriksen, K Gill, A A Grace,

T K Hensch, A-S LaMantia, L Lindemann, T M Maynard, U Meyer, H Morishita,

P O’Donnell, M Puhl, M Cuenod, and K Q Do. Oxidative stress-driven parvalbu-

min interneuron impairment as a common mechanism in models of schizophre-

nia. Molecular Psychiatry, 22(7):936–943, 2017. doi: 10.1038/mp.2017.47.

L. Stoppini, P.-A. Buchs, and D. Muller. A simple method for organotypic cultures

of nervous tissue. Journal of Neuroscience Methods, 37(2):173–182, 1991. doi:

10.1016/0165-0270(91)90128-M.

Tao Sun, Haifa Qiao, Ping-Yue Pan, Yanmin Chen, and Zu-Hang Sheng. Motile

axonal mitochondria contribute to the variability of presynaptic strength. Cell

reports, 4(3):413–419, 2013. doi: 10.1016/j.celrep.2013.06.040.

Gabor Tamas, Eberhard H. Buhl, Andrea Lorincz, and Peter Somogyi. Proximally

targeted gabaergic synapses and gap junctions synchronizecortical interneurons.

Nature Neuroscience, 3(4):366–371, 2000. doi: 10.1038/73936.

Y Tanaka, Y Kanai, Y Okada, S Nonaka, S Takeda, A Harada, and N Hirokawa.

Targeted disruption of mouse conventional kinesin heavy chain, kif5b, results in

abnormal perinuclear clustering of mitochondria. Cell, 93(7):1147–58, 1998.

Vyara Todorova and Arjan Blokland. Mitochondria and synaptic plasticity in the

mature and aging nervous system. Current Neuropharmacology, 15(1):166–173,

2016. doi: 10.2174/1570159X14666160414111821.

Philip Tovote, Jonathan Paul Fadok, and Andreas Lthi. Neuronal circuits for fear

and anxiety. Nature Reviews Neuroscience, 16(6):317–331, 2015. doi: 10.1038/

nrn3945.



BIBLIOGRAPHY 253

Yoshihide Tsujimoto and Shigeomi Shimizu. Role of the mitochondrial membrane

permeability transition in cell death. Apoptosis, 12(5):835–840, 2007. doi: 10.

1007/s10495-006-0525-7.

John J Tukker, Balint Lasztoczi, Linda Katona, J David B Roberts, Eleftheria K

Pissadaki, Yannis Dalezios, Laszlo Marton, Limei Zhang, Thomas Klausberger,

and Peter Somogyi. Distinct dendritic arborization and in vivo firing patterns of

parvalbumin-expressing basket cells in the hippocampal area ca3. The Journal

of neuroscience : the official journal of the Society for Neuroscience, 33(16):

6809–25, 2013. doi: 10.1523/JNEUROSCI.5052-12.2013.

Peter J. Uhlhaas and Wolf Singer. Abnormal neural oscillations and synchrony in

schizophrenia. Nature Reviews Neuroscience, 11(2):100–113, 2010. doi: 10.

1038/nrn2774.

Victoria Vaccaro, Michael J Devine, Nathalie F Higgs, and Josef T Kittler. Miro1-

dependent mitochondrial positioning drives the rescaling of presynaptic ca2+ sig-

nals during homeostatic plasticity. EMBO reports, 18(2):231–240, 2017. doi:

10.15252/embr.201642710.

Myrrhe vanSpronsen, Marina Mikhaylova, Joanna Lipka, MaxA. Schlager, DaveJ.

vandenHeuvel, Marijn Kuijpers, PhebeS. Wulf, Nanda Keijzer, Jeroen Dem-

mers, LukasC. Kapitein, Dick Jaarsma, HansC. Gerritsen, Anna Akhmanova,

and CasperC. Hoogenraad. Trak/milton motor-adaptor proteins steer mitochon-

drial trafficking to axons and dendrites. Neuron, 77(3):485–502, 2013. doi:

10.1016/j.neuron.2012.11.027.

