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ABSTRACT

ELOVLS5 (ELOngation of Very Long-chain fatty acids) encodes for an enzyme necessary to
synthetize omega-3 and omega-6 very long polyunsaturated fatty acids (PUFAs), which are
precursors for longer PUFAs, including arachidonic acid (ARA, ®6), docosahexaenoic acid
(DHA, ®3) and their derivatives. It belongs to a family of multi-pass transmembrane proteins
(ELOVLI-7) which rose discreet interest in recent years because of the link found with various
nervous system diseases, including movement and cognitive disorders. Missense mutations of
ELOVLS cause the spinocerebellar ataxia (SCA) type 38, a recently discovered rare form of
ataxia which, besides gait abnormalities, aphagia, aphasia and nystagmus, affects patients with
hyposmia, peripheral neuropathy and cerebellar atrophy. In three decades from the diagnosis,
patients are not able to feed themselves anymore nor to walk. The administration of DHA as
therapeutical approach has been shown to just slow down the progression, but not to ameliorate
patient lifestyle. Recently, studies on Elov/5”- mice demonstrated that this model well represents
SCA38. In fact, compared to control littermates, this mouse model shows the same symptoms
and the same pathological features also showed by SCA38 patients. This PhD thesis is aimed at
deepening the knowledge on the role of Elovl5 in the central nervous system (CNS) and in the
peripheral nervous system (PNS), by assessing the consequences of its loss in these mice with a
targeted deletion of the gene. Since very little is known about the precise localization of this
enzyme in brain, Elovl5 expression in mouse CNS slices and different cell cultures was assessed.
We found that Elovl5 is highly expressed by neurons in the central nervous system, especially in
cerebellum, vestibular nuclei and olfactory bulb, in agreement with the main symptoms of
SCA38. Elovl5 is also expressed by oligodendrocytes, Schwann cells and microglia. This is in
line with the finding, in ElovI5” mice, of alterations of myelin sheaths structure, detected by
electron microscopy, accompanied by impairment of action potential conduction in peripheral
nerves. At central level, Elovl5 loss did not greatly alter cerebellar circuits functionality, except
for a slight impairment in neurotransmitter release by glutamatergic fibers during high frequency
activity. In addition, both endocannabinoid-dependent synaptic plasticity and action potential
propagation along Purkinje cell axons were altered, partially explaining the motor impairment
observed in Elovl5” mice. Rebalancing the lipidic profile by a diet containing PUFAs
downstream of Elovl5, ameliorated motor performance of Elovi5”~ mice. Although this

administration is not enough to induce structural amelioration in cerebellar atrophy. These



findings showed alterations in both neuronal and glial cells functioning and could partially
explain the motor impairment observed in Elovi5”- mice and SCA38 patients. These data taken
together provide a more accurate understanding of Elovl5 physiological role in CNS and PNS
and give a more detailed insight on the pathological alterations caused by its loss. Moreover, the
preliminary results obtained by rebalancing the diet in ElovI5” mice suggest that an early-started
and complete diet supplementation could counteract the progression of the SCA38 and might be

used as a guideline for an optimized clinical trial.
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CHAPTER 1 - INTRODUCTION



1.1 The cerebellum

1.1.1 The cerebellar anatomy

The cerebellum is a region of the brain located below the occipital lobe and dorsal to the
brainstem, in the posterior cranial fossa and covered by the tentorium cerebelli. 1t is separated
from the pons by the fourth ventricle, while it is connected to the brainstem by three bundles of
fibers called cerebellar peduncles: the superior, the middle and the inferior cerebellar peduncles
(Standrings, 2015). The cerebellum is composed of an outer part of grey matter, called cerebellar
cortex, which overlays an inner part of white matter with lots of convolutions, forming structures
called folia that cross the cerebellum from one side to the other. Deeper fissures divide the
cerebellum into three lobes. The primary fissure separates the anterior from the posterior lobe
while the posterolateral fissure delineates a much smaller lobe called the flocculonodular lobe.
Moreover, superficial fissures divide every lobe into smaller lobules (Fig. 1). It is also possible
to distinguish three main longitudinal regions: a midline vermis and two lateral hemispheres that
can be divided into intermediate and lateral portions (Kandel et al., 2013). By considering the
different input sources, the cerebellum could be divided into three main parts: the
cerebrocerebellum, the spinocerebellum and the vestibulocerebellum. The cerebrocerebellum
receives inputs, via pontine nuclei, from various areas of cerebral cortex and it’s involved in
planning and executing complex spatial and temporal sequences of movement. The
spinocerebellum receives inputs from the spinal cord. Its most lateral part is concerned with the
movement of distal muscles, while its medial part, the vermis, is concerned with movement of
proximal muscles, including oculomotor muscles. The vestibulocerebellum receives input from
vestibular nuclei in the brainstem and it’s enrolled in the control of movements underlying

posture and balance (Eccles et al., 1967; Ito, 1984).
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Figure 1. Mammalian and human cerebellum. Comparative anatomical nomenclature for the
mammalian cerebellum is shown on the left, the nomenclature for the human cerebellum on the right.

Homologue lobules are indicated with same colors (Modified from Voogd, J. & Glickstein, M., 1998).

1.1.2  Cytoarchitecture of the cerebellum

The cerebellum has a highly regular structure with repeating functional units (Kandel et al.,
2013). The cerebellar cortex can be divided into three layers: the granule cell layer, the Purkinje
cell layer and the molecular layer (Fig. 2A-C). In these layers seven types of neurons can be
observed, with specific spatial arrangements and functions: Purkinje cells (PCs), granule cells,
Golgi cells, Lugaro cells, basket cells, stellate cells and unipolar brush cells (Cerminara et al.,
2015) (Fig. 2D). The granular layer, the deepest section of cerebellar cortex, is composed of
Golgi, Lugaro and granule cells mainly. Golgi cells, the largest interneuron of the granular layer,
present two or three apical dendrites and a widely ramified axon (D’Angelo et al., 2013).
Differently from basket and stellate cells, which are GABAergic interneurons, Golgi cells
present a mixed GABA/glycine transmission (D’Angelo and Casali, 2013). Lugaro cells are
located at the upper border of the granular layer and their axon arises from the proximal portion
of a dendrite dividing then into two branches. Lugaro cells have a GABAergic transmission and
the postsynaptic targets of their axon in the molecular layer are stellate and basket interneurons

(Lain¢ and Axelrad, 1998). Granule cells are small, glutamatergic neurons, considered as the
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most numerous elements in the cerebellar cortex. Their axons ascend towards the molecular
layer, then bifurcate and terminate on dendrites of PCs and interneurons (Voogd and Glickstein,
1998). Granule cells are regulated by Golgi cells with feedback and feedforward mechanisms
(D’Angelo and Casali, 2013). The PC layer is localized in between the molecular and the
granular layer. In the PC layer, PCs are disposed linearly (Cerminara et al., 2015). PCs are very
large GABAergic neurons, which provide the only source of output from the cerebellar cortex
(Voogd and Glickstein, 1998). They have a complex dendritic tree extending into the molecular
layer and a very long axon, which forms inhibitory synapses with cells of deep nuclei in white
matter (D’Angelo and Casali, 2013). The molecular layer is the superficial portion of the cortex
and it mainly contains two types of GABAergic interneurons, the stellate and basket cells, which
regulate PC activity. Bergmann glia can be found in this area as well (Voogd and Glickstein,
1998). The Bergmann glia is composed of unipolar astrocytes which locate their cell bodies
around PCs and extend radial enwrapping processes on PC dendrites (Yamaba and Watanabe,
2002). The molecular layer is built up mainly by PC dendritic arborizations and by the densely
packed thin axons arising from granule cells, called parallel fibers (PF), which bifurcate to form
T-shaped branches (Eccles et al., 1967). The deep nuclei are subcortical groups of cells laying in
the cerebellar white matter. Three groups of deep nuclei can be distinguished: the fastigial, the
interposed and the dentate (Eccles et al., 1967; Ito, 1984). They receive inputs from the
cerebellar cortex and are the major source of outputs from the cerebellum. Therefore, PCs from
the cerebellar cortex send their axons to the deep cerebellar nuclei first, and, from there, the

information is further forwarded to other regions of the nervous system.
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Figure 2. Cerebellar cytoarchitecture. (a) Mature cerebellum. The position of the shaded box indicates
a sagittal cross-section illustrated in (b) by hematoxylin and eosin staining. The subdivision of the
cerebellar vermis into ten major lobules, with each lobule demarcated by a Roman number. (¢) Further
magnification of lobule VIb (blue shaded box in (b)) shows the three cortical layers of the cerebellum.
The molecular layer (ML), Purkinje cell layer (PCL), and the granular layer (IGL) that reside upon the
white matter (WM). (d) The schematic representation shows the eight neuronal cell types (labeled on top
row with soma contained between blue dotted lines) present in the mature cerebellum and their
corresponding locations in the cortex. The two main types of external afferents (mossy and climbing) that
project from the brain stem (bs) into the cerebellum have been included on the far left as non-cortical
projections/regions. The axons of granule cells bifurcate into a T-shaped structures called parallel fibers.

Red triangles denote innervation. (Constantin, 2017)
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1.1.3  Purkinje cells: the central players in cerebellar circuitry

As sole output of the cerebellar cortex, PCs are considered the most functionally important cells
in the cerebellum. They have the unique characteristic in the central nervous system (CNS) to
produce two different types of action potential: simple and complex spikes. Simple spikes are
high-rate firing action potentials (30 to 100 Hz) which are generated spontaneously or result
from the excitation of parallel fibers (PFs), via mossy fibers (MFs) stimulation (Eccles et al.,
1967; Cerminara et al., 2015; Palmer et al., 2010). The activation of the PFs leads in the PC to
small and brief excitatory postsynaptic potential (EPSP), which diffuse passively (Ito, 1984). In
contrast complex spikes are low-rate impulses (1-4 Hz) which arise initially like an action
potential, which is usually followed by small spikelets (Eccles et al., 1967; Cerminara et al.,
2015; Palmer et al., 2010). Differently from simple spikes, complex spikes are generated by big
depolarizations induced by the activation of the climbing fibers (CFs) from the inferior olive
(Eccles et al., 1967). Despite these basal characteristics, regional differences in PCs have been
long known to exist. Therefore, PCs have different soma and axonal diameter, they show
different morphology of dendritic arborization from apex to the base of each lobule and they are
also different in number, either in different regions of the cerebellum (greater density packaging
in anterior than in posterior lobules) and inside the same lobule (fewer PCs in the base of each
lobule than at the apex) (Braitenberg et al., 1958; Armstrong et al., 1970; Nedelescu et al., 2013)
(Fig. 3A and B). In addition to morphological differences, PCs also show variation in gene
expression. The most known one is zebrin II (also known as the enzyme involved in glycolysis,
aldolase C) (Brochu et al., 1990; Ahn et al., 1994). The expression of zebrin II is in
rostrocaudally oriented stripes (Brochu et al., 1990; Ahn et al., 1994; Fujita et al., 2014). Zebrin
II presence is accompanied by the expression of various other molecular markers such as the
glutamate transporter EEAAT4, the phospholipase C beta 3 (PLCB3) for zebrin II-positive PCs,
and phospholipase C beta 4 (PLCP4) and metabotropic glutamate receptor 1 beta (mGluR1p) for
zebrin II-negative ones (Sarna et al., 2006) (Fig. 3C). Such a heterogeneity in molecular marker
expression is reflected by heterogenous physiology and intrinsic properties of PCs. Zebrin II-
negative PCs show higher firing frequencies than the ones belonging to a zebrin II-positive
region, which instead present a high irregularity of simple spike firing (Xiao et al., 2014) (Fig.
3C). Furthermore, complex spikes of zebrin II-positive PCs display less capacity to activate
mGluRs and so to induce plasticity in the PF-PC synapse. EAAT4 expression in these cells leads
to a limited duration of glutamate action at CFs and PFs synapses (Wadiche et al., 2005).
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Figure 3. PCs heterogeneity. (a) Drawings representing representative morphologies of Purkinje cells
present in the apex (upper panel) and base (lower panel) of cerebellar folia in adult mice. (b) GFP-marked
PCs (green) among anti-calbindin stained ones (red), showing the complexity of the dendritic tree along
the molecular layer. (¢) Schematic illustration showing alternating bands of zebrin II expression.
Colocalization of zebrin II+ Purkinje cells (pink) and zebrin II- Purkinje cells (blue) with various other
molecular makers (EAATA4, excitatory amino acid transporter 4; GABABR2, GABA B receptor subtype
2; MAP1A, microtubule-associated protein 1A; mGluR1pB, metabotropic glutamate receptor 18; NCSI,
neuronal calcium sensor 1; PLCB3, phospholipase Cp3). Laterally there is a schematic representation of
their electrophysiological properties obtained through extracellular recordings of Purkinje cells belonging
to zebrin II- and zebrin 11+ bands. Complex spikes are indicated by asterisks, while insets show expanded
spike trains. Zebrin II- Purkinje cells have higher simple spike firing rates. (Modified from Cerminara et
al. 2015)
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1.1.4 Cerebellar circuitry

PCs in the cerebellar cortex receive inputs from two pathways: from MFs, via granule cells and
PFs, and from CFs. The MF pathway brings information from many regions of brainstem and
spinal cord (in mice, pontine nuclei, vestibular nuclei, lateral reticular nuclei, and external
cuneate nucleus). The terminal of each MF axon is anatomically recognizable as rosettes located
within the granular layer and contact hundreds of granule cells (Eccles 1967; Konnerth et al.,
1990). From these cells, many granule cell axons depart, ascending through the molecular layer,
bifurcate and form synapses with PCs, contacting spines on secondary and tertiary branches of
the dendritic tree (Strata and Rossi, 1998) (Fig. 4). Every PC receives inputs from more than
100,000 PFs. In PF-PC synapses the release of glutamate, which binds AMPA (a-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid receptor) and mGluR1 (metabotropic glutamate
receptor 1), generates a small and brief excitatory post synaptic potential (EPSP) (Ito, 2006;
Hoxha et al., 2016). While a low frequency signal only activates AMPA receptors and generates
a fast EPSP, a burst stimulation also activates mGluR1 and generates a slow EPSP resulting in
PC depolarization and increase in dendritic calcium concentration (Tempia et al., 1998; Hoxha et
al., 2016). Thousands of synapses from PFs can strongly influence action potential generation in
PCs, thanks to the temporal and spatial summation of the EPSPs (Eccles et al., 1967). The CF
pathways, on the contrary, leads to a one-to-one transmission: every PC receives input from a
single CF (Konnerth et al., 1990). CFs originate from the inferior olive in medulla oblongata and
contact PCs spines on primary dendrites (Strata and Rossi, 1998) (Fig. 4). This strict
correspondence between CF and PC gives rise to an all-or-none EPSP because the only CF fires
an action potential only if the strength of the stimulus reaches a specific threshold so that either it
occurs fully or it does not occur at all (Eccles et al., 1966; Ito, 1984). CFs make synapses along
the entire dendritic tree of PCs and their activation results in a widespread depolarization of PC
dendrites, reaching the threshold for the activation of voltage gated calcium channels and
generating the complex spike (Konnerth et al., 1992; Miyakawa et al., 1992). PC activity is
modulated also by interneurons. Basket cells form inhibitory synapses with PCs by contacting
their soma, while stellate cells receive input from PFs and directly inhibit PCs by forming
synapses at dendric level (Purves et al., 2004). Finally, Golgi cells receive signals from PFs and
act by giving inhibitory feedback to granule cells, so indirectly modulating PCs (Purves et al.,
2004).
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Figure 4. Cerebellar circuitry. The two main types of afferents that project to the cerebellum are the
climbing fibers, which synapse directly with Purkinje cells, and the mossy fibers, which synapse with
granule cells. The axons of the granule cells ascend up to the molecular layer, where they bifurcate in a T-
type manner to form parallel fibres, which extend for several millimetres along the folia of cerebellar

lobules. (Adapted from Cerminara et al. 2015)

1.1.5 Synaptic plasticity in the cerebellum

Synaptic plasticity is a process consisting of changes in the strength of the contacts occurring
among neurons, in response to increase or decrease of the activity of their synapses. There are
two main forms of synaptic plasticity: short-term plasticity and long-term plasticity. Short-term
plasticity lasts a few minutes or less. Synaptic facilitation is an example of short-term plasticity
that induces a rapid increase in synaptic strength after two or more action potential stimulations
within few milliseconds of each other (Konnerth et al., 1990). This phenomenon is due to the

presence of residual calcium in the presynaptic element so that, when the second stimulus is
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applied, it causes release of an increased number of vesicles. The opposite form of short-term
plasticity that can occur is short-term synaptic depression. This event consists of a reduced
release of neurotransmitter during sustained synaptic activity. Depression is caused by
progressive depletion of the pool of presynaptic vesicles that are available for release and lasts
several seconds (Konnerth et al., 1990). In contrast, the long-term plasticity can induce changes
that persist for weeks, months, or years. A long-lasting increase in synaptic strength is known as
long-term potentiation (LTP), whereas other patterns of activity produce a long-lasting decrease
in synaptic strength, called long-term depression (LTD). In the cerebellum, these are
mechanisms with a leading role in motor learning and they occur at multiple cerebellar synapses,
including those on Purkinje cells (Ito, 2000). When PFs are stimulated with two sequential
stimuli and a short interval (up to 300 milliseconds) between them, facilitation occurs in
response to the second PF stimulation. (Konnerth et al., 1990). If we increase the time interval
between the two stimuli (greater than 300 milliseconds), no facilitation is observed in response
to PF stimulation (Konnerth et al., 1990). Otherwise, when CFs are stimulated with a short
interval, the second response in PCs is depressed and this is due to vesicles depletion at the
presynaptic terminal (Konnerth et al., 1990). This depression lasts for several seconds (Konnerth
et al., 1990). Increasing the time gap between two CF stimuli (few seconds) allows for the

recovery of the response to the second stimulation (Konnerth et al., 1990).

1.1.6  The cerebellum and motor learning

Motor learning is the capacity of the brain to acquire new movements and skills to perform them
through practice, and it involves many brain areas. The cerebellum is mainly involved in the
learning of accurate and fluent movements, and in performing them rapidly even without visual
feedbacks (Ito, 2000). During this process, the cerebellum is necessary to maintain muscular
tone and strength, rapidly starts movements, optimizes and memorizes them. Neurons respond
selectively to various aspects of movement, including relaxation or contraction of specific
muscles, the position of the joints, and the direction of the next movement that will occur. From
an electrophysiological point of view, when a novel movement needs to be learned or an old one
needs to be modified, the CF fires a spike. The PF/PC synapse that are activated at the same time
are potentiated or depressed (Marr, 1969; Albus, 1971; Zang and de Schutter, 2019). If actions
are not performed correctly, the cerebellum can selectively modify the synapse with the PF that

brings the information and change the output from PC. In simple situations such as reflexes, CFs
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convey sensory signals, such as those evoked by a sudden loud sound or pain. These sensory
signals suggest a harmful consequence of an inadequately executed movement (Ito, 2000). In
fact, error signals arising induce the concomitant activation of the CF and the PF synapse and the
latter one undergoes LTP or LTD, reshaping the neuronal circuit of the cerebellum in the
direction that minimizes errors (Ito and Kano, 1982; Ito, 2000). All this information is encoded
by changes in the discharge pattern of PCs, which modulates the activity of the deep cerebellar
nuclear cells. Cerebellar lesions and disease tend to disrupt the modulation and coordination of

ongoing movements.
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1.2 Hereditary ataxias

The word ataxia means ‘absence of order’, and it is commonly used to indicate a group of motor
disorders caused by cerebellar dysfunction. The main signs and symptoms of these diseases
consist of cerebellar atrophy, slowly but progressive incoordination of gait mainly associated
with poor coordination of hands, speech, and eye movements (Jayadev and Bird, 2013). The
ataxias can be of genetic or not genetic origin. Among genetic forms, the hereditary ataxias are a
highly heterogeneous group of disorders, which can be inherited through four different
modalities: autosomal dominant, autosomal recessive, X- linked, due to maternal inheritance of

mitochondrial DNA mutations (Jayadev and Bird, 2013).

