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Chapter 1. General Introduction

The brain ascending regulatory system is a complex of
interconnected neuronal nuclei of different neurochemical
nature, located in the brainstem, basal forebrain and
hypothalamus (Fig 1.1). These nuclei regulate arousal,
attentive and conscious states in all Mammals, as their
evolutionary equivalent do in all the Vertebrates studied so
far (Kovalzon, 2016). Such system is also implicated in the
autonomic regulation of respiration, heart rate and blood
pressure, thus modulating both high and low complexity

aspects of behaviour, in a coherent and integrated fashion.

The definition of this anatomo-functional structure, initially
called Ascending Reticular Activating System (ARAS), dates
back to Moruzzi and Magoun’s studies on Bremer’s model of
“encéphale isolé”- a brain preparation on anesthetized cat
with spinal cord transected at C1 (Moruzzi & Magoun, 1949).
Electrical stimulation of the paramedian reticular formation,
particularly within the midbrain, produced an EEG
desynchronization consistent with arousal. Subsequent
studies identified a slab of tissue at the junction of the rostral
pons and caudal midbrain as critical for maintaining the
waking state (Lindsley et al. 1949) and the ARAS began to
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be seen as the most important structure to control global brain
state. Initially, the neurons responsible for arousal were
thought to be part of the undifferentiated reticular formation,
but subsequent studies showed that the cell groups at the
mesopontine junction that project to the forebrain mainly
consist of monoaminergic and cholinergic neurons that reside
in specific cell groups rather than in the reticular core (Saper
et al. 2010). Nonetheless, a fundamental part of the ARAS is
the poorly delineated structure consisting of many axonal
fascicles that gave the reticular formation its name. Only very
recent technologies, such as tractography, revealed the
presence of fine fibre connections and additional bundles, not
captured by conventional magnetic resonance imaging
(Wijdicks, 2019). Such redundancy of the ascending
regulatory system allows, at least in humans, to support
wakefulness unless the entire network is destroyed or fully
disconnected from the thalamus (Edlow et al. 2013),
deposing in favour of its essential role in the economy of brain

function.

The ascending regulatory system is composed of
monoaminergic nuclei (the noradrenergic locus coeruleus,
LC; the serotonergic raphe nuclei; the histaminergic
tuberomammillary nucleus, TMN, of the hypothalamus; the
dopaminergic ventral tegmental area, VTA) and of cholinergic

nuclei (the pedunculopontine, PPT, and laterodorsal
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tegmental, LDT, nuclei of the brainstem, and the
magnocellular nucleus of the basal forebrain, BF). It also
includes other neuronal populations, such as the
glutamatergic parabrachial nuclear complex and the adjacent
precoeruleus area, and the orexinergic neurons in the
posterior half of the lateral hypothalamus (Saper et al. 2010;
Eban-Rothschild et al. 2019).

These wake-promoting populations project to various
structures through a dorsal and a ventral pathway. The dorsal
pathway innervates the thalamus, which facilitates the
transmission of sensory information to the cortex. The ventral
pathway innervates the hypothalamus, BF, and other
forebrain  structures, including the cerebral cortex.
Wakefulness is thought to be achieved when both pathways
are active (Eban-Rothschild et al. 2019). On the other hand,
the motor control typical of wakefulness and NREM sleep is
granted by the GABAergic neurons in the ventral
periaqueductal gray matter (VIPAG) and the adjacent lateral
pontine tegmentum (LPT). These neurons, in fact, inhibit and
are inhibited by a population of GABAergic neurons in the
sublaterodorsal region (SLD) that fires during REM sleep. A
separate population of glutamatergic neurons in the SLD
activates, as well, groups of inhibitory interneurons in the
medulla and spinal cord, which inhibit motor neurons, thus

producing REM sleep atonia. This mutually inhibitory
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relationship produces a flip-flop switch, modulated in turn by
the brain ascending regulatory system. In fact, noradrenergic
neurons in the LC and serotoninergic neurons in the DR
inhibit REM by exciting REM-off and inhibiting REM-on
neurons, whereas cholinergic neurons promote REM sleep
by having opposite actions. The orexin neurons inhibit entry
into REM sleep by exciting neurons in the REM-off population
and by presynaptic effects that excite monoaminergic
terminals (Fig. 1.1; Saper et al. 2010).

Figure 1.1. Schematic representation of the brain ascending regulatory
system, of the motor control nuclei and their main projections.
Cholinergic nuclei: magnocellular preoptic area (MCPO), laterodorsal
tegmentum (LDT) and peduncolopontine tegmentum (PPT).
Noradrenergic nucleus of the locus coeruleus (LC). Dopaminergic
nuclei: ventral tegmental area (VTA) and substantia nigra (SN).
Orexinergic nuclei in the lateral hypothalamus (LH). Histaminergic
ventral tuberomammillary nucleus of the hypothalamus (VTMN).
Serotonergic nucleus of the dorsal raphe (DR).
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Figure 1.1. (follows) GABAergic nuclei: sublaterodorsal tegmental
nucleus (SLD) and ventrolateral periacqueductal gray (VIPAG).
Preoptic area (POA), prefrontal cortex (PFC) and thalamus (TH) are
also represented.