Laure Verret, EdwardO. Mann, GiaoB. Hang, AlbertM.I. Barth, Inma Cobos, Kait-

lyn Ho, Nino Devidze, Eliezer Masliah, AnatolC. Kreitzer, Istvan Mody, Lennart

Mucke, and JorgeJ. Palop. Inhibitory interneuron deficit links altered network

activity and cognitive dysfunction in alzheimer model. Cell, 149(3):708–721,

2012. doi: 10.1016/J.CELL.2012.02.046.

Patrik Verstreken, Cindy V Ly, Koen J T Venken, Tong-Wey Koh, Yi Zhou, and



BIBLIOGRAPHY 254

Hugo J Bellen. Synaptic mitochondria are critical for mobilization of reserve pool

vesicles at drosophila neuromuscular junctions. Neuron, 47(3):365–78, 2005.

doi: 10.1016/j.neuron.2005.06.018.

Martin Vreugdenhil, John G. R. Jefferys, Marco R. Celio, and Beat Schwaller.

Parvalbumin-deficiency facilitates repetitive ipscs and gamma oscillations in

the hippocampus. Journal of Neurophysiology, 89(3):1414–1422, 2003. doi:

10.1152/jn.00576.2002.

Xinglong Wang, George Perry, Mark A Smith, and Xiongwei Zhu. Amyloid-

beta-derived diffusible ligands cause impaired axonal transport of mitochondria

in neurons. Neuro-degenerative diseases, 7(1-3):56–9, 2010. doi: 10.1159/

000283484.

Xinnan Wang and Thomas L Schwarz. The mechanism of ca2+ -dependent regula-

tion of kinesin-mediated mitochondrial motility. Cell, 136(1):163–74, 2009. doi:

10.1016/j.cell.2008.11.046.

S.L. Wearne, A. Rodriguez, D.B. Ehlenberger, A.B. Rocher, S.C. Henderson,

and P.R. Hof. New techniques for imaging, digitization and analysis of three-

dimensional neural morphology on multiple scales. Neuroscience, 136(3):661–

680, 2005. doi: 10.1016/J.NEUROSCIENCE.2005.05.053.

Elizabeth Webber, Lian Li, and Lih-Shen Chin. Hypertonia-associated protein trak1

is a novel regulator of endosome-to-lysosome trafficking. Journal of Molecular

Biology, 382(3):638–651, 2008. doi: 10.1016/J.JMB.2008.07.045.

Edwin J Weeber, Michael Levy, Margaret J Sampson, Keltoum Anflous, Dawna L

Armstrong, Sarah E Brown, J David Sweatt, and William J Craigen. The role of

mitochondrial porins and the permeability transition pore in learning and synaptic

plasticity. The Journal of biological chemistry, 277(21):18891–7, 2002. doi:

10.1074/jbc.M201649200.

R. G. Whittaker, D. M. Turnbull, Miles A. Whittington, and Mark O Cunningham.

Impaired mitochondrial function abolishes gamma oscillations in the hippocam-



BIBLIOGRAPHY 255

pus through an effect on fast-spiking interneurons. Brain, 134(7):e180–e180,

2011. doi: 10.1093/brain/awr018.

Miles A. Whittington, Roger D. Traub, and John G. R. Jefferys. Synchronized

oscillations in interneuron networks driven by metabotropic glutamate receptor

activation. Nature, 373(6515):612–615, 1995. doi: 10.1038/373612a0.

Miles A. Whittington, Roger D. Traub, N Kopell, B Ermentrout, and Eberhard H.

Buhl. Inhibition-based rhythms: experimental and mathematical observations on

network dynamics. International journal of psychophysiology : official journal

of the International Organization of Psychophysiology, 38(3):315–36, 2000.

M Wohr, D Orduz, P Gregory, H Moreno, U Khan, K J Vorckel, D P Wolfer,

H Welzl, D Gall, S N Schiffmann, and B Schwaller. Lack of parvalbumin in

mice leads to behavioral deficits relevant to all human autism core symptoms and

related neural morphofunctional abnormalities. Translational Psychiatry, 5(3):

e525–e525, 2015. doi: 10.1038/tp.2015.19.