1.2.1 Autosomal dominant spinocerebellar ataxias

Autosomal dominant spinocerebellar ataxias (SCAs) are heterogeneous autosomal dominantly
inherited diseases, distinguished in more than 40 subtypes (Klockgether et al., 2019). The term
“spinocerebellar” refers to the involvement of the brainstem and spinal cord in these cerebellar
diseases. However, the spinal cord is unaffected in many SCAs, and pathological alterations
occur in other regions of the nervous system, including peripheral nerves and the brainstem and
basal ganglia (Klockgether et al., 2019). The principal clinical manifestations of all SCAs are a
progressive loss of balance and coordination accompanied by slurred speech and swallow
difficulties. Commonly, the onset occurs in mid-adulthood, but manifestation in old age and
childhood is possible, by impairing the quality of living and leading to premature death (Durr,
2010; Klockgether et al., 2019). SCAs can be distinguished into three types on the base of the
genetic mechanism: (a) polyglutamine expansion ataxia, due to an expansion of glutamine-
coding CAG repeats; (b) ataxia caused by repeat expansion of a non-coding sequence and (c)
ataxia caused by conventional mutation in critical genes (Hekman and Gomez, 2015).
Polyglutamine expansion SCAs are the most common ones and are caused by translated CAG
repeat expansion mutations that encode stretches of pure glutamine in the disease proteins. These
disorders manifest above a threshold of CAG repeats that varies depending on the gene. The
longer is the repeat, the greater is the severity and earlier the onset of the disease (Durr, 2010;
Klockgether et al., 2019). Expansion repeat length leads to translation of expanded abnormal
PolyQ repeat, which leads to protein misfolding. Misfolded proteins then form aggregates that
trigger various cellular process dysfunctions, leading to cell toxicity and degeneration (Hekman

and Gomez, 2015). Ataxias due to a repeat expansion of a non-coding sequence are caused by
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non-coding repeat expansions, that are expanded repeat tracts identified outside of the

recognized protein coding regions, such as in introns or 5°. This alteration leads to a gain of

function mechanism, triggered by the accumulation of transcripts containing expanded CUG or

CCUG repeats (Durr, 2010; Hekman and Gomez, 2015). Lastly, ataxia caused by conventional

mutations (missense, deletion, insertion or duplication) in critical genes often impair genes

involved in PCs survival, ion channel genes or genes affecting neuronal excitability (Hekman

and Gomez, 2015) (Fig.5).

SCA® Gene (type of

mutation)

SCAs due to repeat mutations

SCA1 ATXN1 (translated CAG
repeat)

SCA2 ATXN2 (translated CAG
repeat)

SCA3/MJD®  ATXNS3 (translated CAG
repeat)

SCA6 CACNAIA (translated
CAG repeat, missense)

SCA7 ATXN7 (translated CAG
repeat)

SCAS8¢ ATXNS8 (CTG repeat in
3’ untranslated region)

SCA10 ATXN10 (intronic
ATTCT repeat)

SCA12 PPP2R2B (CAG repeat
in 5" untranslated
region)

SCA17 TBP (translated CAG
repeat)

SCA31 BEAN1 (intronic
TGGAA repeat
insertion)

SCA36 NOP56 (intronic
GGCCTG repeat)

SCA37 DABI (intronic ATTTC
repeat)

SCAs due to conventional mutations

SCA5¢ SPTBN2 (deletion,
missense)

SCA13 KCNC3 (missense)

SCA14 PRKCG (missense)

SCA15/ ITPR1 (large deletion,

SCA16® missense)

SCA19/ KCND3 (missense,

SCA22° deletion)

SCA28 AFG3L2 (missense)

Protein (wild-type protein
function)

ATXN1 (gene transcription)

ATXN2 (RNA repair, ribosomal
translation)

ATXN3 (deubiquitinase)

a,,-Subunit of voltage-dependent
calcium channel of P/Q-type (neuronal
excitability)

ATXN7 (subunit of histone
acetyltransferase complexes)

ATXNS, also antisense strand
ATXN8OS (unknown)

ATXN10 (unknown)

Brain-specific regulatory subunit

of protein phosphatase 2A (serine/
threonine phosphatase involved in cell
cycle and transcription)

TATA-box-1-binding protein (gene
transcription)

Brain-expressed protein associating
with NEDD4 homologue (binding
partner of NEDD4)

Nucleolar protein 56 (RNA maturation)

Disabled homologue 1’ (intracellular
adaptor in reelin signalling pathway)

BllI-Spectrin (cytoskeletal protein
that stabilizes membrane proteins,
including glutamate receptors)

Subunit K 3.3 (neuronal excitability)

Protein kinase Cy (serine/threonine
kinase)

Inositol 1,4,5-triphosphate receptor
type 1 (intracellular inositol-
triphosphate-gated calcium channel)

SubunitK 1.3’ (neuronal excitability)

AFG3-like protein 2 (part of m-AAA
protease complexes in the inner
mitochondrial membrane)

Neuropathology
Cerebellum, brainstem
and spinal cord

Cerebellum, brainstem,
substantia nigra, spinal
cord and polyneuropathy

Dentate nucleus, basal
ganglia, substantia
nigra, spinal cord and
polyneuropathy

Cerebellum

Cerebellum, brainstem,
basal ganglia and retina

Cerebellum
Cerebellum
Cerebellum and
polyneuropathy
Cerebellum

Cerebellum

Cerebellum

Cerebellum

Cerebellum

Cerebellum and brainstem

Cerebellum

Cerebellum

Cerebellum

Cerebellum

Clinical phenotype

Ataxia, spasticity, ophthalmoplegia,
bulbar symptoms and sensory
symptoms

Ataxia, slow saccades and sensory
symptoms

Ataxia, ophthalmoplegia, spasticity,
basal ganglia symptoms, sensory
symptoms, amyotrophy including
facial atrophy and fasciculations

Pure cerebellar ataxia and downbeat
nystagmus

Ataxia, visual loss, ophthalmoplegia
and spasticity

Ataxia, spasticity, sensory symptoms,
cognitive and mood changes

Ataxia and epilepsy

Ataxia and tremor

Ataxia, spasticity, basal ganglia
symptoms, psychiatric disorders and
dementia

Pure cerebellar ataxia

Ataxia, amyotrophy and hearing loss

Ataxia and abnormal vertical eye
movements

Pure cerebellar ataxia

Ataxia and intellectual disability

Ataxia and myoclonus

Pure cerebellar ataxia

* SCA19: ataxia, cognitive
impairment and myoclonus
* SCA22: pure cerebellar ataxia

Ataxia, spasticity, ophthalmoplegia
and ptosis

Figure 5. Genetic cause and phenotype of selected SCAs. ATXN, ataxin, DRPLA, dentatorubral-

pallidoluysian atrophy; MJD, Machado—Joseph disease; SCA, spinocerebellar ataxia. The table shows all
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known SCAs caused by repeat mutations and the most prevalent SCAs caused by conventional mutations.

(Klockgether et al. 2019)

1.2.2  Spinocerebellar ataxia 38

Spinocerebellar ataxia 38 (SCA38) is a rare subtype of SCA caused by conventional mutations,
which affects in average 5-7 individuals out of 100,000 (Di Gregorio et al., 2014). Besides the
ataxic gait, SCA38 is characterized by nystagmus, hyposmia, pes cavus syndrome, peripheral
neuropathy and hearing loss. All these symptoms are associated with cerebellar atrophy,
especially in the vermis, but without cerebral and brainstem involvement (Di Gregorio et al.,
2014; Borroni et al., 2016) (Fig. 6B). SCA38 is a slowly and progressive pathology that has a
mean age of onset of 39.1 years old. It is associated neither with parkinsonism nor with cognitive
impairment, but in the last decades of patient’s life it causes serious difficulties in independent
basic activities in daily living (Borroni et al., 2016) (Fig. 6A). The genetic cause of
spinocerebellar ataxia 38 is a missense mutation in the very long chain fatty acid elongase-5
gene (ELOVLYS) (Di Gregorio et al., 2014). ELOVLS encodes an enzyme that belongs to the
elongase-of-very-long-chain-fatty acids (ELOVL) family, involved in the biosynthesis of long
chain fatty acids, like arachidonic acid (ARA) and docosahexaenoic acid (DHA). So far, two
missense mutations in sites conserved among vertebrates have been identified: c¢.214C>G
(p.Leu72Val) on exon 3 and c.689G>T (p.Gly230Val) on exon 7 of ELOVLS. The pathological
mechanisms underlying this neurological disorder are not clear nowadays. It is possible that that
the mutated ELOVLS5 protein is not degraded, but up regulated and delocalized (Borroni et al.,
2016). Indeed, ELOVLS is a protein physiologically localized in the endoplasmic reticulum
(ER), but the mutations occurring in SCA38 leads to mislocalization to the Golgi apparatus and
triggers an unfolded protein response (UPR) (Di Gregorio et al., 2014). However, it is not clear
whether the genetic alteration induces loss of function of the mutated enzyme, or a toxic gain of
function of the unfolded protein. Currently, a mixed model seems to be the most valuable
explanation. However, it is known that, as a result of this mutation, the biosynthesis of
downstream products of ELOVLS is impaired, since the dosage of both ARA and DHA in
patients serum show decreased levels of these two PUFAs, relative to healthy controls (Di
Gregorio et al., 2014). This decrease causes an increase in ELOVLS gene expression and protein
level in cultured lymphoblasts derived from SCA38 affected subjects. A possible explanation is
that ARA and DHA also act at transcriptional level as feedback regulators. Their deficiency

might induce an increase in the nuclear form of the transcription factor sterol regulatory element
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binding protein 1c (SREBP-1c), responsible for ELOVLS5 expression (Moon et al., 2009; Di
Gregorio et al., 2014).

ystagmus | —————
gait ataxia —
bt
I T —— e
dysarthi )
dysohag | —
diplopia (even seldom) I ——
ophtalmopharesis  |——————
ophtalmoplegia —
sensory loss/parestesia | —
Babinski sign —
extrapyramidal syndrome —

myocionus l

dementia l

Figure 6. Pathological features of SCA38. (A) Signs and symptoms of SCA38 according to decades
from disease onset. In grey, symptoms reported in the first 10 years of the disease, in blue those reported
from 10 to 20 years of the disease, in violet those reported over 20 years from the onset of symptoms. (B)
Structural and functional neuroimaging findings in two patients with SCA38. Subpanels A. Coronal,
sagittal and axial magnetic resonance imaging sections (MRI), to demonstrate cerebellar atrophy.
Subpanels B. FDG-PET images from a single-subject analysis using a group of 19 healthy individuals,
showing regions of cerebellar hypometabolism (Modified from Borroni et al., 2016).
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1.2.3  SCA38 therapeutic approach

The majority of hereditary ataxias, including SCA38, lacks specific and effective treatments.
However, the low serum levels of ARA and DHA in patients affected by SCA38 have driven
recent research in the investigation of the effect of dietary PUFA supplementation as possible
treatment of the disease. Indeed, DHA supplementation (dosage 600 mg/day) for 56 weeks
produces clinical efficacy and amelioration in the cerebellar metabolism: significant
improvements were detected in posture and gait and cerebellar hypometabolism (Manes et al.,
2017). This short-term treatment after 40 weeks also reduces mutant ELOVLS5 cellular levels and
slightly reduces its expression in blood (Manes et al., 2017). Further studies have shown that
clinical and cerebellar metabolism amelioration were maintained among time and without any
side effect, when administration of DHA was extended for almost 2 years, and no worsening in
motor symptoms and sensory conduction velocity was observed (Manes et al., 2019). Despite
these positive effects, the long-term administration of DHA seems not to affect the DHA
decreased level in serum nor the increased ELOVLS5 expression in blood (Manes et al., 2019).
Further studies are necessary in order to understand the biological basis of the response to this
treatment and to identify the age of turning from presymptomatic to symptomatic stage of the
disease. Moreover, no other PUFAs have been tried yet and a set clinical trial for SCA38 patients

is not available, because of the lack of studies on preclinical models.

1.2.4 Elovl5" mice as a model for the study of SCA38

In 2017 our laboratory showed that a mouse model with the total body deletion of the Elovi5
gene (ElovI5™) can be used for the study of the SCA38 (Hoxha et al., 2017). These mice,
generated in Professor Horton’s lab (Moon et al., 2009), well represent all the pathological
features and symptoms also presented by patients, so suggesting that the main mechanism which
leads to SCA38 development is a loss of function mutation in ELOVL3 gene. Therefore, Elovl5”
mice showed impairment in motor coordination and balance skills at the balance beam test,
denoting a cerebellar phenotype, which worsened with age (Hoxha et al., 2017) (Fig. 7). They
also presented hyposmia at 12 months of age, showing an increased latency in finding the
olfactory stimulus at the olfactory test (Hoxha et al., 2017) (Fig. 7). Ablation of the Elovl5 gene
has also massive histological consequences on the brain of affected mice. In fact, the total
perimeter length of the PC layer and the cerebellar white matter area are markedly reduced at all

stages of the disease (Hoxha et al., 2017) (Fig. 7). Furthermore, some of the lobules of the
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cerebellum undergo a thinning of the molecular layer, caused by the reduction in the extension of
the PC dendrites tree. Interestingly, this dendritic alteration is not accompanied by alteration of
the dendritic spines, suggesting that Elovl5 is not necessary for spine formation but is needed to
keep the PC dendritic branches correctly distributed in the molecular layer (Hoxha et al., 2017)
(Fig. 7). Taken together, these lines of evidence show that ElovI5” mice are a good model for
the study of SCA38. However, pathophysiological mechanisms leading to SCA38 are not clear
yet, and further investigations on ElovI5” mice are needed, in order also to elucidate the

physiological role of Elovl5 and why its mutations could lead to cerebellar ataxia.

Balance Beam Test Olfactory Test

B
*
= #0 3 months
- R oo
b 350 BN 12 months
H CX
E § 40
-3 K
= 20
s
z 0
2 v wild type ElovI5™-
PC morphology Cerebellar atrophy
wild type ElovI5™
6 months 12 months

wild type

EloviI5™

Figure 7. Elovl5”- mice symptoms and pathological features. Top left panel: Increased latency
to cross the beam (A) and increased mean number of foot-slips for ElovI5” compared to wild

type mice (B); the performance of ElovI5” mice worsened across months. Top right panel:

ElovI5” mice show hyposmia. The latency to find the buried cookie is significantly longer for
ElovI5” mice compared to wild type animals at 12 months. At younger ages, no significant

difference between genotypes was present. Bottom left panel: biocytin filled PCs and

reconstructed dendritic structures for wild type and Elovi5” mice. Elovl5”- mice showed a
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reduced extension the dendrites relative to their wild type littermates. Scale bar 40 um. Bottom
right panel: Nissl-stained sagittal sections of the cerebellum from wild type and ElovI5” mice of
6 and 12 months of age. Elovl5” mice showed a reduced thickness of the molecular layer of each
cerebellar lobule, accompanied by a reduced total perimeter length of the PC layer and white
matter area in the cerebellum compared to wild type littermates (Adapted from Hoxha et al.,

2017).
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1.3 ELOVL gene family

The ELOVL family of enzymes in mammals is composed by seven members (ELOVL1-7) that
are all located in the ER and are thought to act together like a multimeric complex (Okuda et a.,
2010). ELOVLs are elongase enzymes responsible for the initial condensation reaction necessary
to elongate saturated and unsaturated fatty acids (Leonard et al., 2004; Jakobsson et al., 2006;
Sassa and Kihara, 2014) (Fig. 8). They are rate-limiting and even if each member of the family
shows a particular substrate preference, they show a homologue structure (Leonard et al., 2000).
Therefore, these enzymes are multi-pass transmembrane proteins containing a large ELO
domain, an N-linked glycosylation near the N-terminus, a catalytic histidine motif (HXXHH),
essential for the elongase function, and a di-lysine ER- retention motif (KXKXX) in the C-
terminus domain that is required for proper localization to the ER (Dedk et al., 2019). Recently,
interest in these enzymes has grown because mutations in ELOVL genes have been linked to

various nervous system diseases.

A VLC-SFA B VLC-PUFA
16:0 18:3
lELOVLG * A6 Desaturase
18:0 18:4
lELOVL1,3,7 y ELOVL25
20:4
20:0 { A5 Desaturase
l ELOVL1,3,7 A
22:0 { ELOVL2,5
ELOVL1,3,7 22:5
. 22:6 ELOVL2
24.0ELOVL1 3 ?G-oxidation
l(ELOVL4) 24:6 A6 Desaturase  24:5
26:0 ELOVL13 ¥
l ELOVL4 26:6 (ELOVL4) 265
28: ELOVL4 _
8+0 286 28:5
y |ELOVL4 Y Y
y |VLC-SFA Y ELOVL4 Y
Y Y VLC-PUFA Y
38:0 Y Y
386 | | 385

Figure 8. ELOVL family members and their role in the synthesis of very long chain saturated fatty
acids (VLC-SFA) and VLC-PUFAs. (A) VLC-SFA biosynthesis pathway. Elongation steps are
performed by ELOVLI1-7. (B) Very long chain PUFA (VLC-PUFA) biosynthesis pathway. Desaturation
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and elongation steps are performed by ELOVL1-5, AS Desaturase (fatty acid desaturase-1, FADS1), and
A6 desaturase (fatty acid desaturase-2, FADS2). Although some ELOVL family members catalyze

specific steps in VLC-PUFA synthesis, others are multifunctional and may catalyze multiple steps
(Adapted from Dedk et al., 2019).

1.3.1 ELOVLS

ELOVLS has the unique property to condense a wide selection of PUFAs from 18 to 20 carbon
atoms, including linoleic (LA) acid to produce ARA, a-linolenic (ALNA), and stearidonic to
produce eicosapentaenoic acid (EPA) and DHA (Leonard et al., 2000; Moon et al., 2009;
Shikama et al., 2015). It is an essential player for the lipidic metabolisms, therefore its loss
induces a depression of a sterol regulatory element-binding protein (SREBP-1c¢), which led to the
transcriptional activation of lipogenic genes, increased lipogenesis, and hepatic steatosis (Moon
et al., 2009). Moreover, as already illustrated (see chapter 1.2.2), alteration in ELOVLS5 have
been identified as the genetic cause of the SCA38 (Di Gregorio et al., 2014; Borroni et al., 2016).
ELOVLS presents a particular high expression in lung and adult brain, where it shows its higher
levels in the cerebellum, in soma and dendrites of PCs (Di Gregorio et al., 2014) (Fig. 9A-E). Up
to date no other information about its localization in brain was available. This thesis work was

also aimed at filling this gap (see chapter 3.1, Balbo et al., 2021).