The brain ascending regulatory system acts at all scales in
the brain: it regulates the behaviour and brain state at the
slow time scale (hours-minutes); the macrocircuit oscillatory
activity and rhythmogenesis at the intermediate time scale
(minutes-seconds); and the microcircuit synchronization and
synaptic activity at the fast time scale (seconds-milliseconds).
All these levels of control are achieved through a variety of
neurotransmitters’ mechanisms of action, having different
time lags and durations (Buzsaki, 2006). Arousal and
sleep/wake regulation are major phenomena collectively

regulated by the components of such a complex system.

The sleep/wake states differ in various physiological
parameters, such as thermoregulation, cardiac activity,
metabolism, and respiration (Brown et al. 2012; Saper et al.
2010). Nonetheless, in mammals and birds, sleep and wake
states are typically identified using electroencephalogram
(EEG), electromyogram (EMG) and electrooculogram (EOG),

which respectively record global cortical and muscular
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activity, and eye movements. Two distinct sleep states can
be recognized, which alternate cyclically across sleep: non-
rapid eye movement (NREM), and rapid eye movement
(REM) sleep. NREM sleep can be divided into four substates
(N1-N4), based on EEG/EMG criteria. Stage 2 is
characterized by EEG sleep spindles (bursts of 7-15 Hz
oscillations) and K complexes, and leads to stages 3 and 4
(often collectively named slow-wave sleep, SWS). These are
characterized by high amplitude low-frequency & oscillations
(0.5—-4 Hz), and low postural muscle tone. During REM sleep,
EEG is dominated by 8 and y oscillations, with a complete
loss of muscle tone in postural muscles (REM atonia),
accompanied by rapid eye movements and EEG ponto-

geniculate-occipital waves.

The awake state is heterogeneous, with desynchronized
EEG oscillations of low amplitude and mixed frequencies, and
a variable amount of muscle activity. Active or motivated
wakefulness is rich in 8 (4-9 Hz) and y (40-300 Hz) EEG
frequency ranges, whereas quiet wakefulness is
characterized by slower EEG frequencies, including a (7-15
Hz) and B (8—30 Hz; Eban-Rothschild et al. 2019).

A major factor in wakefulness and cortical rhythm regulation
is the balance between the cholinergic and noradrenergic

activation. They exert their cortical effects through two main
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pathways: 1) direct projections to the neocortex, where they
extensively innervate the associative prefrontal cortex (PFC);
2) projections to the thalamus, that stimulate non-specific
thalamocortical glutamatergic neurons (Jones, 2011). The
cholinergic PPT and LDT nuclei are highly active during
wakefulness and REM sleep, but not during SWS (Jones,
2005). The main noradrenergic nucleus, the LC, maximally
discharges during active wakefulness and is almost silent
during both REM and NREM sleep (Aston-Jones and Bloom,
1981). The simultaneous presence of acetylcholine (ACh)
and norepinephrine (NE) is necessary to sustain the waking
state through cortical activation and muscle tone (Jones,
2005), while, during REM sleep, ACh release largely prevails
and muscle tone is absent. The serotonergic dorsal raphe
nucleus (DR) seems to be implicated in less-aroused waking
states (Jacobs and Fornal, 1991), while the dopaminergic
median raphe nucleus stimulates arousal related to positive
emotions during wakefulness and REM sleep (Maloney et al.
2002). Histaminergic cells, located in the posterior
hypothalamus, also contribute to arousal and wakefulness
(Saper et al. 2001). Orexinergic hypothalamic neurons exert
a global control of arousal by innervating most of the above-
mentioned nuclei as well as sending direct projections to the
PFC. Orexin neurons mainly discharge during active

wakefulness and regulate a variety of functions, ultimately
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sustaining the exploratory and goal-oriented behaviours
driven by physiological needs (Lee et al. 2005; Lérincz &
Adamantidis, 2017; Jones, 2020).

Because of such a complex pattern of reciprocal connections
accompanied by direct neuromodulation of the neocortex
(Jones, 2005; Saper & Fuller, 2017; Scammell, Arrigoni &
Lipton, 2017), each EEG rhythm is generated by a
sophisticated interplay of local cortical and deep subcortical
oscillators. Examples are the thalamocortical interplay
underlying SWS 6 activity (Crunelli et al. 2015) and the sleep
spindle generation in NREM stage 2 (Fernandez & Lthi,
2020).

Any defect or alteration of the brain ascending modulatory
system may impact on its ability to generate and/or sustain
rhythms and thus affect the regulation and stability of
sleep/wake and behavioural states. A pathological alteration
of brain rhythm generators can also cause cognitive
consequences. This has been extensively studied in the
context of epilepsy, in which a dysfunctional circuitry
produces abnormal activity and rhythm regulation, giving rise
to seizures. In this light, epilepsy can be fully defined as a

rhythmopathy, that is a disease of brain rhythm (Shuman,
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Amendolara & Golshani, 2017). Moreover, some sleep
disorders and sleep-related diseases have been shown to be
linked to malfunction of the brain ascending regulatory
system, and to display alteration of some rhythmic activity

related to the sleep/wake homeostasis (Chokroverty, 2010).