Anna Maria Wojtowicz, Leander van den Boom, Arnab Chakrabarty, Nicola Mag-

gio, Rizwan ul Haq, Christoph J. Behrens, and Uwe Heinemann. Monoamines

block kainate- and carbachol-induced γ-oscillations but augment stimulus-

induced γ-oscillations in rat hippocampus in vitro. Hippocampus, 19(3):273–288,

2009. doi: 10.1002/hipo.20508.

Carl P. Wonders and Stewart A. Anderson. The origin and specification of cortical

interneurons. Nature Reviews Neuroscience, 7(9):687–696, 2006. doi: 10.1038/

nrn1954.

C Xu, W Zipfel, J B Shear, R M Williams, and W W Webb. Multiphoton fluo-

rescence excitation: new spectral windows for biological nonlinear microscopy.

Proceedings of the National Academy of Sciences of the United States of America,

93(20):10763–8, 1996.

K. W. Yau, P. Schatzle, E. Tortosa, S. Pages, A. Holtmaat, L. C. Kapitein, and C. C.

Hoogenraad. Dendrites in vitro and in vivo contain microtubules of opposite



BIBLIOGRAPHY 256

polarity and axon formation correlates with uniform plus-end-out microtubule

orientation. Journal of Neuroscience, 36(4):1071–1085, 2016. doi: 10.1523/

JNEUROSCI.2430-15.2016.

Fan Zhang, Wenzhang Wang, Sandra L. Siedlak, Yingchao Liu, Jun Liu, Keji Jiang,

George Perry, Xiongwei Zhu, and Xinglong Wang. Miro1 deficiency in amy-

otrophic lateral sclerosis. Frontiers in Aging Neuroscience, 7:100, 2015. doi:

10.3389/fnagi.2015.00100.

Zhi Jun Zhang and Gavin P. Reynolds. A selective decrease in the relative den-

sity of parvalbumin-immunoreactive neurons in the hippocampus in schizophre-

nia. Schizophrenia Research, 55(1-2):1–10, 2002. doi: 10.1016/S0920-9964(01)

00188-8.

Warren R Zipfel, Rebecca M Williams, and Watt W Webb. Nonlinear magic: multi-

photon microscopy in the biosciences. Nature Biotechnology, 21(11):1369–1377,

2003. doi: 10.1038/nbt899.

D. Zou, L. Chen, D. Deng, D. Jiang, F. Dong, C. McSweeney, Y. Zhou,

L. Liu, G. Chen, Y. Wu, and Y. Mao. Dreadd in parvalbumin interneurons

of the dentate gyrus modulates anxiety, social interaction and memory ex-

tinction. Current Molecular Medicine, 16(1):91–102, 2016. doi: 10.2174/

1566524016666151222150024.


	Introduction
	Inhibition and Energy
	Parvalbumin Interneurons in the Hippocampus
	Parvalbumin Interneurons and -oscillations
	Mechanism for -oscillation Generation
	Role of Parvalbumin Interneurons in -oscillations
	Parvalbumin Interneuron Dysfunction

	Parvalbumin Interneuron Development
	Parvalbumin Interneuron Progenitor Migration
	Parvalbumin Interneuron Maturation
	Parvalbumin Interneuron Innervation


	Mitochondria in Neuronal Activity
	Production of Energy
	Energy Substrates for -oscillations
	Calcium Handling
	Mitochondria and Ca2+
	 The Role of Parvalbumin in Ca2+ Handling

	Mitochondrial Trafficking
	Miro1-mediated Mitochondrial Transport
	Transport Mechanism
	Miro1 Signalling Domains
	Miro1-dependent Mitochondrial Morphology
	Mitochondrial Positioning and Neuronal Function
	Mitochondrial Trafficking and Diseases of the CNS