ELOVLS versus TBP

Figure 9. ELOVLS expression and localization. (A) The normal expression pattern of ELOVLS in five
human tissues, lymphoblastoid cells, and four brain areas. ELOVLS showed prominent expression in
brain and lung. (B - E) Sections of healthy human (B and D) and murine (C and E) cerebellar cortex

immunostained with ELOVLS antibody and counterstained with hematoxylin. Higher magnifications of
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sections of human and mouse cerebellar cortex are shown in (D) and (E), respectively. Note the similar
labeling pattern of human and mouse Purkinje cells and the presence of numerous labeled cells in the
white matter. ml, molecular layer; PCl, Purkinje cell layer; gl, granular layer; and wm, white matter. Scale

bars: 200 um (B), 80 um (C), 50 um (D), and 20 um (E) (Modified from Di Gregorio et al., 2014).

1.3.2  Other ELOVL family genes and their associations with human diseases

ELOVLI elongates saturated or monosaturated fatty acids, in particular ones with chain lengths
of 18—24 carbons and it has an overlapping function with ELOVL3 and ELOVL7 (Guillou et al.,
2010; Kihara, 2012). ELOVLI is expressed at moderate levels in CNS, especially in the corpus
callosum and the spinal cord (Tvrdik et al., 2000). An autosomal dominant mutation in human
ELOVLI leads to ichthyosis, hypomyelination, spastic paraplegia, partial deafness, and optic
atrophy (Kutkowska- Kazmierczak et al., 2018; Mueller et al., 2019). ELOVL2 is selective for
very long chain fatty acids (VLCF) and polyunsaturated fatty acids (PUFA), therefore it
elongates VLCF with 18-20 carbon chains and PUFA with 20-22 carbon (Guillou et al., 2010;
Kihara, 2012). It is essential for the lipid homeostasis, as shown by studies on knockout mice,
but its expression in brain is very low (Tvrdik et al., 2000; Pauter et la., 2014). At present, no
ELOVL2 mutation has been identified as cause of any human disease, although some
polymorphisms have been linked to increase the susceptibility to autism spectrum disorders
recently (Sun et al., 2018). Functionally corresponding to ELOVLI1, ELOVL3 elongates
saturated or monosaturated fatty acids, in particular the ones with chain lengths of 18—24 carbons
(Guillou et al., 2010; Kihara, 2012). ELOVL3 is mainly expressed in the skin and poorly in CNS
(Tvrdik et al., 2000). To date, no human brain disease has been found correlated to its mutations.
ELOVLA4 elongates long-chain PUFA and long-chain VLCF of 24 carbon length up to 38
carbons (Guillou et al., 2010; Kihara, 2012). Its expression in CNS is very abundant and it is one
of the best characterized (Sherry et al., 2017). In mouse brain, expression of ELOVL4 is
especially prominent in the olfactory bulb, hippocampus, cerebral cortex, thalamus, and
cerebellum. An exception to this pattern are the basal ganglia, which show very little ELOVL4
expression (Sherry et al., 2017). This enzyme is mainly expressed by neurons, although small
ELOVL4-positive cells have been observed in brain white matter suggesting potential expression
in oligodendrocytes too (Sherry et al., 2017). ELOVL4 mutations cause autosomal dominant
spinocerebellar ataxia type 34 (SCA34), erythrokeratodermia variabilis (EKV) (Cadieux-Dion et
al., 2014; Bourassa et al., 2015; Ozaki et al., 2015) and autosomal dominant Stargardt-like
macular dystrophy (STGD3) (Bernstein et al., 2001; Edwards et al., 2001; Zhang et al., 2001).
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ELOVL6 mediates the first, rate-controlling step in fatty acid elongation of saturated and
unsaturated/polyunsaturated fatty acids with chain length of 16 carbons (Moon et al., 2001;
Guillou et al., 2010; Kihara, 2012; Moon et al., 2014). It is expressed at high levels in liver,
adipose tissue, and brain (Tvrdik et al., 2000). Studies on knockout mice, show ELOVL6
essential role in metabolism regulation and in regulating thermogenic activity in brown fat
adipocytes (Matsuzaka et al., 2007; Tan et al., 2015). No direct causal linkage of ELOVL6
mutations to human disease has been established. Being functionally identical to ELOVLI and
ELOVL3, ELOVLY7 elongates saturated or monosaturated fatty acids, in particular the ones with
chain lengths of 18-24 carbons (Guillou et al., 2010; Kihara, 2012). It is highly expressed in
CNS, particularly in spinal cord, basal ganglia and midbrain (Tvrdik et al., 2000). ELOVL7
polymorphisms have been associated with early onset Parkinson’s disease and multiple system

atrophy (Sailer et al., 2016; Li et al., 2018; Keo et al., 2020).
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1.4 Polyunsaturated fatty acids (PUFAs)

Polyunsaturated fatty acids (PUFAs) are a group of fatty acids characterized by at least two
double bonds. By considering the last double bond position, called omega, it is possible to divide
them into two families: omega-3 (n-3) and omega-6 (n-6), respectively. (Nelson and Cox, 2017).
PUFAs cannot be synthesized de novo in human tissues, but their precursors (linoleic acid and
alpha-linolenic acid) must be obtained from diet, through the assumption of fish, seeds or oil.
Such precursors are then processed to more complex PUFAs by the liver and then transported to
other districts with bloodstream or they can be processed directly in the target tissue. Despite this
fact, this process is not efficient, with less than 1% of precursors which are converted into more
complex compounds (Plourde and Cunnane, 2007). In addition to long chain PUFA synthesized
in the liver, shorter chains precursors are provided by plasma, to allow local synthesis in brain.
Besides the crucial structural role in membranes, various PUFA metabolites also possess
signaling functions, with roles in neurogenesis, neuronal survival, synaptic activity and
regulation of brain inflammation (Guillou et al., 2010; Bazinet and Layé, 2014; Serhan et al.,

2014).

1.4.1 PUFAs synthesis

In mammals, PUFAs synthesis results from an alternation of desaturation and elongation from
the dietary fatty acids. In fact, the essential fatty acids 18:2n6 (LA) and 18:3n3 (ALNA) are
required to start the series of desaturation and elongation reactions in the ER which generate
long-chain PUFAs. The A6 desaturase uses 18:2n6 and 18:3n3 as substrates and inserts a double
bond to produce 18:3n6 (gamma-linolenic acid) and 18:4n3 (stearidonic acid). PUFAs with a
double bond at A6 are then elongated by ELOVL-family enzymes, which use malonyl-CoA to
add two carbons to the C-terminal end of the fatty acids, producing 20:3n6 (dihomogamma-
linolenic acid) and 20:4n3 (eicosatetraenoic acid). These fatty acids are substrates for a A5
desaturase, originating 20:4n6 (ARA) and 20:5n3 (EPA) (Wallis et al., 2002). These C20
products then undergo two succeeding elongation cycles followed by a A6 desaturation,
occurring in the ER. After transfer of the fatty acid to peroxisomes, there is a specific -
oxidation which leads to 22:5n6 (docosapentaenoic acid, DPA) and 22:6n3 (DHA) (Wallis et al,
2002) (Fig. 10).
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Figure 10. PUFAs omega-3 and omega-6 biosynthesis. All the steps necessary for the biosynthesis of
PUFAs omega-3 and omega-6. The most common mediators produced from ARA, EPA and DHA are
indicated (Patterson et al., 2012).

1.4.2 PUFA transport into brain

PUFAs enter the brain as unesterified (free fatty acid) or esterified to lipids by forming
lysophospholipids and lipoproteins, generally. In particular, they can cross the blood-brain
barrier (BBB) in three different ways: via passive diffusion through the membranes of
endothelial cells, through the transcytosis pathway or by lipoprotein receptor, when they are
esterified to a glycerol (Pifferi et al., 2021). Transfer via passive diffusion through the
membranes of endothelial cells requires the dissociation of the non-esterified fatty acid from
albumin. This process depends upon the affinity of the fatty acid with albumin and its frequency
of dissociation, and the usage of this fatty acid by endothelial and neuronal cells (Pifferi et al.,
2021). Interesting evidence shows that DHA is able to cross the BBB via simple diffusion, as
EPA, thanks to a high liposolubility and a molecular weight under 400 Da (Ouellet et al., 2009).
Transcytosis can be mediated by vesicles coated with clathrin or by caveolae. Both these ways
involve low-density lipoprotein (LDL) receptors which recognize adapter proteins and,

following vesicles internalization, directs LDL to lysosomes that degrade them to release
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cholesterol and fatty acids, or transfer LDLs across the plasma membrane, preventing their
degradation (Kirchhausen et al., 2005; Robinet et al., 2006; Yang et al., 2020). The most
efficient mechanism of BBB passage begins with the esterification of the fatty acid to a glycerol
into lysophosphatidylcholine (lysoPC) (Lacombe et al., 2018). When lysoPCs bind lipoprotein
receptors, they are internalized into endothelial cells and then lipids of the lipoproteins are split.
PUFAs are released and finally selectively transferred to their specific transporters at the
abluminal membrane of the endothelial cells (Pifferi et al., 2021). Among the transporters
involved in this mechanism there are different fatty acid transport proteins (FATPs), each one
selective for a wide range of PUFAs (Edmond, 2001). DHA is mainly transported by the major
facilitator superfamily, Mfsd2a, involved in the regulation of brain endothelial cell lipid
composition (Nguyen et al., 2014; Andreone et al., 2017). Once entered, most PUFAs (like ARA
and DHA) are esterified to phospholipid membranes, while others (such as LNA, ALA and EPA)
are oxidized (Bazinet and Layé¢, 2014).

1.4.3 PUFAs physiological functions in brain

PUFAs are essential players in brain correct functioning. They influence neuronal functions
through direct effects on membrane biophysical properties, and via neurotransmission, by
providing a precursor pool for signaling molecules and lipid-derived mediators. From a
structural point of view, PUFAs are fundamental components of both glial and neuronal cell
membranes, but also of myelin sheaths and their presence influences their integrity and proper
physiological functions. It is widely known that a good balance of unsaturated relative to
saturated fatty acids impacts on membrane fluidity, thickness and rigidity (Fernstrom, 1999;
Yehuda et al., 2002; Dyall and Michael-Titus, 2008; Harayama and Shimizu, 2020). This is
incredibly important in brain and can affect synaptic regulation by altering the membrane
curvature and disrupting phospholipid packing of the lipid bilayer of synaptic membranes
(Antonny et al., 2015; Lauwers et al., 2016). Furthermore, recent evidence suggests a possible
role of PUFA and long-chain saturated fatty acids in synaptic vesicle fusion with the presynaptic
terminal and the consequent neurotransmitter release (Hopiavuori et al., 2018; Hopiavuori et al.,
2019). Nevertheless, this involvement in neurotransmitters release is not the only way PUFAs
can influence neurotransmission. Indeed, they can generate many bioactive derivates, so called
mediators, originating from the de-esterification of membrane phospholipids by phospholipase

A2 (PLA2), which is coupled to many receptors in the brain, such as dopaminergic, cholinergic,
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serotoninergic and NMDA (Bazinet and Layné, 2014). Once de-esterified, enzymes like
lipoxygenase (LOX), cyclooxygenase (COX) and cytochrome P450 mediate the conversion of
PUFAs in bioactive lipidic products. These mediators produced can act as agonists for many
receptors, so activating cell signaling pathways. One of the best characterized family of derivates
are the endocannabinoids (eCBs). The eCBs most produced in brain are 2-arachidonoylglycerol
(2-AG) and anandamide (AEA), which derive both from ARA and act on neurons and glial cells
(Castillo et al., 2012). They bind cannabinoid receptor type 1 (CB1) and type 2 (CB2) and
modulate synaptic transmission by acting like retrograde messengers in many brain regions,
including the cerebellum (Castillo at al., 2012; Lu and Meckie, 2016). In the cerebellum, CB1 is
expressed by PC dendrites, CFs, PFs and basket cells (Lu and Meckie, 2016). The release of
eCBs influences GABAergic synapses and follows the depolarization of the postsynaptic
terminal and the consequent rise in of intradendritic calcium concentration. Such an augmented
concentration induces the synthesis and the release of eCBs in the synaptic cleft, which bind the
receptors localized at presynaptic terminal, resulting in a transient suppression of
neurotransmitter release (Castillo et al., 2012; Lu and Meckie, 2016). This retrograde signaling
mediates several forms of short and long term synaptic plasticity: i) depolarization-induced
suppression of excitation (DSE), a postsynaptic calcium-dependent process that modulates
glutamatergic transmission (Kreitzer and Regehr, 2001; Diana and Marty, 2004); ii) LTD, which
requires mGluR1 activation (Safo and Regher, 2005; Kano et al., 2008); iii) synaptically evoked
suppression of excitation (SSE), a physiological process aimed at circumscribing stimulation to
interested dendrites preventing a spread to others on the same or on neighboring PCs (Brown et
al. 2003). Besides the eCBs, the elovanoids are well characterized PUFAs mediators deriving
from oxygenation of very long-chain omega-3 PUFAs (Jun et al., 2017). Elovanoids have been
found to provide a neuroprotective feedback signal to enhance expression of pro-survival
proteins by the photoreceptors in the retina to compensate for high levels of oxidative stress (Jun
et al.,, 2017). Moreover, they showed a protective effect in neurons subjected to oxygen and
glucose deprivation in an animal model of ischemic stroke (Bhattacharjee et al., 2017). Similar
effects are shown by DHA and its mediator synaptamide, which provide not only
neuroprotection and survival, but also neuronal differentiation and synaptogenesis (Kim et al.,
2011 and 2013). Finally, PUFAs play a role in regulation of inflammation, which is an essential
process in order to maintain the correct homeostasis of the brain in response to infections and

lesions. This response is carried out by microglial cells, through the production of pro and anti-

34



inflammatory cytokines. However, when this production is sustained for too long, these
molecules become neurotoxic and rapidly commit the brain to neuronal damage (Lay¢ et al.,
2010). PUFAs act at both sides of this process. Therefore, firstly, they serve as precursors of
several pro-inflammatory mediators such as eicosanoids, prostaglandins, thromboxane and
leukotrienes. Then, they act down-regulating cytokine gene expression, while inducing lipid
mediators involved in the resolution of inflammation (Laye, 2010). They have also been shown
to directly modulate microglial function, phenotype and migration (Laye, 2010). ARA-produced
metabolites, eicosanoids, have general proinflammatory effects, while EPA-derived ones play
the opposite function (Tapiero et al., 2002). DHA and its mediators have shown to have a potent
anti-inflammatory and pro-resolving properties in peripheral tissues and brain, by reducing the
risk of onset of neurological diseases that have an inflammatory component, like Alzheimer’s

disease, Parkinson’s disease and major depression (Laye, 2010).
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AIM OF THE THESIS

As showed in this bibliographic examination, in the recent years interest has risen in ELOVL
family genes and related human diseases (see chapter 1.3). Especially in the brain, mutations in
some of these genes induce functional and structural impairments, which in most cases lead to
neurological and neuropsychiatric disorders. However, the knowledge about the role of these
biosynthesis enzymes is incomplete and contradictory, maybe also due to the variety of
biological process their products are involved in. Among the others, Elovl5 has the unique
characteristic to condense a wide selection of PUFAs from 18 to 20 carbon atoms to produce
compounds like ARA, EPA and DHA, essential for many physiological functions in nervous
system (Leonard et al., 2000; Moon et al., 2009; Shikama et al., 2015). A loss of function of this
enzyme leads to the pathological condition of SCA38, that, within three decades from the onset,
severely impairs life quality of patients (Borroni et al., 2016). The range of symptoms showed by
patients indicates that functional alterations occur not only in the cerebellum, but also in other
brain regions. Despite this fact, there is a poor knowledge about the physiological role of Elovl5
in brain. This thesis is aimed at filling this gap, by studying the consequences of this enzyme loss
in the mouse model of SCA38, Elovl5” mice. The first important information to clarify is where
exactly this enzyme is localized and by which cell types it is produced. In fact, understanding the
expression pattern could be an important hint for the study of the functional aspects. Thus, we
started by investigating the protein localization in different brain areas and cell types. Following
the identification of the regions and of the cellular subpopulations expressing Elovl5, we wanted
to know its role in the central and peripheral nervous system. To this aim, we decided to start
from the observation of the symptoms showed by ElovI5” mice and delved deeper to have a
better comprehension of the pathological mechanisms induced by Elovl5 loss. Finally, we
attempted to obtain a reversal of the phenotype observed in Elovi5”- mice, by imposing them a
PUFA-rich diet. As told in the previous chapters (see chapter 1.2.3), the administration of DHA
has been already tried on SCA38 patients and this therapeutic approach proved to be safe and
well tolerated, relatively inexpensive and easy to administer as a dietary intervention (Manes et
al., 2017; Manes et al., 2019). However, even if the patients showed beneficial effects, the
previous studies do not provide evidence for maintenance of the improvement over time, and
they did not find a biological explanation for the ameliorations observed. Most importantly,
these works supply data for the administration of only one PUFA downstream Elovl5. So, we

tried the administration of the complete product range to Elovi5” mice and we observed
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symptoms progression over time. Our study can lead to a better understanding of the molecular
correlates of presymptomatic and symptomatic stages of this pathology, and potentially be a

guide for better clinical trials.
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CHAPTER 2 - MATERIALS AND METHODS
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2.1 Animals

ElovI5” mice (C57BL/6 background) have been kindly provided by Dr. Moon and Dr. Horton of
the UT Southwestern Medical Center (Moon et al., 2009) and bred in our Animal Facility at
NICO (Orbassano, Italy). Experimental animals and wild type controls were obtained by mating
heterozygous Elovi5* mice, with the expected Mendelian frequency of 1/4 ElovI5” and 1/4
ElovI5™*, heterozygous ElovI5*~ offspring were discarded.

Both males and females were used for all the experimental paradigms since no difference in
motor deficit between sexes has been found. During the whole experimental period ElovI5”- and
wild type littermates from 1 month to 20 moths were used.

All experimental procedures have been approved by the Ethical Committee of the University of

Torino and authorized by the Italian Ministry of Health (authorization number: 161/2016-PR).

2.1.1 Mice feeding

Both Elovi5” mice and their wild type littermates were kept from birth on an omega-3 and
omega-6 free diet (Teklad Global 18% Protein Rodent Diet, Harlan Laboratories), to allow just
the endogenous synthesis of downstream products of Elovl5 enzyme.

To assess the effect of a PUFA rich diet in our pathological model, a control group composed by
both ElovI5”~ and wild type mice was kept in standard rodent diet (4RF25, Mucedola Srl). While
another group was imposed this PUFA rich diet after weaning (1 month old).

In order to assure this difference in diet administration, we quantified the amount of free fatty

acids both downstream and substrates of Elovl5 in both foods (Table 1).