The two diseases | am going to focus on belong to this group:
Autosomal Dominant Sleep-related Hypermotor Epilepsy
(ADSHE), often linked to cholinergic dysfunction, and
narcolepsy with cataplexy (NC), caused by orexin deficiency.
Both ADSHE and narcolepsy can be defined as
rhythmopaties, since their defining symptoms are
dysfunctions of brain activity rhythm (nocturnal focal seizures
in ADSHE, and abnormal EEG/EMG activity during cataplexy
in NC). Both are associated to alteration of an “ARAS”
neurotransmitter system. In both, the neorological and
cognitive impact of the disease is closely linked to the

abnormal rhythmogenesis events.

My aim is to characterize the pathogenesis of ADSHE (Part
[) and NC (Part Il), considered as rhythmopaties linked to
dysfunction of the brain ascending regulatory system.
Especially, | have investigated the molecular and cellular

substrates of the dysfunctional rhythmic activity at the
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microcircuit level, with a particular focus on neocortex and

ventral tegmental area.

In chapter 2, | will describe the functional alterations of
nicotinic acetylcholine receptors (nNAChR) containing the
a2™252His mutant subunit linked to ADSHE. When expressed
in HEK293 cells, the mutation caused a loss-of-function of the
channel by drastically reducing the maximal currents in
response to saturating concentrations of the agonists in both
the a2B4 and a2B2 nAChR subtypes. The effect was caused
by a strong right-shift of the concentration-response curve,
not paralleled by a decrease in receptor expression. This
work sheds some light on the role of mutant a2 nAChR
subunits linked to ADSHE, which may underlie a novel
pathogenetic mechanism, involving the dysfunction of cortical

layer V Martinotti SOM* interneurons (see chapter 3).

Moreover, we studied the effects of another mutation
(Appendix), a2A9t?2lteu found in a patient affected by
Autosomal Dominant Lateral Temporal Lobe Epilepsy
(ADLTE). Also in this case, the data point to a reduction in
channel functionality: it is, thus, likely that CHRNA2-affecting
mutations are more commonly linked to epileptic syndromes
than previously thought, especially loss-of-function ones,
pointing to a specific implication of a2-expressing neurons in

cortical rhythmogenesis.
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In chapter 3 | will report the morpho-functional alterations in
the prefrontal cortex layer V of mice conditionally expressing
the ADSHE-linked B2V subunit. Its expression was
correlated to minor morphological alterations in pyramidal
neurons’ (Py) dendritic ramification, as well as to a ~10%
decrease of prefrontal cortex thickness. Moreover, mutant
mice showed larger somatic nicotinic currents in regular
spiking SOM™ interneurons insensitive to serotonin (largely
Matrtinotti cells). These results may explain why seizures may
be facilitated by the low cholinergic tone typical of NREM
sleep and why nicotine administration can be palliative in

patients.

In chapter 4 | will show the effective functional deletion of
Ox2R in the Ox2R-A mice, created by our colleague Dr. Anne
Vassalli (University of Lausanne) and based on the Cre-lox
recombination technology. | also assessed if the Ox2R-flox
mice had functionally equivalent Ox2R as C57BL6/J control
mice. The responses to Ox2R agonists of the classical Ox2R-
expressing neuronal type — the histaminergic neurons of the
ventral tuberomammillary nucleus of the hypothalamus —
were recorded by whole-cell patch-clamp. Overall, the data
confirm the functional equivalence of Ox2Rs in control and
Ox2R-flox mice, as well as its functional ablation in Ox2R-A
mice, validating this mouse model as a reliable tool to dissect

the specific function of Ox2R in the cerebral circuits.
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In chapter 5 | will describe the orexinergic neuromodulation
of Py and interneuronal microcircuits of the dorso-lateral (Fr2)
and medial PFC, especially in layer V. Orexins showed to
have an excitatory effect on Fr2 layer V pyramidal neurons,
which is mainly mediated by Ox1Rs, and probably
representing a mostly presynaptic contribution. To this, a
postsynaptic effect adds up, only partly depending on the
activation of L-type Cayv channels. On the other hand, OrxB
and OrxB-AL do not seem to be strongly involved in the
excitatory transmission regulation on Pys, suggesting a
secondary role for Ox2Rs. The preliminary histological
assays showed that the Ox2R has a diffuse distribution both
on putative cell bodies and in the neuropil, and that SOM*
interneurons seem to be both more densely innervated by
orexinergic fibres and have a higher Ox2R expression than
PV* ones. These results are in line with the hypothesis that
orexins could regulate rhythmogenesis in the PFC at
frequencies around the 6 band, with the involvement of SOM*
interneurons. Since hypersynchronous paroxysmal 6
activities are highly enriched during cataplexy in orexin
knockout mice and narcoleptic children, especially in the
frontal cortex, this could enlighten some possible

mechanisms for cataplexy occurrence in narcoleptic patients.