	The Interneuron Energy Hypothesis
	Energy Deficits in Parvalbumin Interneurons

	Scope of Investigation

	Materials and Methods
	Animals
	Mouse Strains
	Genotyping
	Agarose Gels


	Hippocampal Brain Slice Preparations
	Acute slices
	Organotypic Slice Cultures

	Tissue Processing and Labeling
	Immunohistochemistry
	Synapse Staining
	Excitatory and Inhibitory Synapse Staining
	GABA Receptor Staining

	Biocytin Labeling

	Microscopy
	Image Acquisition
	Fixed Confocal Imaging
	Live Confocal Imaging
	Live Two-Photon Mitochondrial Trafficking Imaging 

	Image Analysis
	Mitochondrial Trafficking
	Quantification of Fluorescence Intensity
	Quantification of Area and Cell Numbers
	Synaptic Cluster Analysis
	Neuronal Reconstruction
	Sholl Analysis

	Proximity Analysis
	Mitochondrial Size

	Electrophysiology
	Extracellular Recordings
	Intracellular Recordings
	Current Clamp
	Voltage Clamp

	Analysis

	Behavioural Experiments
	Nesting Behaviour
	Open Field
	Motor Coordination on Rotarod
	T-Maze
	Fear Conditioning
	Elevated Plus Maze

	Blinding and Statistical Analysis

	Miro1-dependent Mitochondrial Trafficking in Parvalbumin Interneurons
	Introduction
	Results
	Generation of the PVCre MitoDendra Mouse Line
	Parvalbumin Interneurons Exhibit Late Developmental Expression Profiles
	Parvalbumin Interneurons Express Increased Levels of Cytochrome C Oxidase

	Generation of the PVCre Rhot1f/f MitoDendra Mouse
	Mitochondrial Trafficking in Hippocampal Brain Tissue
	Loss of Miro1 Impairs Mitochondrial Trafficking in Parvalbumin Interneurons
	Mitochondrial Distribution in Parvalbumin Interneurons in Organotypic Brain Cultures
	Loss of Miro1 Does Not Affect the Mean TMRM Uptake in Parvalbumin Interneurons
	Loss of Miro1 from Parvalbumin Interneurons Does Not Affect Cell Numbers or Cell Viability
	Mitochondria Accumulate in the Somata of Parvalbumin Interneurons when Miro1 is Knocked-out


	Discussion

	Miro1-dependent Mitochondrial Positioning in Parvalbumin Interneuron Morphology
	Introduction
	Results
	Parvalbumin Interneuron Morphology
	Mitochondrial Distribution in Parvalbumin Interneurons
	Loss of Miro1 Affects the Morphology of Mitochondria
	Mitochondria are Found Closer to Sites of Axonal Branching when Miro1 is Knocked-out
	Loss of Miro1-dependent Trafficking Depletes Mitochondria from Axonal Presynaptic Terminals

	Discussion

	Miro1-dependent Mitochondrial Positioning in Parvalbumin Interneuron Physiology, Network Activity and Behaviour
	Introduction
	Results
	Loss of Miro1 Increases the Frequency of -oscillations
	Hippocampal Synaptic Transmission
	Generation of the PVCre+ Rhot1f/f ChR-YFP Mouse
	Loss of Miro1 from Parvalbumin Interneurons does not seem to affect short term recovery
	Are the Changes in Miro1-dependent Mitochondrial Dynamics Sufficient to Alter Animal Behaviour?
	Assessment of Nesting Behaviour
	Assessment of Motor Coordination using the Rotarod
	Assessment of General Exploration in an Open Field
	Assessment of Memory
	Assessment of Anxiety Related Behaviour


	Discussion
	Mitochondrial Positioning and Network Activity
	Excitation and Inhibition in the Hippocampus
	Parvalbumin Interneuron Mediated Inhibition
	Assessment of Animal Behaviour
	Conclusion


	General Discussion
	Mitochondrial Dynamics in Parvalbumin Interneurons
	Parvalbumin Interneuron Physiology and Network Activity
	Parvalbumin Interneuron Mediated Inhibition
	Loss of Miro1 from Parvalbumin Interneurons and Anxiety-Related Behaviour
	Concluding Remarks

	Bibliography