PUFA precursors diet
Fatty acid (Teklad Global 18% Protein Complete PUFA diet
y Rodent Diet, Harlan (4RF25, Mucedola Srl)
Laboratories)
Linoleic acid C18:2n-6 2227.234 + 48.492 1542.747 + 183.529
gamma-Linolenic acid C18:3n-6 325.807 £ 11.766 302.807 + 25.603
Arachidonic acid C20:4n-6 0.254 £0.031 9.901 + 0.365
Eicosapentaenoic acid C20:5n-3 0.190 £ 0.034 28.677 + 1.564
Docosahexaenoic acid C22:6n-3 0.096 £ 0.027 125.449 £ 1.686
Oleic acid (C18:1) 1920.966 + 68.373 1847.310 + 174.768
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Erucic acid (C22:1) 15.155+0.361 12.909 £ 0.392
Nervonic acid (C24:1) 2.081 £0.170 2.203 £0.024
Palmitic acid (C16:0) 1243.140 + 50.405 875.832 + 70.505
Margaric acid (C17:0) 10.233 £ 0.180 11.495 + 0.606

Stearic acid (C18:0) 256.665 £4.021 241.530£11.131
Arachidic acid (C20:0) 17.404 £ 0.034 18.555 + 1.564
Behenic acid (C22:0) 16.268 £ 0.732 14.383 + 0.236

Table 1. Fatty acids content of PUFA only and complete diets. Data are expressed as ng/mg (mean +

standard error)

2.1.2 Genotyping mice

The genotype of both ElovI5” and wild type mice was confirmed by means of PCR using the
following primers:

ELOVLS

ELOVLS FW: (5’) ACC ACT AGT CAT ATG ACG GC (3°)

ELOVLS RV: (5’) TAC AAA GCG TAC AAA GGC TG (37)

ELOVLS MUT: (5’) ATA CAG TCC TCT TCA CAT CC (3°)

Samples were studied by using following PCR protocol: 94°C for 2 minutes, 30 cycles of 94°C
for 30 seconds, 60°C for 1 minute, 72°C for 1 minute and by a last step of extension at 72°C for

10 minutes.

2.2 Immunohistochemistry, immunofluorescence and electron microscopy

2.2.1 Tissue preparation

To assess Elovl5 expression in brain slices adult ElovI5”- and wild type mice (6 to 12 months old
mice) were anesthetized using a cocktail of ketamine (100 mg/kg body weight) and xylazine (10
mg/kg body weight) via intraperitoneal injection. The mice were intracardially perfused initially
with a physiological solution (NaCl 0.9%) and then with 4% paraformaldehyde in 0.12 M
phosphate buffer, pH = 7.2-7.4. Following perfusion, the brain and the spinal cord were
removed and stored at 4°C for 24 h immersed in the same fixative and later transferred to a
solution made of 30% sucrose in 0.12 M phosphate buffer for few days. Perfused brains and

spinal cords were embedded in paraffin, cut into 5 pm-thick sagittal slices and mounted on
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superfrost glass slides (Fisher Scientific, Goteborg, Sweden) with Tris-glycerol supplemented
with 10% Mowiol (Calbiochem, LaJolla, CA, United States).

To assess Elovl5 expression in glial cells in vitro, postnatal day 2 (P2) pups were
cryoanesthetized in melting ice. The experimental plan was designed according to the guidelines
of the NIH, the European Communities Council (2010/63/EU) and the Italian Law for Care and
Use of Experimental Animals (DL26/2014). The study was conducted according to the ARRIVE

guidelines.

To check cerebellar architecture and to analyze correct circuitry functioning, following
perfusion, 12 months old mouse brains were removed and stored at 4°C for 24 h immersed in the
same fixative. The brains were then transferred to a cryoprotectant solution made of 30% sucrose
in 0.12 M phosphate buffer for few days. For each mouse, the cerebellum was separated and
embedded in optimal cutting temperature compound, frozen in ice-cold isopentane. Samples
were stored at —80°C until sectioning. Cerebella were serially cut by a cryostat in 30 pm-thick

sagittal slices and collected in phosphate buffered saline (PBS).

To study possible alteration of the nodal-paranodal structure in peripheral nervous system, 12
months old Elovl5” (n = 3) and wild type (n = 3) littermates were anesthetized with isoflurane
(Isoflurane-Vet, Merial, Milan, Italy) and decapitated. Sciatic nerves were then exposed,
separated from the surrounding muscular tissue and dissected. Samples were fixed in cold 4%
paraformaldehyde for 30 min subsequently transferred in cold 0.1 M phosphate buffered saline
(1x PBS) pH 7.2-7.4, and stored overnight at 4°C. The following day, nerves were embedded in
optimal cutting temperature compound (OCT), serially cut by a cryostat (Leica CM1900, Leica
Microsystem, Milan, Italy) in 50 pm-thick longitudinal slices and stored at 4°C until usage.
Floating slices were incubated with blocking solution (0.5% Triton X100, 5% Normal Goat
Serum [NGS], in 1x PBS) for 1 h at room temperature.

2.2.2 Immunofluorescence reactions

To study Elovl5 expression in brain slices adult ElovI5”- and wild type mice, slides were washed
with PBS for three times and then incubated with a cocktail containing: monoclonal primary
anti-Elovl5 antibody made in rabbit (1:300 NBP2-33500, Novus biologicals, Centennial, United
States) and anti-GFAP made in rabbit (1:1000, Dakopatts, Z334) (Table 2), 1.5% NGS and
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PBS+ overnight at room temperature (RT) in a humid dark chamber. The following morning the
tissues was washed three times with PBS (5 min each) and incubated with biotinylated secondary
antibody anti rabbit (1:200, Vector Labs, Burlingame, United States) for 2 h. Slides were then
washed three times with PBS (5 min each) and incubated with streptavidin-HRP (1:100,
PerkinElmer, Milano, IT), and PBS+ for 1 h at RT. Following the incubation, sections were
washed three time in PBS (5 min each) and incubated with Tyramide-FITC (1:100 PerkinElmer,
Milano, IT) for 5 min at RT in the humid dark chamber. After a 5-min incubation with DAPI
(1:1,000, Fluka, Saint Louis, United States), when dry, glass coverslip was applied using Mowiol
(Calbiochem, Lalolla, CA, United States). For immunocytochemistry on cell cultures, after 7
days in vitro cells were fixed for 20 min at RT with 4% PFA in 0.1M PB and labeled with anti-
AN2 (rat homologue of NG2, 1:100; kind gift of Miltenyi Biotech GmbH, Bergisch Gladbach,
DE, and Prof. J. Trotter, Johannes Gutemberg University of Mainz, DE), -MBP (Smi-99 clone,
1:1,000 Sternberger), -Ibal (1:1,000; Wako Chemicals, Richmond, VA), -Elovl5 (1:300; NBP2-
33500, Novus biologicals, Centennial, United States) antibodies overnight at 4°C in PBS with
0.25% Triton-X (Table 2). Then, coverslips were incubated with Alexa488- and Alexa555-
conjugated secondary antibody (Molecular Probes, Eugene, Oregon) for 1-h RT. After a 5-min
incubation with DAPI (1:1,000, Fluka, Saint Louis, United States), coverslips were mounted
with Tris- glycerol supplemented with 10% Mowiol (Calbiochem, LaJolla, CA, United States).
In order to check ELOVLS expression in peripheral glial cells , immortalized rat Schwann cells
RT4-D6P2T (ATCC, Manassas, VA, USA) were cultured in Dulbecco’s Modified Eagle
Medium (DMEM) (D5796, Sigma Aldrich, MI, USA) supplemented with 10% (v/v) heat-
inactivated fetal bovine serum (FBS) (F2442, Sigma Aldrich, MI, USA), 100 U/mL of penicillin,
and 100 pg/mL of streptomycin (P4333, Sigma Aldrich, MI, USA). For immunofluorescence
staining RT4-D6P2T were cultured on glass cover slides in 12-well cell culture dishes. Cells
were fixed with 4% paraformaldehyde in 0.12 M phosphate buffer, pH 7.2-7.4 for 10 min,
washed three times with PBS and then incubated with the primary antibody anti-Elovl5 (1:300,
Novus Biologicals) overnight at room temperature. The next day after washing with PBS three
times, the cells were incubated 1 h at room temperature with secondary antibody donkey anti-
rabbit Alexa Fluor 555 (1:500, Invitrogen). After processing, sections were mounted on
microscope slides with Pro Long Gold Antifade Reagent with DAPI (P36935, Molecular Probes,
Thermo Fisher Scientific, MA, USA).

42



To analyze the nodal-paranodal structure in sciatic nerve of 12 months old Elovi5”- and wild type
mice, immunofluorescence was performed incubating slices with primary antibody mouse
monoclonal anti-Caspr (1:500, kindly gifted by Professor Elior Peles) diluted in a 0.1% triton X-
100 solution and 5% NGS one night at 4C (Table 2). The following day, sections were washed
three times in 1x PBS (15 min) and then incubated with goat anti-mouse IgGl secondary
antibody Cy5 (1:300, kindly gifted by Professor Elior Peles) and DAPI (1:1000, Fluka, Saint
Louis, United States) diluted in a 0.1% triton X-100 solution and 5% NGS, 45 min at room
temperature. Finally, slices were washed three times (15 min) in 1x PBS, mounted and, when

dry, glass coverslip was applied using Mowiol (Calbiochem, 308 LaJolla, CA, United States).

To study cerebellar connectivity alterations, free-floating slices from 12-16 months old Elovi5”
and wild type mice cerebella were washed for two hours in phosphate buffered saline (PBS) and
then incubated with a permeabilization buffer (PBS 1%, Triton 0.5 % and Tween20 0.5%) for 5
minutes with gentle agitation. Then, floating slices were washed with PBS for three times 5
minutes each. Slices were then incubated with 5% Normal Donkey Serum (NDS) diluted with
PBS for 30 minutes and then incubated overnight at 4°C with agitation with the following
primary antibodies: rabbit anti-metabotropic glutamate receptor (mGluR1 1:800, Euroclone),
guinea pig anti-vescicular GABA transporter (VGAT, 1:700, Synaptic Systems), rabbit anti-
Caspr (1:1000, Abcam), mouse anti-Calbindin (1:1500, SWANT 300) and rabbit anti-vescicular
glutamate transporter 1 and 2 (VGLUTI1, 1:1500, 135 303, Synaptic System and VGLUT?2,
1:300 AB2251-1, Sigma Aldrich) dissolved in PBS-T buffer containing 1.5% NDS (Table 2).
The morning after each series was washed in PBS for three times and then incubated with
secondary antibody (Alexa 488 or 555, 1:500, anti-rabbit Ig-G, Invitrogen), 0.6% NDS and PBS-
T for 1 hour and 30 minutes with agitation. Then series were washed for three times with PBS
and incubated with DAPI (4’,6-diamino-2-phenylindole) 1:500 and PBS+ for 1 minute and 30

seconds. Then slices were washed again for three times (5 minutes each) and mounted on a slide.

Antibody Host Concentration
Anti-ELOVLS Rabbit 1:300
(NBP2-33500, Novus biologicals)
Anti-AN2 Rat 1:100
(kind gift of Miltenyi Biotech GmbH and Prof.
J. Trotter)
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Anti-MBP Mouse 1:1000
(Sternberger)
Anti-Ibal Mouse 1:1000
(Wako Chemicals, Richmond)
Anti-GFAP Rabbit 1:1000
(Dakopatts, Z334)
Anti- CASPR Mouse 1:500
(gifted by Professor Elior Peles)
Anti-Calbindin Mouse 1:1500
(SWANT 300)
Anti-CASPR Rabbit 1:1000
(ab34151, Abcam)
Anti-VGLUT1 Rabbit 1:1500
(135 303, Synaptic System)
Anti-VGLUT2 Guinea Pig 1:300
(AB2251-1, Sigma Aldrich)
Anti-VGAT Guinea Pig 1:700
(131 308, Synaptic System)
Anti-mGluR1 Rabbit 1:800
(BK12551S, Euroclone)

Table 2. Primary antibody used for this study. Table indicating the primary antibodies, the

manufacturers, the specificity and the concentrations used for this thesis.

2.2.3 Immunohistochemistry

To assess Elovl5 expression we first mapped P-galactosidase activity in homozygous and
heterozygous Elovl5 knock-out mouse line where lacZ was included as a reporter under the
control of Elovl5 promoter (for the model generation see Moon et al., 2009). Floating slices (30
um-thick brain sagittal slices) were incubated overnight at 37°C with a solution containing 1
mg/ml X-gal, 0.02% Nonidet P-40, 0.01% sodium deoxycholate, 2 mM MgCl2, 5 mM potassium
ferricyanide, and 5 mM potassium ferrocyanide (pH = 7.5). Subsequently, the sections were
mounted on gelatin-coated slides and let air dry overnight. The next day the sections were
counter- stained with Nuclear Fast Red: mounted series were washed for 2 min in distilled water

and then stained in 0.1% NFR (nuclear fast red) solution for 2 min. Sections were then rinsed
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again in distilled water for 2 min, and subsequently dehydrated using a series of alcohols: 50%
(2 min), 75% (2 min), 90% (2 min), and 100% (2 min). Afterward, the gelatin- coated slides
were immersed in xylene for 5 min and finally a clear glass coverslip was applied using a

permanent mounting medium.

Cresyl Violet Staining (Nissl Staining) was performed on one series for each Elovl5” and wild
type mouse at 12 months of age. Free-floating sections were washed twice in PBS (15 min each).
The series were mounted on gelatin coated slides and let air dry overnight. The staining was
performed as follows: mounted series were washed for 2 min in distilled water to remove any
residual salts and then stained in 0.1% Cresyl violet solution for 15 min. Following, sections
were rinsed again in distilled water for 2 min, and then dehydrated using a series of alcohols:
50% (2 min), 70% (2 min), 95% (I) (2 min), 95% (II) (few seconds) and 100% (2 min). Next, the
gelatin-coated slides were immersed in xylene for 5 min and finally a clear glass coverslip was
applied using a permanent mounting medium. It should be noted that quantitative measurements
might be not comparable to others reports, in which the tissues didn’t undergo shrinkage due to

the dehydrating and drying steps.

2.2.4 Images Acquisition and Processing

For the expression study, slides were scanned with Slide-Scanner Axiscan Z1 (ZEISS,
Oberkochen, DE) both at low and high magnification (5x and 20x). Images obtained were then
modified and adapted in color, contrast and brightness with Zen Software 2.1 (ZEISS,
Oberkochen, DE). All the structures were analyzed and recognized by using the Interactive Atlas
Viewer [IAV; Allen Human Brain Atlas—Allen Institute for Brain Science. Mouse Brain Atlas].
Whereas cell coverslipped cultures were examined using an E-800 Nikon microscope (Nikon,
Melville, NY) connected to a color CCD Camera and a Leica TCS SP5 (Leica Microsystems,
Wetzlar, DE) confocal microscope. Adobe Photoshop 6.0 (Adobe Systems, San Jose, CA, United

States) was used to assemble the final plate.

Analysis of the slices for axon termina functionality was performed by acquiring images with
Leica TCS SP5 confocal with a 63x objective and 1 um steps for the z-stack (Leica
Microsystems, Wetzlar, Germany). The images were analyzed with Fiji software. For VGLUTI,
2 and mGluR1 three slices per mouse (wild type = 3; Elovi5”7- = 3) were used. Three stacks per
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slice, both for the anterior and the posterior lobes, was analyzed; in each stack the intensity of
four areas was measured. To analyze the axon terminals a count of the overlapping signals of

Calbindin and VGAT in the white matter was made in three slices per mouse in all the stacks.

The nodal gap and paranode length analysis were performed on confocal images acquired using
63X oil objectives with a Leica TCS SP5 (Leica Microsystems, Milan, Italy) confocal
microscope. Images (1024 x 1024 pixel, 0.50 um thick optical sections) were analyzed using
ImageJ software (1.52 t version). At least three slices/animal were analyzed. For cerebellar

analysis, three random field for anterior lobules and posterior ones per each slice.

To evaluate possible amelioration on cerebellar atrophy of Elovi5”~ and wild type littermates
belonging to the three groups at 12 months of age, we evaluated for each slice the white matter
area/total area of the slice ratio. At least three vermal slices/animal and three animals were
analyzed. The ratio was determined on the whole extent of each lobule, on Nissl-stained slices
by using Neurolucida software (MBF bioscience, Williston, USA) connected to an E-800 Nikon
microscope (Nikon, Melville, NY) with a 10x objective. All measurements were done blind

relative to the mouse genotype.

2.2.5 High resolution light microscopy and transmission electron microscopy

High resolution light and transmission electron microscopy were carried out as reported in
(Mancini et al., 2019). 12 months old ElovI5” and control mice were anesthetized by
intraperitoneal injection with ketamine (100 mg/kg body weight) and xylazine (10 mg/kg body
weight). For each animal the sciatic nerve was exposed, and a nerve segment was removed.
Samples were first fixed in 2.5% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4) for at least 4
h at 4°C and then were postfixed with 2% osmium tetroxide for 2 h and dehydrated in ethanol
from 30% to 100% (5 min each passage). After two passages of 7 min in propylene oxide and 1
hin a 1:1 mixture of propylene oxide and Glauerts' mixture of resins, samples were embedded in
Glauerts' mixture of resins (made of equal parts of Araldite M and the Araldite Harter, HY 964,
Sigma Aldrich). In the resin mixture, 0.5% of the plasticizer dibutyl phthalate (Sigma Aldrich)
was added. For the final step, 2% of accelerator 964 was added to the resin in order to promote
the polymerization of the embedding mixture, at 60C. Transverse semithin sections (2.5 um

thick) were obtained using an ultramicrotome (Ultracut UCT, Leica, Wetzlar, Germany), and
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stained with 1% toluidine blue and 2% borate in distilled water for high resolution light
microscopic examination and design-based stereology. A DM4000B microscope equipped with a
DFC320 digital camera was used for section analysis. Quantification of total number of
myelinated nerve fibers was performed on toluidine blue- stained semi-thin sections. At this
purpose, the two-dimensional dissector method (Geuna et al., 2000) together with a systematic
random sampling scheme was applied: 12—-16 sampling fields were randomly selected and, in
each field, the two-dimensional dissector procedure was carried out. The total cross-sectional
area of the whole nerve was also measured and used to calculate the total number of myelinated
fibers (Geuna et al., 2000; Mancini et al., 2019). The G-ratio (inner perimeter/outer perimeter),
the axon diameter (as frequency distribution), the myelin sheath thickness and myelin periodicity
were analyzed in ultrathin (70— 100 nm) sections using a transmission electron microscope
(JEOL, JEM- 1010, Tokyo, Japan) equipped with a Mega-View-III digital camera and a Soft-
Imaging-System (SIS, Miinster, Germany) for computerized acquisition of the images. The
analysis was performed using Imagel] software (https://imagej.net/Fiji, RRID: SCR _003070).
The quantifications of G-ratio, axon diameter and myelin sheath thickness were performed on at

least 125 axons/animal and on 3—5 mice per genotype.

2.3 RNA and protein quantification

2.3.1 Magnetic-Activated Cell Sorting (MACS) Isolation of Oligodendrocytes and Cell Culture
Procedures

To assess Elovl5 expression in glial cells in vitro, oligodendrocyte progenitor cells (OPCs) were
isolated from P2 mouse brain (C57/BL6J background) by Magnetic-Activated Cell Sorting
(MACS; Miltenyi Biotech GmbH, Bergisch Gladbach, DE) as in Boda et al. (2015). After tissue
dissociation with the Neural Tissue Dissociation Kit P (Miltenyi Biotech GmbH, Bergisch
Gladbach, DE), mouse OPCs were enriched by positive selection using an anti-PDGFRa
antibody conjugated to magnetic beads, according to the manufacturer’s instructions (Miltenyi
Biotech GmbH). MAC-sorted OPCs were then plated onto poly-D- lysine (1 pg/ml, Sigma-
Aldrich, Saint Louis, MS, United States) coated glass coverslips in a proliferative medium
including Neurobasal, 1X B27 (Invitrogen, Milan, Italy), 2 mM L-glutamine (Sigma-Aldrich,
Saint Louis, MS, United States), 10 ng/ml PDGF-BB, and 10 ng/ml human bFGF (Miltenyi
Biotech GmbH, Bergisch Gladbach, DE), or in differentiative medium including Neurobasal, 1X
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B27 (Invitrogen, Milan, Italy), 2 mM L-glutamine (Sigma-Aldrich, Saint Louis, MS, United
States), 0.5 nM triiodothyronine (T3; Sigma-Aldrich). In all cases, purity of the MACS-selected
OPCs was verified by immunocytochemistry (more than 95% of the cells were NG2+ at 6 h
post-plating). Microglial cells have been obtained by orbital shaking method from mixed glial
cell cultures and polarized toward either a proinflammatory (M1) or pro-regenerative (M2)
phenotype by incubating with TNF-a (20 ng/ml) or IL-4 (20 ng/ml) (R&D, Milan, Italy) for 48
h, as described in Lombardi et al. (2019).