In chapter 6 we established the proper experimental

conditions to investigate the network and cellular
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mechanisms underlying the 8 rhythm increase recorded
during wakefulness in mice lacking Ox2R in DA cells. To do
this, | studied the firing activity in the VTA-hippocampal
pathway, by using horizontal slices laid onto high-density
multi-electrode array dishes. Global burst activity could be
followed for a few hours, in different experimental conditions,
in Ox2RPACKO and the Ox2R"¥Mx controls. Preliminary
results suggest that OrxB tends to inhibit global firing in
Ox2Ro¥ox glices, whereas the effect is excitatory in Ox2RPa*
CKO suggesting that the increased 0 activity in the latter may
depend on a relief of an inhibitory effect produced by Ox2Rs
on firing activity of the VTA-hippocampal pathway.
Preliminary patch-clamp experiments on VTAPA cells are

consistent with this hypothesis.
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PART I. The cholinergic system and the
Autosomal Dominant Sleep-related
Hypermotor Epilepsy

Sleep-related Hypermotor Epilepsy (SHE) is a partial
epilepsy, characterized by focal seizures generally lasting no
longer than two minutes and accompanied by stereotyped
motor manifestations with sudden start and termination,
mostly occurring during sleep. The minimum estimated
incidence of this epilepsy is 1.8/100’000 individuals, meeting
the definition of rare disease, but some patients may be
misdiagnosed with other sleep disorders (Nobili et al. 2014).
SHE affects both sexes and seizures often (but not
necessarily) arise in childhood and adolescence. In the most
severe cases, crises persist with high frequency (every night

or every two), if not treated (Tinuper et al. 2016).

Seizures occur primarily during NREM sleep, particularly
during N2 phase, during which the prevailing EEG rhythms
are a (8-13 Hz) and B (14-30 Hz). N2 is also characterized by
a progressive conversion of the thalamo-cortical transmission
mode from single-spiking to bursting, which is linked to the
appearance of the K complexes, large waves of

depolarization followed by a rapid hyperpolarization, and of
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sleep spindles, 12-16 Hz wave trains which last about two
seconds (Siegel, 2002).

The semiology of hyperkinetic crises is varied. In some
patients, a continuous spectrum of episodes is observed with
increasing duration and severity during the single night. In
general, the motor events are often preceded by a K complex
and can be accompanied by vocalizations, fearful and strong
emotional manifestations, autonomic activation (Tinuper et al.
2005). This symptomatology has been associated with
epileptic foci located in the frontal and prefrontal, but also
temporal and insular cortex, especially for more organized
and strong motor attacks with emotional components.
Symptomatic forms of SHE are also known, often associated
with type |l focal cortical dysplasia (Nobili et al. 2014).

The mendelian form of SHE, ADSHE, was defined as a
unitary clinical disorder in the mid-1990s on the basis of a
study carried out on five families from Australia, UK and
Canada showing autosomal dominant inheritance pattern, a
clinical phenotype of partial seizures and an incomplete
penetrance (between 60 and 80%; Scheffer et al. 1995). The
risk of misdiagnosis was immediately clear, due to the
heterogeneity of symptoms in the individual patient or the
different severity of the phenotype in the affected members of

the same family. Another confounding element is the
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similarity with the symptoms of other neurological or
psychiatric  conditions, such as benign nocturnal
parasomnias, familial dyskinesias and pseudo-epileptic

manifestations of hysteria (Scheffer et al. 1995).

The frontal origin of the seizures is mainly inferred from the
seizure symptomatology, because only half of the patients
show explicit EEG abnormalities in correspondence of the
frontal lobes and a limited number of them is positive for
frontal alterations when examined by functional imaging.
Indeed, it was noted that ADSHE seizures can originate from
the insula and can also expand to involve subcortical areas
that disinhibit, in turn, automatic motor patterns (Ryvlin et al.
2006).

The first gene found to be linked to ADSHE is CHRNA4,
coding for the a4 subunit of ACh nicotinic receptor (Steinlein
et al. 1995). Subsequently ADSHE mutations were also found
on CHRNB2 and CHRNAZ2, respectively coding for the 32 and
a2 nAChR subunits. More recently other ADSHE genes were
identified. The strongest evidence regards the subunit 1 of
the sodium activated potassium channel (KCNT1), and the
protein 5 containing the Disheveled domain, Egl-10 and
Pleckstrin (DEPD5) (Nobili et al. 2014; Becchetti et al. 2015).

Mutations on CHRNA4, CHRNB2 or CHRNA2 are reported in
10-15% of ADSHE families and despite having different
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effects on the ion channel functionality, they lead to rather
homogeneous clinical symptoms, sometimes associated to
mental retardation of varying severity (Ryvlin et al. 2006).
Although there is a considerable body of knowledge on the
different nAChR mutations, the pathogenetic mechanism
remains unclear, especially regarding why seizures
predominantly occur in the frontal lobe during NREM sleep
and why they begin in childhood (Sutor et al. 2001; Combi et
al. 2004).

However, patients bearing mutations in CHRNA4 or CHRNB2
showed an increase in the density of a4p2* nAChR by PET
in the epithalamus, in the ventral midbrain and in the
cerebellum, while a decrease was observed in the right
dorsolateral prefrontal region. The right orbitofrontal cortex
also appears to suffer from hypometabolism in patients
compared to controls, indicating some disease-specific

alterations in the PFC.

The first-line pharmacological treatment for ADSHE therapy
is carbamazepine, a dibenzoazepine anticonvulsant that acts
at different levels on neuronal excitability, i.e. reducing the
frequency of action potentials by delaying the inactivation
recovery of the voltage-gated sodium channels, inhibiting
voltage-gated calcium channels and enhancing GABAa

function. Carbamazepine also inhibits the 042, a2p2 and
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a2p4* nAChRs, probably by open-channel block. Mutant
subunits often show greater affinity for the drug compared to
wild type ones (Picard et al. 1999). An alternative to
carbamazepine is oxcarbazepine, which avoids the side
effects associated with the metabolites of carbamazepine (Di
Resta et al. 2010). However, 30% of patients have drug-
resistant seizures. Only a fraction of these cases can be
treated by surgical removal of the epileptic focus (Nobili et al.
2014).

The cholinergic system is composed of the neurons of the
deep cholinergic nuclei, which are choline acetyl-transferase
positive (ChAT"), and sparse cholinergic neurons, that are
intermingled between other neurochemically heterogeneous
neurons in various regions, from the cortices to the striatum,
and seem to have long range projections (Schafer et al. 1996;
Kandel et al. 2013). The deep cholinergic nuclei are the
pedunculopontine, PPT, and laterodorsal tegmental, LDT,
nuclei of the brainstem, and the magnocellular nucleus of the
basal forebrain, BF. The basal forebrain nuclei innervate
several paleo- and neocortical areas, the limbic system, the
amygdala and the hippocampus (Mesulam et al. 1983),
whereas the PPT and the LDT mainly project to the thalamus

and the neocortex (densely to the PFC).
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ACh enhances cortical arousal and regulates executive as
well as cognitive functions, like the execution of attentive
tasks, working memory and decision-making (Wallace and
Bertrand, 2013). The PPT/LDT nuclei are typically active
during wakefulness and at the transition between slow-wave
and REM sleep (Jones et al. 2008; Lee et al. 2005; Siegel,
2002), while they are silent during NREM sleep. Therefore,
the ACh stimulation of cortex is related to cognitive arousal

rather than to behavioural or motor activity.

The cholinergic projections diffusely innervate large target
areas and rarely end in proper synaptic contacts. Varicose
axon arborisations contribute to diffuse volume transmission
(Descarries et al. 1997), which modulates neurotransmitter
release and somatic excitability of selected neuronal
populations (Jing et al. 2018). ACh cooperates with the other
neurotransmitters to finely control cortical rhythms (Couey et
al. 2007; Jones et al. 2008) and the switch between different
sleep states (Saper et al. 2010).

The human prefrontal cortex integrates the emotional
salience of events, elaborates complex motor schemes,
performs cognitive functions and processes, such as working

memory, decision-making and planning of goal-oriented
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behaviours (Fuster and Bressler, 2015; Hoover and Vertes,
2007). The rodents’ PFC consists of the frontal region 2 (Fr2),
the anterior cingulate cortex (ACC), the prelimbic (PrL) and
the infralimbic (IL) area, that may also be generically named
medial PFC (mPFC). Fr2, also known as secondary motor
(M2) cortex (Franklin et al. 2011), could be particularly
relevant in the context of ADSHE, whose typical hypermotor
events suggest disinhibition of subcortical motor patterns. Fr2
is an associative cortex with premotor control functions and
is considered homologous to the much larger human
dorsolateral cortex (Uylings et al. 2003). It receives input from
the primary motor and somatosensory cortices, and from
subcortical structures as the thalamic and brain stem nuclei
(Heidbreder and Groenewegen, 2003; Steriade and
McCarley, 2005). It also projects to the primary motor cortex
and to the dorsomedial striatum (Condé et al. 1995; Paxinos,
2015) and is especially involved in goal-oriented behaviour
(Kargo et al. 2007).

In general, neocortical layer V is especially susceptible to
develop epileptiform activity, at least in vitro (Telfeian and
Connors, 1998). In Fr2, the thick layer V is characterized by
large pyramidal cells with extensive apical dendrites that span
through the superficial layers. These neurons constitute the
main output channel to the subcortical regions, and they are

tightly controlled by a dense network of GABAergic
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interneurons (Ozeki et al. 2009; Shu et al. 2003). Two major
GABAergic populations are those constituted by the
parvalbumin-expressing fast-spiking (FS) interneurons,
implicated in feed-back and feed-forward inhibition (e.g.,
Tremblay et al. 2016) and the somatostatin-expressing
regular-spiking (RS) interneurons, involved in Py disinhibition
and synchronization (Hilscher, et al. 2017; Jiang et al. 2015).