2.3.2 Quantitative RT-PCR

Total RNA from cell cultures was extracted with the Directzol RNA Miniprep kit (Zymo
Research, Irvine, United States), and reverse transcribed to cDNA with the High-Capacity cDNA
Archive kit (Thermo Fisher Scientific, Waltham, United States). Quantitative Real Time RT-
PCR was performed as described in Sacco et al. (2010), with the pre-developed Tagman assay
#Rn01446631 ml (Thermo Fisher Scientific, Waltham, United States). A relative quantification
approach was used, according to the 2-ddCT method. B-actin and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) (Tagman assay #Rn00667869 ml; Thermo Fisher Scientific,

Waltham, United States) was used to normalize expression levels.

2.3.3 Western blot assay

Sciatic nerves from wild type (n = 8) and ElovI5” (n = 4) mice were resuspended in 20% (w/v)
RIPA buffer (25mM Tris—HCI pH 7.4, 150 mM NaCl, 1 mM EGTA, 1 mM EDTA, | mM
dithiothreitol, 0.5 mM PMSF, 10 pg/ml Aprotinine, 10 pug/ml Leupeptine, 2mM sodium
orthovanadate), and homogenized with a tissue lyser (Russo et al., 2018). The lysates were
centrifuged at 10,000 g for 20 min at 4°C and the supernatant was collected and stored at -80°C
until use. Twenty micrograms of proteins were separated by using a 4-12% Bis-Tris precast gel
(Life Technologies) and transferred onto nitrocellulose membrane (GE- Healthcare). Membranes
were than blocked with 50 g/L (5%) nonfat dry milk (Bio-Rad) in 50 mM Tris—HCI pH 7.4,
containing 200 mM NaCl and 0.5 mM Tween-20 and then incubated overnight at 4C with
primary antibodies. The following primary antibodies were used: MBP (1:1000, Covance, Cat#
SMI-99P-500, RRID: AB 10120130), CNP-ase (1:500, Millipore, Cat# MAB326R, RRID:
AB 94780), MPZ (1:3000, GeneTex Cat# GTX134070, RRID: AB 2876362), B-Actin
(1:16000, Abcam, Cat# ab8226, RRID: AB 306371). HRP-conjugated goat anti-mouse (1:5000,
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Bio-Rad, Cat# 170-6516, RRID: AB 11125547) and goat anti-rabbit (1:5000, Bio-Rad, 170—
6515, RRID: AB_11125142) immunoglobulins, in Tris-buffered saline Tween containing 20 g/L.
non-fat dry milk, was used for detection with Luminata Forte Western substrate (WBLUFO0100,
Millipore). Densitometric values were normalized to P-Actin. Images were acquired by

Chemidoc (Bio-Rad) and quantified by ImageLab software (RRID: SCR_014210, Bio-Rad).
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2.4 Electrophysiological recordings

12-14 months old Elovl57- mice and wild type controls of both genders were used for all
electrophysiological recordings.

Cerebellar slices were prepared as previously described (Hoxha et al, 2012). The animals were
anesthetized with isoflurane (Isoflurane-Vet, Merial, Milan, Italy) and decapitated. The
cerebellar vermis was removed and transferred to an ice-cold artificial cerebrospinal fluid
(ACSF) containing (in mM): 125 NaCl, 2.5 KCIl, 2 CaCl,, 1 MgCly, 1.25 NaH,POs, 26
NaHCO3, 20 glucose, which was bubbled with 95% 02/5% CO: (pH 7.4). Parasagittal cerebellar
slices (200 um thickness) were obtained using a vibratome (Leica Microsystems GmbH,
Wetzlar, Germany) and kept for 1 h at 35°C. Single slices were placed in the recording chamber,

which was perfused at a rate of 2—3 ml/min with ACSF bubbled with the 95% 02/5% COa.

2.4.1 Current clamp recordings

Whole-cell patch-clamp recordings were done at room temperature (20-24°C) from PCs using an
EPC-10 patch-clamp amplifier (HEKA Elektronik, Lambrecht/Pfalz, Germany). The soma of
PCs was visually identified using a 40x water-immersion objective of an upright microscope
(E600FN, Eclipse, Nikon, Japan), and its upper surface was cleaned by a glass pipette, pulled
from sodalime glass to a tip diameter of 10-15 um, filled with ACSF. Pipettes of borosilicate
glass with resistances between 2.5 and 3.0 MQ were used for patch-clamp recording. For all the
experiments, digitized data were stored on a Macintosh computer (G5, Apple computer) using
the Patch Master software (HEKA Elektronik) and analyzed off-line. Patch pipettes were filled
with a K-gluconate-based internal solution containing (in mM): 140 K-gluconate, 10 HEPES, 0.5
EGTA, 4 MgCl,, 4 NapATP, 0.4 NasGTP and the pH was adjusted to 7.3 with KOH and filtered
at 0.2 um. Gabazine (SR 95531, 20 uM) was added to the recording chamber to inhibit the
GABA A receptors.

2.4.2 PC intrinsic membrane excitability

Recordings were performed after manually adjusting the holding current at a value, which kept
the membrane voltage close to -70 mV (£1 mV). When holding current was greater than 400 pA
neurons were discarded. Data were filtered at 9.1 kHz and sampled at 20 kHz. A series of current

steps, each lasting 1000 ms, was delivered to the PC. Such current steps ranged from +100 to
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+500 pA, in increments of 100 pA, spaced by 10 s. Data were analyzed using Axograph software
(AxoGraph Scientific, Sydney, Australia) and afterwards the data were collected in a Microsoft
Excel (Microsoft Corporation, Bellevue, WA, USA) spreadsheet. The results are expressed as a

relation between the amplitude current and the frequency of evoked action potentials.

2.4.3 Responses of PCs to PF stimulation

To evoke excitatory postsynaptic potentials (EPSPs), derived from PF (PF-EPSPs) inputs onto
PCs, square pulses (100 ps) were applied through a stimulating electrode (glass pipette, diameter
10-15 pm). PF-EPSPs were evoked by stimulating the PFs in the molecular layer and recorded at
a holding potential of -90 mV. Negative current pulses were applied until the threshold to evoke
an action potential was reached. The stimulus pulses were chosen 30% under the threshold
current. Paired pulse facilitation was elicited by twin pulses at different time intervals (50, 100,
200, 300, 400, 500, 1000ms), and the ratio of the amplitude of the second PF-EPSP over the first
one was calculated. All PF recordings were performed in the presence of gabazine (SR 95531,

20 uM) in the saline solution. PCs were current clamped at -90 mV.

2.4.4 mGlul-mediated slow EPSC

PC was current clamped at 70 mV using EPC-9 patch-clamp amplifier (HEKA Elektronik,
Lambrecht/Pfalz, Germany). Slow-EPSCs mediated by the mGluR1 receptor were recorded in
the presence of a cocktail of (2,3-dihydroxy-6-nitro-7-sulfamoyl-benzo[f]quinoxaline-2, 3-dione)
(NBQX 20 uM) and DL-2-Amino-5-phosphonovaleric acid (D-AP5, 10 uM) to block ionotropic
glutamate receptors. PFs were stimulated with 4, 8, 12 and 16 stimuli at constant stimulation

intensity.

2.4.6 Synaptically induced suppression of excitation (SSE)

Parallel fibers were stimulated with the following protocol: a train of ten stimuli at 200 Hz
preceded and followed by a low stimulation frequency at 0.5 Hz. PC was current clamped at 70
mV. The magnitude of SSE (%) was calculated as follows: 100 x [(mean amplitude of 2 EPSCs
after tetanic stimulation/mean amplitude of 5 EPSCs before the tetanic stimulation)]. Values of
two to three trials were averaged for each neuron. For this recording, Gabazine was purchased

from Abcam and applied via the chamber perfusion line.
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2.4.7 Long-term depression (LTD)

For LTD experiment, the internals solution consisted of (mM): 130 potassium gluconate, 2 NacCl,
4 MgCl2, 4Na2ATP, 0.4 NaGTP, 20 HEPES, 0.25 EGTA. For LTP experiments, the internal
solution was (in mM): 120 potassium gluconate, 9 KCl, 3.5 MgCl2, 10 Hepes, 4 NaCl, 17.5 su-
crose, 4 Na2ATP 0.4 Na3GTP. Only the recoding with the series resistance less than 10 MQ
were accepted. The holding potential was set at —60 mV. Data were filtered at 3 kHz, digitized at
10 kHz, and stored using the Pulse software (HEKA Elektronik). A sodalime glass pipette (tip
diameter 10-15 um, filled with extracellular saline solution) was placed in the molecular layer to
stimulate PFs with double pulses (using an interpulse interval of 100 ms) delivered every 20 s by
an isolated stimulator (A/M Systems, Carlsborg, WA, USA). For each cell, the EPSC amplitude
was normalized to the mean EPSC amplitude during 10-min baseline recording (immediately
before treatment). Drugs were bath applied by switching perfusion lines without altering the
perfusion rate. To reach the recording chamber the measured delay was 90 s. In all analyses,
time 0 of drug application indicates the time at which the drug reached the chamber. During
recording the extracellular saline solution always contained Bicuculline (20 pM) to block
GABAA receptors. Slices were treated with vehicle as sham treatment for control. The PKA
blocker PKI6-22 amide was dialyzed intracellularly via the patch pipette for at least 30 min
before drug application. CL 316243 and SR 59230A were purchased from Tocris Bioscience
(Bristol, UK). Bicuculline was purchased from HelloBio (Bristol, UK). Wortmannin was
purchased from Sigma-Aldrich (Milan, Italy). PKI6- 22; was purchased from Enzo Life

Sciences, Inc.

2.4.8 Responses of PCs to CF stimulation

To study the CF-PC synapse EPSCs were evoked by sending inputs onto PCs, square pulses (100
us) were applied through a stimulating electrode placed in the granular layer. A holding potential
of +40mV was used to record CF-EPSCs and avoid the problems related to the large size of CF-
evoked synaptic currents at negative potentials. CF-EPSCs were identified by their all-or-none
fashion and the presence of paired-pulse depression. The paired-pulse depression was elicited by
twin pulses at different time intervals (50, 100, 150, 200, 400, 800, 1600, 3200 ms) when the
threshold was detected. All CF recordings were performed in the presence of the GABAA
antagonist gabazine (SR 95531, 20 uM) in the saline solution.
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2.4.9 Antidromic action potential conduction

Antidromic action potential propagation on PC was evaluated in cell-attached configuration
helding the cell at -70 mV. The stimulating electrode was placed in the granular layer at a
distance of 100 pm from the PC soma. The conduction velocity of the action potential was
analyzed. All drugs were purchased from Hello Bio (Bristol, UK) and applied via the chamber

perfusion line.

2.4.10 Caudal nerve conduction velocity

Mice were anesthetized via intraperitoneal injection with ketamine (100 mg/kg body weight) and
xylazine (10 mg/kg body weight). Stain- less steel subdermal needle electrodes (Technomed,
medical accessories) were used to deliver supramaximal stimulation with 0.05 ms impulses using
an isolated stimulator (A-M System 2100, Sequim, WA, USA). Low frequency filters were set to
300 Hz and high frequency filters were set to 10 kHz.

The nerve conduction velocity (NCV) in the tail nerve was assessed by placing needle electrodes
in the tail, with the positive recording electrode at a few centimeters from the base of the tail. In
proximal to distal direction the distances from the first electrode were: negative recording
electrode 0.5 cm, ground 1.5, negative stimulation electrode 4 cm, positive stimulation electrode
4.5 cm. The latency of the potentials recorded after nerve stimulation was measured and the
NCV was calculated accordingly. All neurophysiological determinations were performed under

standard conditions and external body temperature was maintained at 34°C with a heating lamp.

2.5 Lipidic analysis

2.5.1 Liquid chromatography—tandem mass spectrometry analysis

The levels of total phospholipids were evaluated by means Liquid Chromatography—tandem
mass spectrometry (LC)-MS/MS according to published protocol (Cermenati et al., 2015) with
some modifications described below. Briefly, internal standards (13C-all labeled linoleic acid
and 13C-all labeled palmitic acid) were added to samples (10 mg for tissues), and lipid
extraction was performed using 1 ml of methanol (MeOH)/Acetonitrile (1/1; v/v). Phospholipids
analysis: methanolic extracts were analyzed by liquid chromatography tandem mass
spectrometry (LC-MS/MS) using XTerra Reverse Phase C18 column (3.5 um 4.6 x 100 mm,

Waters) and as isocratic mobile phase MeOH with 0.1% formic acid with 274 multiples reaction
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monitoring (MRM) transitions for positive ion mode in 5 min total run for each sample. LC-ESI-
MS/MS for negative ion mode was conducted with a cyano-phase LUNA column (50 mm x 4.6
mm, 5 um; Phenomenex) and as isocratic mobile phase 5 mM ammonium acetate pH 7 in MeOH
with 50 MRM transitions in 5 min total run for each sample. The identity of the different
phospholipid families was confirmed using pure standards, namely one for each family. An ESI
source connected with an API 4000 triple quadrupole instrument (AB Sciex, USA) was used.
MultiQuantTM software version was used for data analysis and peak review of chromatograms.
Changes between detected phospholipid families were calculated as percent of single
phospholipid species normalized to total phospholipid analyzed. Data points have been
graphically displayed by the “ggplot2” package of “R” programming language.

2.6 Behavioral study

2.6.1 Balance beam test

To analyze balance and motor coordination, we performed the balance beam test on Elovi5” and
wild type mice. The beam test was performed as previously described (Hoxha et al., 2012).
Briefly, we used a metal beam 1 cm wide and 100 cm long suspended 12 cm above the bench.
The mice had to cross the beam to reach a cage enriched with toys. To allow the mice to
familiarize with the experimental apparatus, thus reducing the stress due to an unknown
procedure, the experiment was preceded by 3 days of habituation. On the day of the test, the
animals were placed to acclimate in the behavioral room at least 15 min before the experiment.
Both Elovi57 and wild type mice were tested individually, and each animal was encouraged to
traverse the beam at least three times. The test was repeated for three consecutive days. The test
was recorded using a video camera and analyzed offline by an operator blind to the genotype.
The performance was assessed by measuring the number of slips committed while traversing the
beam. The third day mice were also measured in weight to exclude weight involvement in data
found. The test was recorded using a video camera and analyzed offline by an operator blind to

the genotype.
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2.7 Statistical Analysis

Statistical analyses were carried out with GraphPad Prism 7 (GraphPad sofware, Inc). The
Shapiro—Wilk or Kolmogorov—Smirnov test were first applied to test for a normal distribution
of the data. For data not normally distributed, Mann-Whitney U-test (to compare two groups)
and Kruskal-Wallis test (for multiple group comparisons) were used. In all instances, P < 0.05

was considered as statistically significant. Histograms represent mean + standard error (SE).
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CHAPTER 3 - RESULTS
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3.1 Elovl5S Expression in the Central Nervous System of the Adult Mouse (Balbo et al.,
2021)

Mutations of specific ELOVL-family genes have a different impact on nervous system leading to
distinct pathological conditions in humans. This might be explained by the tissue-specific
expression and role of ELOVL-family genes. While ELOVL2, ELOVL7, and ELOVLI have a
restricted CNS distribution (Tvrdik et al., 2000; Lein et al., 2007), Elovl4 expression is abundant
and well characterized in both adult and perinatal mouse brain (Sherry et al., 2017). In contrast,
the Elovl5 expression pattern remains largely uninvestigated so far. So, to counteract to this lack
of information, one of the main goals of this thesis is to map Elovl5 expression in the adult

mouse CNS and to provide relevant insights to understand its role in specific CNS areas and cell

types.

3.1.1 Elovl5 Gene Expression in the Central Nervous System

In the lacZ reporter mouse, XGal staining revealed a widespread expression with some region-
specific differences (Fig. 11 and Table 3). It is important to note that the XGal staining observed
in Elovl5 lacZ reporter mouse reflected the in-situ hybridization published in Allen Mouse Brain
Atlas. Specifically, in the telencephalon, a prominent labeling was found in the olfactory bulb
(mitral cell layer, Fig. 11A), in the neocortex, in the hippocampus (Fig. 11A) and in the
midbrain (Fig. 11B). The thalamus showed a less pronounced, moderate XGal labeling, except
for a strong expression in the reticular nucleus (Fig. 11A). As previously shown (Hoxha et al.,
2017), in the cerebellum PCs and deep cerebellar nuclei were the most expressing cell types
(Fig. 11B). Interestingly, we also found several labeled cells in the cerebellar white matter, in the
granular layer and in the deeper part of the molecular layer. In the spinal cord, we observed a

pronounced labeling in the gray matter, in neurons of different cell body size (Fig. 11C).

57



Figure 11. Expression of Elovl5 in the central nervous system. XGal staining (blue) indicates an
ubiquitary expression of Elovl5 gene in forebrain (A), cerebellum and brainstem (B), spinal cord (C).
MOB, Main Olfactory Bulb; CTX, Cortex; HPF, Hippocampus; MB, midbrain; TH, thalamus; HY,
Hypothalamus; CNU, cerebral nuclei. Scalebars: (A, B) 500 um and (C) 50 um.(Balbo et al., 2021)
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3.1.2 Elovl5 Protein Distribution in Brain Regions
Protein localization was analyzed in wild-type mice by immunofluorescence labeling throughout
different brain regions in order to define the expression pattern in diverse cell populations (Table

3). The intensity of immunoreactivity varied in different regions and neuronal populations.

3.1.2.1 Elovl5 distribution in the telencephalon

The olfactory regions presented a very peculiar labeling (Fig. 12). In the main olfactory bulb,
mitral cells were found strongly positive for Elovl5 staining. In the superficial part of the outer
plexiform layer small cells, likely tufted cells, showed moderate Elovl5 labeling, whereas no
positive cells were observed in the granular layer (Fig. 12A). The accessory olfactory bulb
presented a similar expression pattern with a strong staining in the mitral cells (Fig. 12D). In
anterior olfactory nucleus positive cells for Elovl5 were found mainly in layer II (Fig. 12C),

whereas in the olfactory tuberculus in layers II and III (Fig. 12D).