In general, the PFC local circuits are tightly controlled by the
ascending regulatory systems, as PFC is anatomically
connected with virtually all the neuromodulatory relays
(Dembrow and Johnston, 2014). Overall, the cholinergic input
produces excitatory effects through both muscarinic and
nicotinic receptors, but the important contribution of the latter
is increasingly recognized. A common effect is an increase in
the excitatory post-synaptic current (EPSC) frequency in
layer V and VI, suggesting higher glutamate release from
presynaptic intracortical and thalamocortical terminals
expressing a4 and B2* nAChR subunits. These excitatory
effects seem to be present also in layer IlI-1ll Pys, at least in
rats (Vidal e Changeux, 1993; Lambe et al. 2003; Kassam et
al. 2008; Aracri et al. 2013). Besides expression on
presynaptic terminals, PFC Pys can also express nAChRs on
the soma, although the balance of nAChR subtypes
expressed in different layers and species at different ages is

still matter of debate (Couey et al. 2007; Kassam et al. 2008;
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Zolles et al. 2009; Poorthuis et al. 2013). The inhibitory
transmission on Pys is also increased by ACh, as inhibitory
PSCs (IPSCs) frequency is increased in both layer II-1ll and
V Pys (but not layer VI; Poorthuis et al. 2013). Some of these
effects can be simply explained by an increased excitatory

drive of FS neurons, which follows Py neuron excitation.

However, in layer V, reciprocal inhibition between distinct
interneuronal classes has also been observed to be
stimulated by a4B2* nAChR activation, which could produce
a further excitatory effect by local disinhibition (Aracri et al.
2010). This suggests that nAChRs are also expressed by
inhibitory interneurons, although evidence is still fragmentary.
Layer V FS interneurons express a4pB2* receptors in FVB
mice, but not in C57BL6. However, in the latter strain, a7*
have been identified in about half of the cells. LTS and RS
interneurons in layer V express both receptor subtypes,
although not in 100% of the cells. In layer II-Ill, on the other
hand, the non-fast-spiking interneurons show a
heterogeneous pattern of a4p2* and a7* nAChRs, and the FS
express a7* receptors in 70% of cases (Couey et al. 2007;
Poorthuis et al. 2013; Aracri et al. 2017). The contribution of

other subunits, such as a2, is still uncertain (see Chapter 3).

The overall effect of ACh on the network was studied in slices

of PFC using two-photon fluorescence imaging of calcium
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transients, with single cell resolution: ACh induces a
generalized increase in activity in all cortical layers through
the B2* receptors, particularly in layer VI. More precisely, the
activity of interneurons is increased uniformly, while in layers
V and VI the activity of pyramidal neurons is the most affected
one (Poorthuis et al. 2013).
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Chapter 2. CHRNAZ2 and nocturnal frontal lobe
epilepsy: ldentification and characterization of a
novel loss of function mutation

The work presented in this chapter is an extract of the

following paper:

Villat, C., Colombo?, G., Meneghini, S., Gotti, C., Moretti, M.,
Ferini-Strambi, L., Chisci, E., Giovannoni, R., Becchetti, A., &
Combi, R. (2019).

CHRNAZ2 and nocturnal frontal lobe epilepsy: Identification

and characterization of a novel loss of function mutation.
Frontiers in Molecular Neuroscience, 12:17.

! These authors have contributed equally to this work

Among ADSHE-linked mutations, some are found on
CHRNAZ2, two of which have been previously characterized
by our group (Conti et al. 2015; Aridon et al. 2006). They have
contrasting functional effects, so we have continued to work
on newly identified mutations on the same gene, to better
define the pathogenic potential of altered a2* nAChR

function.
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By transient co-expression of a2 and a2™252His with either 2
or B4 in human embryonic kidney (HEK) cells, we assessed
that the mutation reduced the maximal currents by
approximately 80% in response to saturating concentrations
of nicotine in homo- and heterozygous form, in both the a234
and a2B2 nAChR subtypes. The effect was caused by a
strong right-shift of the concentration-response to nicotine,
and was also observed with ACh. Negligible effects were
produced by a2™22Hs on the current reversal potential.
Moreover, a binding assay revealed an approximately 10-fold
decrease of both affinity and total binding in cells expressing
a2Tyr252His, which was not caused by a decrease in
receptor expression. We concluded that mutations in
CHRNA2 are more commonly linked to ADSHE than
previously thought, and may cause a loss-of-function
phenotype (Villa et al. 2019).

After this study, we also characterized other CHRNA2
mutations linked to epileptic syndromes. Firstly, we
considered the a2~'912leu mutated subunit, identified by Carlo
Nobile and colleagues (CNR, Padua) as linked to Autosomal
Dominant Lateral Temporal Lobe Epilepsy (ADLTE). In
homozygous condition, a24'91?1et decreased the peak current
density evoked by saturating nicotine by ~40% (a2B2) or
~25% (a2p4), without altering the current reversal potential.

As the current reduction is less marked when the nAChR
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response is activated by ACh, our data only partly suggest
that loss-of-function mutations in CHRNA2 could be
associated with ADLTE.

We continued with the study of the mutated a2-¢313""e sybunit
found in a de novo case of epileptic encephalopathy with
nocturnal seizures, characterized by a very early onset at four
months of age. In the a2B4 subunit composition, the
a2-eustsPhex channels — both the pseudo-heterozygote and the
fully mutant — had a strongly reduced current density at
saturating nicotine concentrations: the maximal current
density, evoked by 100 uM nicotine, was reduced by 71% in
a2teusisPhepg* channels and by 48 % in o2-ew313Pheq2p4*
channels compared to wild type a284 nAChRs. No alterations
in the current kinetics have been found, indicating unaltered

gating dynamics.

It seems, thus, likely that CHRNAZ2-affecting mutations are
more commonly linked to epileptic syndromes than previously
thought, especially loss-of-function ones, pointing to a
specific implication of a2-expressing neurons in cortical

rhythmogenesis.

Autosomal dominant sleep-related hypermotor epilepsy
(ADSHE) (Tinuper et al. 2016) is a familial idiopathic focal

epilepsy with increased nocturnal instability (Sansoni et al.
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2013), characterized by a wide spectrum of brief stereotyped
hypermotor seizures, mostly occurring during non-rapid eye
movement (NREM) sleep. About the 80% of individuals
develop ADSHE in the first two decades of life and mean age
of onset is 10 years (Nobili et al. 2014; Tinuper et al. 2016).
Within a family, the manifestation of the disorder may vary
considerably, and no clear difference between sexes is

observed.

ADSHE was the first epilepsy to be recognized as a
channelopathy, i.e., a disease resulting from ion channel
dysfunction, after the identification of the first mutation in the
CHRNA4 gene, coding for the a4 nAChR subunit (Steinlein et
al. 1995). Subsequently, evidence has grown about the role
of NnAChRs in the pathophysiology of ADSHE (Ferini-Strambi
et al. 2012). Nonetheless, mutations in NAChR genes are rare
and the involvement of other genes implicated in ADSHE has
been recognized since 2005 (Combi et al. 2005b). In fact,
mutations were also found in KCNT1 (coding for a sodium-
dependent KC channel) (Heron et al. 2012) as well as in
genes not coding for ion channels, such as CRH
(corticotropin-releasing hormone) (Combi et al. 2005a) and
DEPDC5 (Disheveled, Egl-10 and Pleckstrin Domain-
containing protein 5) (Ishida et al. 2013).
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The nAChR is a pentameric ion channel formed by various
combinations of a and B subunits, which determine the
physiological and pharmacological properties of each
subtype (Dani and Bertrand, 2007). Most ADSHE mutations
of the nAChR were found in the genes coding the a4
(Steinlein et al. 1995), and 2 (De Fusco et al. 2000; Phillips
et al. 2001) subunits, in agreement with the prevalence of the
0432 subtype in the mammalian brain (Zoli et al. 2015). When
expressed in Xenopus laevis oocytes or mammalian cell
lines, mutant subunits tend to confer a gain-of-function
phenotype, especially in the simulated heterozygote,
because of increased receptor’'s sensitivity to the agonist or
other kinetic alterations (Becchetti et al. 2015). Several
hypotheses concerning the nAChR-dependent pathogenetic
mechanism have been proposed (Nobili et al. 2014). These
are difficult to demonstrate considering that nAChRs are
expressed in the brain at pre-, post-, and extra-synaptic
locations (Dani and Bertrand, 2007), and they regulate both
excitatory and inhibitory transmission (Becchetti et al. 2015).
In prefrontal regions, heteromeric NnAChRs exert a
widespread stimulatory effect on glutamatergic transmission
(Vidal and Changeux, 1993; Lambe et al. 2003; Aracri et al.
2013). These receptors also regulate GABAergic
interneurons (Porter et al. 1999; Alkondon et al. 2000; Couey

et al. 2007) although the expression of heteromeric NAChRs
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in these cells is more variable, depending on neuronal
subtype and age (Porter et al. 1999; Couey et al. 2007; Aracri
et al. 2010, 2017).

Understanding the nAChR-dependent pathogenesis of
ADSHE is made even more complex by the involvement of
CHRNAZ2. Two mutations with opposite effects on the channel
functioning were previously reported in the CHRNA2 gene,
coding for the nAChR a2 subunit. In particular, the
p.lle279Asn increases the receptor sensitivity to the agonists
(Aridon et al. 2006), whereas the p.lle297Phe mutation
presents a strongly decreased current density as compared
to the WT, but scarce alteration of the conductive properties
and the sensitivity to nicotine (Conti et al. 2015). Mutations in
the CHRNAZ are rare in the Italian ADSHE population (Combi
et al. 2009). Hence, it is important to determine whether
CHRNA2 mutations can be a significant etiologic factor in
sleep-related hypermotor epilepsy, and what is the prevalent

pathogenetic mechanism.

Culture and Transfection Procedure

Plasmids expressing wild-type (WT) or mutant a232 or a234
were transiently transfected in HEK293 cells (TsA subclone;
American Type Culture Collection) as reported (Conti et al.

2015). In brief, cells were cultured in DMEM high glucose
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(Dulbecco’s modified Eagle medium high glucose; Euroclone,
Pero, MI, Italy or Merck Life Sciences, Darmstadt, Germany)
supplemented with 10% fetal bovine serum (Euroclone, Pero,
M, Italy or Merck Life Sciences, Darmstadt, Germany) and 2
mM L-glutamine, at 30°C and 5% CO2. For patch-clamp
experiments, cells were seeded onto 35-mm culture dishes.
Transfection was carried out with Lipofectamine 2000 (Life
Technologies). To simulate the heterozygous state, equal
amounts of WT and mutant plasmids were cotransfected. The
DNA concentration in the transfection mixture was 1.33
ng/mL. Cells were incubated with the transfection mixture for
5 h, at 37°C, and kept at 30°C in 5% CO2 during the 24 h
preceding the electrophysiological recordings, to enhance the

surface receptor density (Cooper et al. 1999).