Layer Il

Figure 12. ElovlS distribution in olfactory regions. (A) In the olfactory bulb, immunohistochemical
labeling for Elovl5 (green) and DAPI (blue), shows a strong signal in mitral cells (mi) and in the
glomerular layer (gl), while cells belonging to the granule cell layer (gcl) are negative. (B) The olfactory

59



tubercle (OT) (shown at high magnification) shows a predominant expression of Elovl5 (green) in layer II
and layer III neurons. (C) In layer II neurons of the accessory olfactory nucleus (AON) a moderate
presence of the enzyme is detected. (D) The accessory olfactory bulb shows a similar signal as the one
detected in the main bulb, with a high intensity in mitral cells (mi) and no signal in the granule cell layer
(gcl). MOB, Main Olfactory Bulb; mi, mitral cells; gl, glomerular layer; opl, outer plexiform layer; gcl,
granular cell layer; OT, Olfactory Tubercle; AON, Anterior Olfatory Nucleus; AOB, Accessory Olfactory
Bulb. Scalebars: (A, C) 200 um, (B) 100 um, and (D) 50 um. (Balbo et al., 2021)

Elovl5 immunolabeling was expected to be extremely strong in the hippocampus, because of the
high signal obtained with the XGal staining (Fig. 11A). Immunofluorescence analysis confirmed
a relatively strong labeling of pyramidal neurons, but with regional differences (Fig. 13A). In
fact, in all hippocampal fields Elovl5 labeling was clearly present in pyramidal neurons, with a
gradient of intensity: the signal was stronger in CA2 and CA3 than in CAl and subiculum,
where it was just moderately intense. Hilar neurons and several neurons of the strata oriens and
radiatum were strongly labeled. On the other hand, neurons of the dentate gyrus were negative,
except for a few strongly labeled cells in the subgranular zone.

The cerebral neocortex showed a layer-specific expression pattern (Fig. 13B). Cells showing
moderately strong Elovl5 labeling were found in layer II/III, IV and V, while in layer VI neurons
displayed a weak intensity staining. The piriform and endopiriform cortex showed a strong
Elovl5 labeling (Fig. 13C), whereas claustrum displayed a moderate intensity labeling (Fig.
13C). In the corpus callosum, sparse positive cells were found. In the amygdala, neurons showed
a moderate reactivity for Elovl5 in general: more prominent in the cortical regions than in medial

ones (Fig. 13D).
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Figure 13. Elovl5 expression in cortical and subcortical regions. (A) In the hippocampus, Elovl5
(green) is strongly expressed by CA2 and CA3, in a moderate way by CA1l, while it is not present in
dentate gyrus. Oriens, radiatum, and hilar interneurons are strongly labeled. Cell nuclei are counterstained
by DAPI (blue). (B) In the neocortex Elovl5 labeling is present in a moderately strong way in layers II/111,
IV and V. In layer VI, neurons display a weak intensity staining. (C) In the amygdala Elovl5 expression
is more prominent in the cortical areas than in medial ones. (D) The claustrum is moderately positive for
Elovl5 staining, while piriform and endopiriform cortex show a strong signal. HPF, hippocampal
formation; CA, Cornu Ammonis; DG, dentate gyrus; NCTX, neocortex; AMY, Amygdala, AAA,
Anterior amygdalar area; CEAm, Central amygdalar area, medial part; MEAad, Medial amygdalar area,
anterodorsal part; MEApd, Medial amygdalar area, posterodorsal part; MEApv, Medial amygdalar area,
posteroventral part; COApl, Cortical amygdalar area, posterior part; COApm, Cortical amygdalar area,

posterior part, medial zone; PA, posterior amygdalar nucleus; BMAa; Basomedial amygdalar nucleus,
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anterior part; PIR, piriform cortex; CLA, claustrum; EPd, endopiriform nucleus, dorsal part. Scalebars:

(A) 500 um, (B, D) 100 um, and (C) 250 pm. (Balbo et al., 2021)

In the basal ganglia, caudate, putamen and nucleus accumbens just few sparse cells were
strongly labeled. The subthalamic nucleus, the substantia nigra pars compacta and the ventral
tegmental area showed a strong labeling. A strong staining was observed also in the globus

pallidus, in both internal and external parts (Table 3).

3.1.2.2 Elovl5 presence in diencephalon

In the thalamus, the reticular nucleus showed the most prominent labeling for Elovl5, compared
to the other nuclei (Fig. 14). The peripeduncular nucleus also showed a strong labeling. The
parvicellular part of subparafascicular nucleus, geniculate complex and ventral posteromedial
andposterolateral nuclei of the thalamus presented instead moderate immunoreactivity to Elovl5
staining (Fig. 14 and Table 2). In the zona incerta there was a strong labeling (Fig. 14 and Table
3).

Figura 14. Distribution of Elovl5 in thalamus. Elovl5 (green) expression in the thalamus has a region-
specific intensity. The most intense labeling is shown by the reticular nucleus. LGd, dorsal part of lateral

geniculate complex; LGv, ventral part of lateral geniculate complex; MG, medial geniculate complex;
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SPFp, subparafasciular nucleus, parvicellular part; PP, peripeduncular nucleus; ZI, zona incerta; VPM,
Ventral posteromedial nucleus of thalamus; VPL, Ventral posterolateral nucleus of thalamus; RT,

Reticular nucleus of thalamus. Scale bar: 200 pm. (Balbo et al., 2021)

In the hypothalamus, the tuberal nucleus, retrochiasmatic area and anterior hypothalamic nucleus
displayed the most prominent labeling for Elovl5 compared to the other structures belonging to
this region. The lateral hypothalamic area showed a heterogenous expression pattern: the
immunofluorescence signal was stronger in the rostral part of the nucleus while it had a weaker
intensity in the caudal part (Table 3). Supramammillary and lateral mammillary nuclei, as well

as lateral preoptic area presented a moderate immunoreactivity to Elovl5 antibody.

3.1.2.3 The expression of Elovl5 in brainstem

The Elovl5 expression pattern was very complex in the brainstem. The brainstem together with
the cerebellum showed the highest intensely labeled cells (Table 3).

In midbrain, the inferior colliculus displayed weak or no labeling for Elovl5, whereas the
superior colliculus showed a moderate signal. The most prominent labeling in this region was in
the red nucleus. The periaqueductal gray and the midbrain reticular nucleus displayed moderate
labeling (Table 3).

In the pons, tegmental nuclei showed the most prominent labeling for Elovl5 (Fig. 15A). Pontine
nuclei, tegmental reticular nucleus and superior olivary complex displayed a strong presence of
positive cells too (Fig. 15A). The pontine reticular nuclei were found to be moderately and non-
homogeneously positive for Elovl5 labeling (Fig. 15A and Table 3).

In the medulla, the medial vestibular nucleus and spinal vestibular nucleus presented a very
strong labeling for Elovl5 (Fig. 15B). The nucleus of the solitary tract, intermediate reticular
nucleus and gigantocellular reticular nucleus showed moderate to weak reactivity to Elovl5
antibody. The paragigantocellular reticular nucleus and medullary reticular nucleus, instead,
displayed a peculiar pattern of expression: in both areas, the Elovl5 signal was not homogeneous
(Fig. 15B). In the paragigantocellular reticular nucleus, the parvicellular part showed a more
prominent expression compared to the magnocellular one (Fig. 15B). In the medullary reticular
nucleus, the most intense signal was presented by neurons with bigger cell body compared to
smaller ones, except for the fiber tract, in which small cells, probably oligodendrocytes,
displayed an incredible high signal for Elovl5 labeling. The inferior olivary complex showed
strong staining for Elovl5 (Table 3).
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Figure 15. Elovl5S expression in pons and medulla. (A) In the pons, the most prominent labeling for
Elovl5 is shown by tegmental nuclei, while pontine nuclei, tegmental reticular nucleus and superior
olivary complex displayed a moderately strong signal. Medium-low intensity is shown by pontine
reticular nuclei. (B) In the medulla, very strong labeling for Elovl5 is shown by medial vestibular nucleus
and spinal vestibular nucleus. A moderate to weak signal is detected in the nucleus of the solitary tract,
intermediate reticular nucleus and gigantocellular reticular nucleus. A non-homogeneous pattern of
expression is present in the paragigantocellular reticular nucleus and medullary reticular nucleus. (A)
LDT, Laterodorsal Tegmentel Nucleus; PCN, Pontine Central Nuclei; PRNc, Pontine Reticular Nucleus,
caudal part; PRNr, Pontine Reticular Nucleus, rostral part; TRN, Tegmental Reticular Nucleus; PN,
Pontine Nuclei; SOC, Superior olivary Complex. (B) MV, Medial Vestibular Nucleus; SPIV, Spinal
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Vestibular Nucleus; NTS, Nucleus of Solitary Tract; IRN, Intermediate reticular Nucleus; GNR,
Gigantocellular Reticular nucleus; PGNR, Paragigantocellular Reticular nucleus; MDRN, Medullary
Reticular nucleus. Scale bars: (A) 200 pm and (B) 250 um. (Balbo et al., 2021)

3.1.2.5 Elovl5 in the cerebellum

In adult cerebellum the immunofluorescence labeling for ElovlS reflected faithfully the XGal
staining (Fig. 11B). PCs showed a strong positivity in cell bodies (Fig. 16A) with no differences
in the expression pattern between anterior and posterior lobules (Hoxha et al., 2017). The
labeling was present also in some sparse neurons in the granular layer, in the deeper part of the
molecular layer and cerebellar white matter (Fig. 16A). Interestingly, the cells of the deep
cerebellar nuclei displayed the most intense labeling (Fig. 16B).

Figure 16. Distribution of Elovl5 in the cerebellum. (A) High magnification of the cerebellar cortex.

Purkinje cells (Pcl) strongly express Elovl5; a moderate signal is present in sparse positive cells in white
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matter (wm), deeper part of the molecular layer (ml) and granular layer (gcl) (white arrow). (B)
Prominent expression of Elovl5 (green) (DAPI in blue) by deep cerebellar nuclei (DCN). Scale bars: (A,
B) 100 pm. (Balbo et al., 2021)

3.1.2.6 Elovl5 localization in spinal cord

In the spinal cord, Elovl5 showed a well distinguishable cell-type expression pattern (Fig. 17A-
D). In fact, by analyzing the gray matter, motor neurons belonging to laminae VIII and IX
presented a moderate intensity signal for Elovl5 staining (Fig. 17B). From laminae I to VII,
instead, cells displayed very weak labeling. The most prominent expression seemed to belong to

glial cells in the white matter (Fig. 17C, D).

Figure 17. ElovlS in the spinal cord. (A) Schematic representation of a spinal cord coronal section and
areas magnified showed in panels (B-D). (B, C) Elovl5 (green) is strongly expressed by small cells in the
spinal cord white matter and in a moderate way by motor neurons in the gray matter. (D) High
magnification of large neurons of the dorsal horn, positive for Elovl5 staining (green). (B, C) wm, white

matter; gm, gray matter. Scale bars: (B, C) 100 pm and (D) 50 um. (Balbo et al., 2021)
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3.1.3 Elovl5 Expression in Glial Cells

In each analyzed region of the CNS Elovl5 immunoreactivity was not restricted to neurons, but
rather comprises glial cells, whose immunophenotyping was in most cases hampered by the slice
treatments required for anti-ElovlS immunostaining (see section “Materials and Methods”).
Thus, in order to identify Elovl5 positive glial cell types, double immunofluorescence staining
was performed on primary cell cultures and on sagittal mouse brain sections. Elovl5S was
expressed by virtually all immature oligodendrocyte precursor cells (identified by the expression
of the chondroitin sulfate proteoglycan AN2; Boda et al., 2011) and by oligodendrocytes
(expressing the myelin basic protein, MBP) in vitro (Fig. 18A-C).

Elovl5

Figurel8. ElovlS expression in glial cells. (A—C) Widespread distribution of Elovl5 (red) in cultured
AN2+ (green) oligodendrocyte precursor cells (A) and in maturing (B) and differentiated ramified (C)
MBP+ (green in B-C) oligodendrocytes. (D) Elovl5 (green) expression in cultured Ibal+ (red) microglia.
(E, F) Sagittal brain slices showing low and heterogeneous expression of Elovl5 (green) in GFAP+ (red)
astrocytes. White arrowheads in (E) point to negative cells. Yellow arrowheads in (F) point to Elovl5+

cells. Scale bars: 10 pm. (Balbo et al., 2021)

Notably, Elovl5 mRNA level appeared remarkably increased in oligodendrocytes compared to
immature OPCs (Fig. 19A, P < 0.05 Mann-Whitney U-test), suggesting Elovl5 participation in
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oligodendroglia maturation. Elovl5 immunolabeling was also found in microglial cells, identified
by expression of ionized calcium-binding adapter molecule 1 (Ibal) (Fig. 18D). In these cells,
Elovl5 mRNA expression showed a non-significant tendency to increase when microglia were
polarized toward a proinflammatory M1 phenotype, compared to resting microglia (Fig. 19B). In
contrast, microglia polarization toward a proregenerative M2 phenotype was not associated to
changes in ElovlS5 transcript levels (Fig. 19B). Finally, while most astrocytes showed no or little
immunolabeling for Elovl5, a subpopulation of glial fibrillary acidic protein (GFAP) positive
astrocytes was found positively marked (Fig. 18E, F).
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Figure 19. Gene expression analysis of Elovl5 in glial cells. (A) Elovl5 expression in oligodendrocytes
(OL, n =4) compared to immature oligodendrocyte precursor cells (OPC, n = 4) (P < 0.05 Mann-Whitney
U-test). (B) Elovl5 levels in microglial cells in resting (M0, n = 3), proinflammatory M1 phenotype (n =
3) and proregenerative M2 phenotype (n = 3). The expression levels were compared to the microglial

cells in resting state. *P < 0.05. (Balbo et al., 2021)
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XGAL | Immunofluorescence
Olfactory Bulb Glomerular layer - -
Outer plexiform layer - SP
Mitral cell layer +++ +++
Internal plexiform layer - -
Granular layer - -
Anterior ++ ++
Olfactory nucleus
Pyriform cortex +++ +++
Olfactory + ++
Tubercle
Islands of Calleja +++ +++
Amygdala Cortical amygdaloid + +++
nuclei
Medial amigdaloid nuclei | ++ ++
Lateral Septum ++ +
Hippocampus Pyramidal layer -+ ++
Stratum oriens ++ ++
interneurons
Dentate gyrus - * -
Hylar neurons ++ +
Subiculum + +
Neocortex Layer | ++ ++
Layer II/111 ++ ++
Layer IV ++ ++
Layer V ++ ++
Layer VI + +
Basal Ganglia Nucleus Accumbens Core | + +
Nucleus Accumbens Shell | - +
Caudate/Putamen ++ +
Globus pallidus - ++
Subthalamic nuclus +++ ++
Substantia Nigra - +
Reticulata
Substantia Nigra +++ ++
Compacta/VTA
Thalamus Reticular nuclei + +++
Pedipeduncular nucleus + ++
Subparafasciular nucleus | + ++
Geniculate complex + ++
Medial geniculate + +
complex
Ventral posteromedial + ++
nuclei
Ventral posterolateral + ++

nuclei

* positive cells in the subgranular region
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XGal | Immunofluorescence
Hypothalamus Tuberal nucleus ++ ++
Retrochiasmatic area ++ ++
Anterior hypothalamic ++ ++
nucleus
Lateral hypothalamic area ++ ++/+
Supramammillary nucleus ++ ++
Mammillary nucleus ++ ++
Preoptic area ++ ++
Zona incerta ++ +
Midbrain Inferior colliculus + +
Superior colliculus ++ ++
Red nucleus |+
Ventral tegmental area ++ ++
Periaqueductal grey ++ ++
Midbrain reticular nucleus | ++ ++
Pons Tegmental nuclei ++ -+
Pontine grey ++ +++
Tegmental reticular nucleus | ++ +++
Supraolivary complex +H+ |
Pontine reticular nuclei ++ ++
Medulla Vestibular nuclei | A
Lateral reticular nucleus | A
Medullary reticular nucleus | +++ | ++
Nucleus of solitary tract ++ ++
Inferior olivary complex |
Cerebellum Purkinje cells +++ |+t
Molecular Layer SP SP
Granular Layer SP SP
Deep cerebellar nuclei ++++ |+t
Spinal cord Motorneurons — laminae I + +
to VII
Motorneurons — lamina VIII | +++ | +++
Motorneurons — lamina X |

Table 3. Summary of brain regions expressing Elovl5. Signals were rated as ++++, very high to
intense; +++, intense; ++, moderate; +, low; -, not detectable; SP, labeling restricted to sparse cells.

(Balbo et al., 2021)
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3.2 Elovls is required for proper action potential conduction along peripheral myelinated

fibers (Hoxha et al., 2021)

Myelin sheaths wrapped around axons enable saltatory propagation of action potentials, thereby
increasing their velocity (Suminaite et al., 2019). Myelin, constituted by multiple layers of lipid-
rich membranes, provides electrical insulation preventing leakage of current by increasing the
resistance between the axonal cytoplasm and the interstitial fluid (Bakiri et al., 2011). This effect
increases the space constant, promoting faster transfer of action potentials from one node of
Ranvier to the next. At the same time, myelin reduces membrane capacitance at the internode,
thereby reducing the time constant, so that electrical charging becomes faster, speeding up action
potential conduction. These properties are strictly dependent on the compactness of myelin
layers, which assures that internodes are almost entirely formed by lipid membranes with
minimal cytoplasmic content (Simons, 2016). Lipids are the main component of myelin,
constituting about 80% of its dry mass (O'Brien & Sampson, 1965; Quarles et al., 2005). In
myelin, the main lipid classes are phospholipids (glycerophosphatides), sphingolipids and
cholesterol (Norton & Poduslo, 1973; O'Brien & Sampson, 1965). The structural integrity of
myelin depends on the interaction between lipids and membrane proteins (Bradl, 1999; Min et
al., 2009; Ohler et al., 2004). Even subtle alterations in lipid or protein composition can disrupt
the normal myelin structure and function (Maganti et al., 2019). So, since Elovl5 is essential for
the biosynthesis of such lipidic compound (see chapter 1.4.1) and, as demonstrated in the
previous section (chapter 3.1.3), it is highly expressed in oligodendrocytes, we investigated the
physiological involvement of Elovl5 in myelin formation and composition in peripheral nervous

system, exploiting the murine model lacking the Elovl5 gene (ElovI5” mice).