Patch-Clamp Recordings

Chemicals and drugs for intra- and extracellular solutions
were purchased from Merck Life Sciences. The extracellular
solution contained (mM): NaCl 130, KCI 5, CaCl2 2, MgCI2 2,
HEPES 10, and D-glucose 5 (pH 7.3). Patch pipettes
contained (mM): K-gluconate 140, KCI 5, MgCI2 1, BAPTA-
KOH 0.5, HEPES 10, NaGTP 0.3, and MgATP 2 (pH 7.3).
Stock solutions of nicotine (10 mM) were prepared weekly in
our extracellular solution and kept refrigerated; acetylcholine
(10 mM) and atropine (1 mM) were dissolved in extracellular

solution, aliquoted and frozen until usage. Extracellular
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solutions with the appropriate agonist concentration were
prepared daily; pH was always checked after nicotine

addition.

Whole-cell currents were registered 36-72 h after
transfection, with an Axopatch 200B amplifier (Molecular
Devices, Sunnyvale, CA, United States), at room
temperature. Micropipettes (3-5 MQ) were pulled from
borosilicate capillaries (Corning Inc., NY, United States) with
a P-97 Flaming/Brown Puller (Sutter Instruments, Novato,
CA, United States). Cell capacitance and series resistance
(up to 75%) were always compensated. When necessary, the
cell capacitance value thus measured was used to calculate
the cell current density (i.e., the peak whole-cell current at a
given Vi, and agonist concentration was divided by the cell
capacitance). Because the cell capacitance is proportional to
the cell surface area, the calculated values are proportional
to the current per unit area. Fluorescent cells were identified
with an inverted Eclipse TE200 microscope (Nikon) equipped
with a TEFM epifluorescence attachment. Currents were low-
pass-filtered at 2 kHz and acquired online at 10—20 kHz with
pClamp 9 hardware and software (Molecular Devices). Drugs
were applied with an RSC-160 Rapid Solution Changer (Bio-

Logic Science Instruments, Claix, France).
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Patch-clamp data were analyzed with OriginPro 9
(OriginLab), as previously described (Brusco et al. 2015).
Theoretical curves best fitting the data were calculated by a
Levenberg-Marquardt  algorithm.  The  concentration-
response data were fitted by using a two-components Hill-
type equation (Covernton and Connolly, 2000), as follows:

I A 1—A
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where Imax is the maximal current, I, is the current at a given
concentration L of agonist, A is the fraction of receptors in the
high-affinity state; ECsonigh and ECsoow are the agonist
concentrations producing the half-maximal effect for the high
and low affinity components, respectively; ny1 and ny2 are the

Hill coefficients for the two components.

Statistical Analysis

Data are generally given as mean values * standard error of
the mean, with n representing the number of experiments
(tested cells, in the case of patch-clamp experiments).
Statistical comparisons between two populations of data
were carried out with a Student’s t-test for unpaired samples,
after checking for data normality (QQ plots) and variance
homogeneity (F-test). The Welch correction was applied in

case of non-homogeneous variances. Multiple comparisons
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were carried out with one-way ANOVA, followed by Tukey
post hoc test, after checking for data normality (QQ plots) and
variance homogeneity (Levene test). The level of statistical

significance was set at p < 0.05.

Patient and Mutation

The patient in which this mutation has been found was a 19-
year-old right-handed man, referred to the sleep medical unit
for nocturnal episodes with abnormal motor-behavioural
phenomena occurring several times every night. The
episodes started at the age of 13 years and most of them
were characterized by sudden vocalization with grunting
followed by dystonic posturing; in 2—3 episodes each week a
deambulatory behaviour was reported. There was a family
history of nocturnal confusional arousals in the mother during
her adolescence: confusional arousal episodes occurred in
the first part of the night (1-5 episodes for week, from age 13
to 16 years). Scalp EEG monitoring during wakefulness and
the contrast-enhanced brain magnetic resonance imaging
(MRI) were normal, as well as the neurological examination.
The nocturnal video-PSG recording of the patient showed 13
epileptic episodes, 8 in stage N2 and 5 in stage N3, allowing
the SHE diagnosis. The EEG before, during and after the

episodes did not show any epileptiform activity, but in eight

50



episodes showed ictal rhythmic slow activity over anterior
areas. A marked reduction of the nocturnal episodes was
observed with the administration of carbamazepine (600

mg/day, single bedtime dose).

In order to identify possible genetic mutations linked to the
disease, the coding regions, intron-exon boundaries and
UTRs of CHRNA4, CHRNB2, CHRNA2, CRH, KCNT1 genes,
previously associated with ADSHE, were amplified and
Sanger sequenced. The patient proved to be heterozygote for
a missense muta