3.2.1 ELOVLS expression in peripheral myelin

The expression of Elovl5 at peripheral level was checked with immunofluorescence staining on
immortalized Schwann cell culture RT4-D6P2T (Fig. 20A) and confirmed with gene expression
analysis of Elovl5 in sciatic nerves of wild-type mice (Fig. 20B). These data showed a moderate

presence of this enzyme in peripheral glial cells.
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Figure 20. Elovl5 expression by RT4-D6P2T cell line and gene expression of Elovl5 in sciatic nerves.
(A) Representative images showing RT4-D6P2T cells stained with Elovl5 antibody (red) and DAPI
(blue). (B) Gene expression analysis of Elovl5 in sciatic nerves of wild type mice. Relative gene
expression was calculated by the normalized comparative cycle threshold (Ct) method 27 (Hoxha et al.,

2021)

3.2.2 Structural alterations of sciatic nerve of Elovl5” mice

Stereological analysis of sciatic nerve fibers showed no significant difference between wild type
(n = 4) and ElovI5”~ mice (n = 5) in the total number of myelinated fibers (wild type: 3441 +
213.1; Elovl5” mice: 3104 + 217.4; Unpaired Student's t-test ti77 = 1.09, p > .05). Myelin
ultrastructure analysis revealed that sciatic nerve fibers of ElovI5” mice displayed a lower G-
ratio compared to control littermates (wild type: 0.76 + 0.01; Elovi5”- mice: 0.69 + 0.02;
Student's t-test t;s; = 2.60, p < .05, Fig. 21A, C). The G-ratio was smaller for fibers of any caliber
(Fig. 21D), p < .001, Mann—Whitney U-test). A smaller G-ratio refers to a higher myelin
thickness relative to axon diameter. The mean axonal diameter exhibited no difference between
genotypes (wild type: 1.74 £ 0.06 pm; Elovi5” mice: 1.71 £ 0.22 um; Student's t-test t;s; = 0.09,
p > .05) and also their frequency distribution (Fig. 21E, Mann—Whitney U-test, p = .20), while
myelin thickness was significantly larger in Elovi5”- mice (wild type: 0.66 = 0.08 um; Elovl5™”
mice: 0.97 + 0.09 pm; Unpaired Student's t-test tj7; = 2.62, p < .05, Fig. 21F). To investigate the
ultrastructural cause of the increased myelin thickness, the period between myelin layers was

analyzed. Elovl5” sciatic nerves showed expanded myelin periodicity relative to wild type
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nerves (wild type: 19.35 + 0.66 nm; Elovl5” mice: 21.67 + 0.26 nm; Student's t-test tj4; = 3.21, p
<.05, Fig. 21B).
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Figure 21. Structural alterations of sciatic nerve of ElovI5” mice. (A) Representative images of fibers
in wild type and in ElovI5" sciatic nerves (scale Bar = 10 um). (B) Ultra structural representation of
myelin periodicity (scale Bar = 40 nm) and of the distance between consecutive major dense lines
(ElovI5” n = 3 mice vs. wild type n = 3 mice). (C) bar graph representing the G-ratio (inner
perimeter/outer perimeter) of sciatic nerve myelinated fibers (ElovI5” n = 4 mice vs. wild type n = 3
mice). (D) Graph representing the relative frequency of axonal diameters (um) (ElovI5” n = 4 vs. wild
type n = 3). (E) Bar graph representing myelin sheath thickness (mm) of sciatic nerve myelinated fibers
(Elovl5” n = 5 vs wild type n = 4). (F) G-ratio quantification of fibers accounting for axon diameter
(Elovl5” n = 4 vs. wild type n = 3). Data are expressed as mean + SEM and p-values are determined by

the appropriate statistical test. *p <.05; ***p < .001 (Hoxha et al., 2021)

3.2.3 Increased nodal gap and paranode length in sciatic nerves of Elovl5” mice

We next addressed the possibility that the decompaction of myelin in nerves of Elovi5” mice
was associated with alterations of axonal domain organization. By means of confocal
microscopy performed on teased sciatic nerve fibers, we analyzed the node/paranode complexes
(where the nodal gap is the space flanked by two Caspr positive paranodes) in Elovl5”7 mice and

wild type littermates (Fig. 22A, B). Interestingly, we found that the distribution of measurements
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of the nodal gap length in ElovI5” mice was significantly shifted to the right (Kolmogorov—
Smirnov test, D = 0.10, p < .001, Fig. 22C) with a mean nodal gap length significantly higher
(wild type: 0.81 + 0.01 um; Elovi5” mice: 0.87 £ 0.02 um; Student's t-test ta; = 3.43, p < .05,
Fig. 22D). The increase in the nodal gap length was also accompanied by an increase of the
average Caspr domain length (Kolmogorov—Smirnov test, D = 0.10, p < .001, Fig. 22E) with a
tendency to higher values of the mean nodal gap (wild type: 1.86 + 0.02 um; ElovI5” mice: 2.02
+ 0.05 pum; Student's t-test tj4; = 2.69, p = .055, Fig. 22F). The increase of the nodal gap and the
mean paranode length is reflected in a stretched structure of the complex node-paranode in
ElovI57- mice (Kolmogorov—Smirnov test, D = 0.14, p < .001, Fig. 22G, wild type: 4.78 + 0.03
um; Elovl5” mice: 5.17 + 0.11 um; Student's t-test t4) = 3.43, p < .05, Fig. 22H) which might

affect the action potential conduction along myelinated axons.

3.2.4 Reduced action potential propagation in peripheral axons of Elovl5” mice

To study the contribution of Elovl5-dependent fatty acids on myelin functioning in the peripheral
nervous system we performed action potential recordings on the caudal nerve of ElovI5” (n = 5)
and wild type mice (n = 4, Fig. 23A). Elovl57 mice showed a significant increase in the latency
of the action potential (AP) relative to their wild type littermates (wild type: 1.03 £ 0.0001 ms, n
= 4; Elovl5” mice: 1.17 £+ 0.00002 ms, n = 5; Unpaired Student's t-test t;7; = 5.41, p < .001, Fig.
23B) and a significant decrease of conduction velocity (wild type: 33.40 + 0.43 m/s; Elovi5™
mice: 29.95 + 0.52 m/s; Unpaired Student's t-test t;7;; = 5.83, p < .001, Fig. 23C). Moreover, the
AP duration was significantly longer in Elovi5” mice (wild type: 1.3 + 0.06 ms; ElovI5” mice:
1.53 £ 0.06 ms; Unpaired Student's t-test t;7; = 2.74, p < .05, Fig. 23D). On the other hand, no
difference was observed for AP area (wild type: 86 + 11.4 V*s; Elovi5” mice: 88.7 £ 10 V*s;
Unpaired Student's t-test t;7; = 0.18, p > .05).
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Figure 22. Increased length of the node/paranode complexes of sciatic nerves of ElovI5” mice.

Paranode

3)

showing paranodes labeled for Caspr (red). (C) Histogram distribution of nodal gap length (p <.001,

3) and (B) ElovI5” mice (n

Confocal images of a single teased sciatic nerve from (A) wild type (n

Kolmogorov—Smirnov test) and (D) mean =+ SEM of the node lengths for wild type (blue) and ElovI5™

mice (red) (Student's t-test, p<.05). (E) Histogram distribution of paranodal length (p<.001,

Kolmogorov—Smirnov test) and (F) mean+SEM of paranodal length (Student's t-test, p <.05). (G)
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Histogram distribution of node/paranode length (p<.001, Kolmogorov—Smirnov test) and (H)
mean + SEM of node/paranode length (Student's t-test, p <.05). *p <.05; ***p <.001 (Hoxha et al., 2021)

150 —
100 —
50 — KO
2 oA
-50_
-100 —
-150 = T T T T T
0 1 2 3 4 5
ms
B 14 C 404 D 18+ * E 1409 O wild type
A =
1.3 Kk = Elovi5
. A —~ 35 - Fkk (72} —~ 120 —
0 124 2 - E 45— & o 4
E 3 = . 3 >
3 1.1 2 30 = g S 100 1
[ 0o (&) g —
g S 3 o
0.9 —
8
0.8 20 0.9 60

Figure 23. Reduced action potential propagation in peripheral axons of ElovIi5” mice. (A)
Representative traces of action potentials evoked by stimulation of the tail nerve for wild type (black) and
Elovi5” mice (light gray). (B-E) Bar graphs representing mean values of latency, nerve conduction
velocity, action potential duration and action potential area respectively (ElovI5” n =5 mice vs. wild type
n =4 mice). Data are expressed as mean = SEM and p-values are determined by unpaired Student's t-test.

*p<.05; ***p <.001 (Hoxha et al., 2021)

3.2.5 Myelin proteins in sciatic nerve of Elovl5” mice

Myelin possesses a peculiar structure that differs from other membranes for the high lipid to
protein ratio. Proteins participate in several mechanisms including stabilization of the structure
of myelin sheaths or signaling during myelination (Campagnoni & Skoff, 2006). To verify
whether the expanded myelin periodicity, in sciatic nerve of ElovI5” mice, was accompanied by

changes in protein expression we performed western blot analysis. We found unchanged levels
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of, MPZ, MBP, and CNPase proteins in ElovI5”~ compared to wild type sciatic nerves (Student's
t-test, p > .05, Fig. 24A, B).
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Figure 24. Proteins of myelin. (A) Representative western blots of sciatic nerve extracts from wild type
and Elovl5” mice. (B) Densitometric quantification shows comparable levels of MBP, MPZ, and CNPase
proteins in the sciatic nerve extracts of ElovI5” mice compared to their control littermates (wild type

n=5; Elovl5" n = 6). B Actin served as loading control. (Hoxha et al., 2021)

3.2.6 Phospholipid profile of Elovl5” sciatic nerve

Based on the myelin defects described above and considering that Elovl5 is involved in fatty
acid elongation, we next sought to determine the profile of phospholipids. The sciatic nerves
were extracted from wild type and ElovI5” mice (n = 5-6 mice/genotype) and the lipidomic
profile was resolved. The composition in terms of phospholipid species detected across the two
experimental groups was comparable as well as the total amount of phospholipids detected.
However, we detected 46 different phospholipids that were significantly affected by the lack of
Elovl5 (Table 4). Specifically, 2 lysophosphatidylcholines (lyso PC), a phosphatidylglycerol, a
lysophosphatidic acid (LPA), 2 phosphatidic acids (PA), 2 phosphatidylinositols (PI), a
phosphatidylserine (PS), a sphingomyelin (SM), 2 ceramides (Cer), 3 sulfatides (Sul), 7
phosphatidylcholines (PCaa) and 13 phosphatidylethanolamines (PEaa) carrying different fatty
acids bound to the glycerol moiety by two ester linkages at both sn-1 and sn-2 position (di-acyl
form, therefore aa means acyl-acyl), 11 plasmalogens (these molecules are phospholipids
characterized by the presence of a vinyl ether linkage at the sn-1 position and an ester linkage at
the sn-2 position of the glycerol moiety; (alkyl-acyl form, therefore ae means alkyl- acyl) (Table

3). The most common plasmalogens in mammals carry either ethanolamine
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(plasmenylethalomines) or choline (plasmenylcholines) as head group. Among phospholipids

with 2 acyl chains, we found that Elovi5” peripheral nerves showed increased levels of those

with 3 or <3 unsaturated bonds and with up to 36 carbon atoms (Fig. 25). The only exceptions

are PEaa with lower saturation (44:1 and 42:2), PEaa 44:12 and PEae 36:5. On the other hand,

significantly decreased phospholipids with 2 acyl chains had >36 carbon atoms and >3

unsaturated bonds. This result agrees with the reduction of lysoPCs (which have a single acyl

chain) with 20 carbon atoms and 3 or 4 unsaturated bonds. We detected mainly saturated or

monounsaturated sphingomyelins, ceramides and sulfatides, with a few instances of increased

expression Fig. 25). Together, these data demonstrate that despite a comparable composition in

terms of phospholipid families between wild type and Elovi5” sciatic nerves, the lack of Elovl5

negatively impacts some phospholipids that contribute to myelin compaction.
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Figure 25. Altered phospholipid profile of Elovl5” sciatic nerve. Fold change of the main classes of

phospholipids in ElovI5” sciatic nerve relative to wild type. The fold change is represented by the size of

the circles (see scale legend on the right). The color (from gray to red) represents the statistical

significance level (1/p) with full red corresponding to p <.001 (see color legend on the right). Note that

the significant increases concern phospholipids with 2 acyl chains with 3 or <3 unsaturated bonds and
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with up to 36 carbon atoms. The significantly decreased phospholipids with 2 acyl chains have >3
unsaturated bonds and >36 carbon atoms. PCaa, phosphatidylcholines; PCae, plasmenylcholines; PEaa,
phosphatidylethanolamines; =~ PEae,  plasmenylethalomines;  PS,  phosphatidylserines; PG,
phosphatidylglycerols; PI, phosphatidylinositols; PA, phosphatidic acids; LPA, lysophosphatidic acids;
lyso PC, lysophosphatidylcholines; lyso PE, lysophosphatidylethanolamines; SM, sphingomyelins and
sphingomyelins (OH) (the latter are plotted slightly upward shifted); Cer, ceramides; LacCer,

lactosylceramides; GCer, glucosylceramides; Sul, sulfatides. (Hoxha et al., 2021)

Phospholipid wild type Elovi5™ t, df P value
name (ng/mg) (ng/mg)
lysoPC C20:4 0.269+0.045 0.149+0.013 2.366, 9 0.0422
lysoPC C20:3 0.031+0.005 0.016+0.002 3.073, 10 0.0118
PC aa C34:3 0.168+0.013 0.337+0.039 4.078, 10 0.0022
PC aa C34:2 4.986+0.480 7.232+0.365 3.725, 10 0.0039
PC aa C36:2 3.937+0.322 5.479+0.223 3.933, 10 0.0028
PC aa C40:5 0.160+0.014 0.113+0.013 2.480, 10 0.0325
PC aa C40:4 0.415%0.030 0.180+0.060 3.502, 10 0.0057
PC aa C42:5 0.072+0.005 0.039+0.009 3.231, 10 0.0090
PC aa C42:4 0.195+0.013 0.124+.0.020 2.982, 10 0.0138
PC ae C32:2 0.035+0.004 0.050+0.001 3.754, 10 0.0038
PC ae C32:1 0.076+0.007 0.117+0.010 3.227, 10 0.0091
PC ae C34:3 0.046+0.004 0.067+0.003 3.972, 10 0.0026
PC ae C34:2 0.669+0.041 0.881%0.075 2.580,9 0.0297
PC ae C40:5 0.048+0.004 0.027+0.006 2.782, 10 0.0194
PC ae C42:2 0.013%0.001 0.008+0.001 2.688,9 0.0249
PC ae C44:3 0.007+0.001 0.003%0.001 4.125, 10 0.0021
PE aa 32:2 0.058+0.007 0.088+0.007 3.049, 10 0.0123
PE aa 34:3 0.222+0.025 0.389+0.034 3.984, 10 0.0026
PE aa 34:2 1.303+0.138 1.831+0.123 2.862, 10 0.0169
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PE aa 36:3 1.626+0.183 2.499+0.192 3.285,10 0.0082
PE aa 36:2 5.340+0.668 7.875%£0.960 2.252,10 0.0480
PE aa 40:4 0.6457+0.095 0.272+0.073 3.108, 10 0.0111
PE aa 40:2 0.465+0.052 0.648+0.055 2.418,10 0.0362
PE aa 42:6 0.057+0.006 0.037+0.003 2.850, 10 0.0173
PE aa 42:5 0.113+0.015 0.063+£0.012 2.693,10 0.0226
PE aa 42:4 0.124+0.022 0.054+0.014 2.741, 10 0.0208
PE aa 42:2 0.793+0.043 0.980+0.041 3.141, 10 0.0105
PE aa 44:12 0.141+0.013 0.226+0.020 3.590, 10 0.0049
PE aa 44:10 0.282+0.026 0.110+0.034 3.999, 10 0.0025
PE aa 44:1 0.009+0.001 0.014+0.001 3.661, 10 0.0044
PE aa 46:5 0.005+0.001 0.003+0.001 2401, 10 0.0373
PE ae 34:2 0.020+0.002 0.028+0.002 2.568, 10 0.0280
PE ae 34:1 0.065+0.009 0.105%0.009 3.230, 10 0.0090
PE ae 36:5 0.015+0.002 0.025+0.003 2.766, 10 0.0199
PE ae 42:0 0.112+0.011 0.065+0.008 3.310, 10 0.0079
SM 16:0 0.092+0.010 0.120+0.004 2.632,10 0.0251
Cer-d18:1/20:0 0.001+0.0001 0.002+0.0003 2.310, 10 0.0435
Cer-d18:1/26:1 0.020+0.003 0.036+0.004 3.284, 10 0.0082
PG 36:3 0.038+0.003 0.056+0.006 2.828,10 0.0179
PA 32:0 0.030+0.008 0.064+0.008 2.945,10 0.0147
PA 36:2 0.031£0.004 0.051+0.006 2.622,10 0.0255
LPA 16:0 0.082+0.004 0.117+0.007 4.247,10 0.0017
PI36:2 0.014+0.002 0.027+0.005 2.382,10 0.0385
PI36:1 0.025+0.002 0.038+0.005 2.592,10 0.0269
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Sul-d18:1/24:1 11.350+0.896 14.650+1.114 2.309, 10 0.0436

Sul-d18:1/26:0 0.136+0.030 0.223+0.022 2.332,10 0.0419

Table 4. Quantification of sciatic nerve phospholipids LysoPC, lyso-phosphatidylcholine; PC,
phosphatidylcholine; aa, acyl-acyl; ae, acyl-alkyl; PE, phosphatidylethanolamine; SM, sphingomyelin;
Cer, ceramides; PG, phosphatidylglycerol, PA, phosphatidic acid; LPA, lysophosphatidic acid; PI,
phosphatidylinositol; Sul, sulfatide. (Hoxha et al., 2021)
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3.3 The role of ElovlS in cerebellar circuitry

Since Elovl5 is highly expressed in PCs and it has a crucial role for the synthesis of ARA and
DHA, which are known to modulate neuronal excitability (Borjesson et al., 2008; Danthi et al.,
2005; Lauritzen et al., 2000; Poling et al., 1996; Seebungkert and Lynch, 2002; Vreugdenhil et
al., 1996; Xiao and Li, 1999; Young et al., 2000; Chen and Bazan, 2005), we hypothesized that
the lack of Elovl5 might have a negative impact on neuronal function, in particular on cerebellar
circuitry signaling. So, we investigated at first the intrinsic properties of PCs, then we addressed

the main synapses formed with them and main plasticity mechanisms present in the cerebellum.

3.3.1 Preserved intrinsic properties of PCs in Elovl5” mice

To better understand the origins of the motor impairment associated with the ELOVLS mutation,
we searched for alterations of action potential generation in PCs in sagittal cerebellar slices in 12
months old wild type and ElovI5” mice. We recorded PCs evoked action potential discharge, in
current clamp configuration, applying current step protocols of increased intensity in both
ElovI5”~ and wild type mice (Fig. 26A). Current-frequency plots showed no significant
difference between genotypes at all stimulus intensities (two-way ANOVA repeated measures
P>0.05, Fig. 26B). Moreover, the duration of the first ten interspike intervals was comparable
between genotypes (two-way ANOVA repeated measures P>0.05, Fig. 26C). However, the
action potential frequency adaptation of PCs from ElovI57 mice was significantly impaired
compared to wild type (two-way ANOVA repeated measures P<0.05, Fig. 26C). These data

indicate that the basal properties of PCs are conserved in absence of Elovl5.
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Figure 26. Basal activity of ElovI5” and wild type mice. (A) Representative traces of evoked discharge
for (blue) wild type and (red) Elovi5” mice. (B) Current frequency plot of Elovi5” (red) and wild type
(blue) PCs. (C) Interspike number interval graph of ElovI5” (red) and wild type (blue). (D) Action
potential frequency adaptation, expressed as the ratio between the frequency of the first evoked spike on

the other ones. Results are reported as mean £SEM.

3.3.2 Conserved excitatory postsynaptic current of PF-PC synapse in Elovl5” mice

Cerebellar cortical function is essential for motor learning, and it is thought to be the result of a
fine coordination between the PF- PC synaptic network and the “error reporting” of CF-PC input
(Ito, 2006). We assessed the functionality of PF-PC synapse by stimulating PFs with 10 to 70 pA
stimuli and recorded in voltage clamp mode. The PF-EPSC amplitudes in ElovI5”~ mice were not
significantly different from their wild type littermates at all stimulus intensities (wild-type = 7,
Elovl5” = 7; two-way ANOVA repeated measures P>0.05; Fig. 27 A, B). This result indicates
that the basal synaptic transmission at the PF-PC synapse is preserved in Elovl5” mice. To

verify the presynaptic functionality, we performed paired-pulse stimulation with variable inter-
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stimulus interval. The time course of paired-pulse facilitation was similar in wild type and
Elovi57PCs at all inter-stimulus intervals (from 50 to 200 ms; two-way ANOVA repeated
measures P>0.05; Fig. 27 C, D). Furthermore, we examined the presynaptic function by
performing the analysis of the expression levels of the presynaptic marker VGLUT]1 (vesicular
glutamate transporter), which is selectively expressed at parallel fiber synaptic varicosities. We
performed immunohistochemical staining on cerebellar sagittal sections in Elovi5”- mice and
control littermates and limited our analysis to the molecular layer where all PF-PC synapses are
located. We found that the expression of VGLUT1 in the molecular layer of the cerebellum of
ElovI5”~ mice was indistinguishable from that of wild type mice (Unpaired Student’s t-test

P>0.05; Fig. 28 A, B).
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Figure 27. Normal PF-EPSC in ElovI5” mice. (A) Representative traces showing wild type (left black)
and Elovl5” (right gray) EPSC. (B) No significant changes in PF-EPSC amplitude in ElovI5” mice (gray)
compared to control littermates (black) at any stimulus imposed. (C) Representative traces of induced
paired pulse facilitation in PFs-PC synapse in wild type (black) and ElovI5” (gray) mice. (D) Paired-pulse
facilitation is comparable between wild type (black) and Elovi5” (right gray) mice.
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Figure 28. Preserved VGLUT1 expression in ElovI5” mice. (A) Representative images showing the
expression of VGLUT1 in the molecular layer of the cerebellar cortex in wild type (left) and Elovi5™
mice (right). (B) Plot indicating the comparable density of puncta of VGLUT1 unchanged in ElovI5™

mice compared to the wild type. Scale bar: 100 pm

3.3.3 Conserved excitatory postsynaptic current of CF-PC synapse in Elovl5” mice

A second fundamental excitatory synaptic input to the PCs comes from the CFs, which generate
complex spikes in PCs and are critical for motor learning (Ito et al., 2006). The CF-PCs synapse
is characterized by a short-term depression when a paired-pulse stimulation protocol is applied
(the interpulse interval ranged from 50 to 3200 ms). (Fig. 29). At intervals between 200 and 800
ms, Elovl5” PCs displayed a higher short-term depression relative to wild type (Fig. 29 A, B).
The time course of short-term depression was described by double exponential functions. Elovl5
~ PCs, compared to wild type, showed a lower proportion and a lengthening of the fast time
constant (wild type: 1f=115 ms, 46%; Elovl57: and tf=1138 ms, 25.4%), in line with the higher

depression at intermediate intervals.
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Figure 29. CF-EPSCs in wild-type and Elovi5” PCs. (A) Representative traces of excitatory
postsynaptic currents evoked by climbing fiber paired-pulse stimulation with an interpulse interval of 100
ms in wild type (black) and ElovI5” (red) mice. (B) Time course of paired-pulse depression of CF-EPSC
in wild type (black circles, n=8) and Elov/5”"mice (red triangles, n=3). The lines are double exponentials
fittings of wild type and Elovi5” data points. The paired-pulse depression is expressed as the percentage
of the amplitude of the second EPSC relative to the first one (mean = SEM) and is plotted as a function of

interpulse intervals.

To further study the correct functioning of the CF-PC synapse immunofluorescence reaction
were performed and the intensity of the signal of vesicular glutamate transporter 2 (VGLUT2)
was evaluated in both ElovI5”~ and wild type mice. We found that VGLUT?2 expression showed
a higher trend in both anterior and posterior lobes, but not in a significant way (Unpaired

Student’s t-test p > 0.05, Fig. 30).
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Figure 30. VGLUT?2 expression in wild-type compared to Elovi5”. (A) Immunofluorescent staining on
cerebellar sagittal slices shows unaltered expression of VGLUT?2 in the molecular layer of the cerebellar
cortex between wild-type (left) and Elovi5” mice (right). Scarebars: 200 um (B) The right graph
represents the signal intensity for posterior lobules of the cerebellum, the left one for the anterior ones.
The mean number of puncta of VLGUT2 is unvaried in Elov/5” mice compared to wild type. (p > 0.05,
Student’s t-test).
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3.3.4 mGlul-mediated slow EPSC is conserved in Elovl5" mice

Another essential player in cerebellar network functioning is mGluR1, critical for PCs plasticity
(Aiba et al., 1994). Activation of mGIluR induces an excitation of cerebellar PCs, where mGluR 1
is expressed at high levels presynaptically in the dendritic spines (Tempia et al., 2001). We
applied trains of stimulation (100 Hz with 4, 8, 12 and 16 pulses) to PFs to evoke slow EPSCs
induced by activation of mGluR1 (Fig. 31A). We found that the mGluR1 responses in ElovI5”
mice were comparable with those recorded in wild type mice regardless of the number of pulses
delivered (two-way ANOVA repeated measures P>0.05, Fig. 31B). We also performed
immunohistochemical staining of mGluR1 on sagittal slices of wild type and ElovI5”- mice and
found that mGluR1 presence in the molecular layer is not affected upon genetic deletion of

Elovl5 (Unpaired Student’s t-test P>0.05; Fig. 31C and D).
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Figure 31. Conserved mGluR1 current and receptor density. (A) Representative traces showing

mGluR1 current in wild type (blue) and ElovI5” mice (red). (B) No significant differences between
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Elovl5™ and wild type mice mGluR1 current. (C) Representative images of mGluR1 signal in cerebellar
molecular layer in wild type (upper image) and ElovI5” mice (lower image). (D) Bar graphs of mean

fluorescence intensity £SEM of mGlul expression Scale bars: 100 um

3.3.5 Altered short-term plasticity endocannabinoid-dependent in Elovl5” mice

eCBs are biologically active derivatives of a long-chain PUFA, specifically ARA, which have an
important role in modulating synaptic transmission (Cascio, 2013). In the cerebellum, eCBs
released by PCs retrogradely inhibit excitatory and inhibitory synapses that the PC receives. So,
we hypothesized that lack of Elovl5 in mice could have a negative effect in the eCB system in
the cerebellum. We stimulated PFs and recorded the EPSPs in current clamp mode from PCs.
PFs were recorded with the following stimulus pattern: 0.5 Hz preceded and followed a train of
ten stimuli at 200 Hz (Fig. 32A). This train of stimuli reduced the magnitude of subsequent
EPSPs in both wild type and Elovi5” mice (Fig. 32B, C). The reduction of the EPSP
immediately after the train stimuli was of 49.64 % for wild type and of 35.98 % for ElovI5"
mice. The reduction was present in both genotypes but with a minor suppression of the response
in the Elovi5”- mice. The EPSP amplitude reduction recovered by 30 seconds to the level of the
pre-train EPSP for wild type and by 15 seconds for Elovl5” mice (P<0.001, two-way ANOVA
repeated measures; Fig. 33D). The shorter time of recovery of the EPSP amplitude indicate an

alteration of the endocannabinoid response.
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Figure 32. Synaptically evoked suppression of excitation (SSE). (A) The stimulation protocol applied
to PFs to evoke endocannabinoid release from PCs. The PF were stimulated at low frequency except for a
train of ten stimuli at 200 Hz (arrow). (B) Representative traces of train stimuli applied for both
genotypes. (C) The PF- EPSP 2s before the train (gray trace) and 2s after the train (blue trace for wild
type and red trace for Elovi5” PCs). (D) the normalized peak EPSP is plotted as a function of time for
wild type (blue) and ElovI5” PCs (red) (P<0.001). The arrow indicates the brief train applied
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3.3.6 Maintained long term-depression in Elovl5” mice

Long term plasticity mechanisms are essential for motor learning. In particular, LTD, an hour-
lasting decrease in strength on synaptic contact, fundamental for the error-based correction of
movement (Hansel et al.,, 2001). We looked at the long-term depression mechanism in both
ElovI5” and wild type mice by stimulating PF-PC synapses. We found that in ElovI5”7- mice
LTD was induced (normalized PF EPSC amplitude at 30 min after induction: 71.02 + 2.56%, n =
3) to the same degree as in wild type mice (58.87 = 15.06% n = 3; two-way ANOVA), indicating
that Elovl5 loss does not alter this important plasticity mechanism (Fig. 33).
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Figure 33. Long term depression induction in ElovI5” mice. Top: traces of AMPA receptor-mediated
fast PF-evoked EPSCs before (gray) and after (black) induction of long-term synaptic plasticity (LTD;
EPSC traces 30 min after the conjunctive stimuli). Bottom: pooled data of the fast EPSC amplitudes in
wild type (black, n= 3 cells) and ElovI5” mice (red, n= 4 cells) normalized to the baseline period before

the induction stimuli (arrow) of LTD.
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3.3.7 Quantification of axon terminals

Once analyzed the afferents way to PC, we analyzed PC synaptic terminals in the DCNs, which
receive the inhibitory contacts from PCs. We measured VGAT expression and localization to
assess PC axon terminals integrity. We performed a double immunostaining of VGAT and
Calbindin to visualize both the axon of the cell and the transporter located in the axon terminal.
By analyzing the colocalization of these antibodies we found no significance difference between

wild type and ElovI5”~ mice (Unpaired Student’s t-test p > 0,05, Fig. 34).
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Figure 34. VGAT localization in PC axon terminals. (A) Immunofluorescent staining on cerebellar
sagittal slices of wild type mice and ElovI5” mice. Nuclei are stained with DAPI (blue), PCs with
Calbindin (green), VGAT with Cy3 (red). The arrow indicates a point of co-localization. Scalebars: 100
pm. (B) Schematic representation of VGAT density showing no significant difference in density of

fluorescent signal in wild type mice and Elovl5” mice.

3.3.8 Increased nodal gap and paranode length in cerebellar axon of Elovl5” mice

The alteration in the axonal conductance in the peripheral nerve (see chapter 3.2.3 and 3.2.3)
open the way to the hypothesis that a similar condition might be present also in the cerebellum.
We started with the immunohistochemical analysis of the node/paranode complexes using Caspr
labelling in ElovI5” mice and wild type littermates (Fig. 35A and B). Interestingly, we found
that both nodal gap and paranode length were elongated in ElovI5” cerebellum (Kolmogorov
Smirnov test P<0.0001, Fig. 35 C-F), this alteration induced an increase in the total length of the
whole structure paranode-node-paranode (Kolmogorov Smirnov test P<0.0001, Fig. 35G). This
increased nodal-paranodal length, suggests that also at cerebellar level Elovl5 lack influences the

axonal action potential propagation.

93



Elovi5*

—wild type
— Elovis”

0.0 05 1.0 15 2.0 0.0 05 1.0 15 2.0
Nodal gap (um) Nodal gap (um)
E F
1.0
o8
% 0.6
? a4 ——wild type
02 — Elovis”
0.0 I T I T I
] 1 2 3 4
Paranode length (um)
G ]
5] —wild type
— Elovis”
4
=
2
QO
g_ 3 *hhR
o
[V
2
14
0 T T T
2 6 8 10

Paranode-Node-Paranode (um)

Figure 35. Increased node and paranode length in ElovI5” mice. (A) and (B) Representative images of
the double staining Calbindin (red) which marks PCs soma and axons and Caspr (green) marking the
paranodal section in both wild type and Elovi5”mice. Scalebars: 10 um. (C) and (D) Curves indicating

the frequency and the probability of the nodal gap length found in wild type (black) and ElovI5”mice
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(red). The measurement reveals a significant increase in length of nodal gap in ElovI5 " mice. (E) and (F)
Curves indicating the frequency and the probability of the paranodes length found in wild type (black)
and Elovl5"mice (red). The data indicate a significant increase in length of paranodes in ElovI5” mice.
(G) Frequency plot indicating the increase in length of Elovi5"mice (red) paranode-node-paranode

structure compared to wild type littermates (black).

3.3.9 Reduction of action potential antidromic propagation in ElovI5” mice

The conduction of action potential along axons is strongly influenced by the correct length of the
node-paranode complexes. The stretched structure of the node-paranode suggests impaired
action potential conduction. We stimulated the axon of PC and recorded the action potential in
the PC soma (antidromic propagation of action potential) (Fig. 36A). We demonstrated that the
conduction velocity of antidromic action potential was significantly lower in ElovI5” mice
compared to those of wild type (0.125 + 0.005 mm/sec, n=26) compared to those of wild type
0.141 £ 0.006 mm/sec, n=31) (Unpaired Student’s t-test P<0.05; Fig. 36B and C).
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Figure 36. Impaired antidromic propagation of action potential in ElovI5” mice PCs. (A)
Representative PC filled with biocytin and a schematic representation of antidromic recording.
Stimulation electrode was placed on axon of PC while recording electrode was placed in the soma in
order to evaluate the antidromic action potential conduction. (B) Representative antidromic action
potentials evoked in PC in wild type (black trace) and Elovi5”mice. (C) Bar graphs showing the mean
antidromic action potential velocity of wild type and ElovI5"mice (P<0.05).
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3.4 PUFA-enriched diet supplementation as possible therapeutic approach for SCA38

Elovl5 correct functioning is essential for the biosynthesis of PUFAs, which are involved in
many biological processes and play a key role in a healthy brain. The pathological condition of
SCA38 is characterized by symptoms ascribable to an unbalance of PUFAs in the organism.
Ideally, to rebalance this alteration, a supplementation of PUFAs could be the best way to
approach patients’ symptomatology. The studies performed by Manes and colleagues (2017 and
2019) (see chapter 1.2.3) showed that the administration of only DHA leads patients to long-term
gait and posture ameliorations, improvement in cerebellar metabolism and no worsening of
motor symptoms and peripheral neuropathy. Thus, we decided to investigate the effects of a
complete diet-based therapy on ElovI5”~ mice by administering them not only DHA, the most
common dietary supplement in many neurological disorder therapies (Bousquet et al., 2011;
Abedi and Sahari et al., 2014; McNamara et al., 2018), but all downstream product of Elovl5.
We divided mice into three groups: the negative control group, composed by ElovI5”- mice and
wild type littermates receiving the a diet providing them Elovl5 substrates (e.g. ALNA and LA),
precursors for more complex PUFAs (“PUFA precursors only” group), which is expected to
show SCA38 symptoms reported in Hoxha et al., 2017; a second group composed by ElovI5”
mice and wild type littermates receiving a complete diet supplying both Elovl5 substrates and
downstream products (i.e. both ALNA, LA and ARA, DHA, EPA) (“complete PUFA since
birth” group); a third group composed by ElovI5”~ mice and wild type littermates, which
receives the complete PUFA diet at weaning (1 month of age) (“complete PUFA since 1 month”
group) (Fig. 37) (see Table 1 for diet composition, chapter 2.1.1). We monitored our mice motor
symptoms at different timepoints (1, 2, 3, 4, 6, 8 months of age) and then we sacrificed the mice

in order to analyze their cerebellar architecture (Fig. 37).
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Figure 37. Experimental design. Experimental timeline representing the three different groups (yellow
arrow = “PUFA precursors only” group: n female wild type = 13; n male wild type = 12; n female Elovi5
= 10; n male Elovl5” = 7; yellow-orange arrow = “complete PUFA since 1 month” group: n female wild
type = 10; n male wild type = 10; n female ElovI5” = 11; n male ElovI5” = 11; orange arrow = “complete
PUFA since birth” group: n female wild type = 11; n male wild type = 13; n female Elov/5” = 12; n male
Elovl5” = 10;) with the age analyzed (indicated with segmented line at the bottom, 1(weaning)-2-3-4-6-8
months) and the age of the sacrifice (12 months of age). In PUFA precursors only group (yellow arrow at
the top) and complete PUFA since birth (yellow arrow at the bottom) the diet is imposed to both dams
and their progeny, while in complete PUFA since 1 month group dams are administered the diet
providing the precursors of PUFAs and progeny at weaning are switched in the complete diet providing

also the downstream products of Elovl5. (Mice images have been created with https://mindthegraph.com)

3.4.1 Progression of motor impairment with PUFA precursors diet

A deficit in the balance beam test was already present at the age of 1 month for ElovI5” mice, as
shown by a higher number of paw placement errors compared to wild type littermates (Fig. 38
and Fig. 42). The difference of motor performance between genotypes remained statistically
significant throughout the ages analyzed (P < 0.0001, Two-way ANOVA; n = 38 wild type mice:
0.24 £ 0.04; n= 38 Elovl5” mice: 0.86 + 0.11) (Fig. 38 and Fig. 42). Elovl57 mice showed a
progressive increase of motor errors with age, in agreement with the worsening of ElovI5”7 mice

motor performance reported by Hoxha et al. (2017).
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Figure 38. Progression of motor impairment in mice imposed a PUFA precursors diet. Bar graph
showing the progression in time (from 1 to 10™ month of age) of the motor deficit in ElovI5” mice (grey
bars) and control littermates PUFA precursors only (white bars). As already showed in Hoxha et al.,
2017, ElovI5” mice undergo a great worsening of motor coordination when imposed a diet providing
them just the substrates of Elovl5 (e.g. LA and ALNA), while wild type mice present an almost
unchanged mean of errors committed while traversing the experimental apparatus (P < 0.0001, Two-way

ANOVA; n = 38 wild type mice: 0.24 + 0.04; n= 38 ElovI5” mice: 0.86 £ 0.11)

3.4.2 Effects of the administration of a complete PUFA diet since birth

In wild type mice, the administration of a complete PUFA diet, also containing long chain
PUFAs, improved motor performance at 1 (P < 0.05, Unpaired Student’s t-test t53y=2.02; Fig.
39A and B) and 6 months (P < 0.01, Unpaired Student’s t-test t34=3.29; Fig. 39D), while at 8
months there was no significant difference (P = 0.05, Unpaired Student’s t-test; Fig. 39F). In
ElovI5” mice, at 1 month the complete PUFA diet did not significantly change the motor
performance (P > 0.05, Unpaired Student’s t-test; Fig. 39C). However, at 6 and 8 months,
ElovI5” mice with a complete PUFA diet showed significantly better performance compared to
Elovi57- mice kept with PUFA precursors only (for 6 months old mice: P < 0.05, Unpaired
Student’s t-test t37=2.37, Fig. 39E; for 8§ months old mice: P < 0.05, Unpaired Student’s t-test
t36=2.03; Fig. 42).
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Figure 39. Slowdown of motor symptoms worsening in ElovI5” mice receiving a complete PUFA

diet. (A) ElovI5” and wild type mice received from birth a diet providing them both Elovl5 substrates and
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downstream products from birth (grey bars) were compared to genotype and age matched PUFA
precursors only mice (white bars). (B) and (C) Graphs showing errors committed traversing the
experimental apparatus at 1 month of age both wild type and Elovi5"mice when receiving the complete
PUFA diet compared to negative control group (P < 0.05, Unpaired Student’s t-test ts3=2.02). (D) and
(E) Motor performances of Elovl5”mice and healthy littermates compared to PUFA precursors mice at 6
months of age (P < 0.01, Unpaired Student’s t-test t34=3.29) and 8 months of age (P < 0.05, Unpaired
Student’s t-test t36=2.03) (F) and (G).

3.4.3 Effects of the administration of a complete PUFA diet at later ages

The administration to wild type mice of a complete PUFA diet starting at 1 month of age
significantly improved motor performance compared to wild-type mice fed with PUFA
precursors only (for 6 months old mice: P < 0.01, Unpaired Student’s t-test t37=3.18, Fig. 40A
and B; for 8 months old mice: P < 0.01, Unpaired Student’s t-test tz0=3.52, Fig. 40D; Fig. 42).
In contrast, the complete PUFA diet stating at 1 month of age, failed to improve the motor
performance of ElovI5” mice (P > 0.05, Unpaired Student’s t-test; Fig. 40C and E), although at
8 months there was a trend to perform fewer errors than Elovi5”- mice with PUFA precursors
only (Fig. 40E). However, it should be noticed that PUFA precursors ElovI5”- mice have a
tendency to worsen their performance from 6 to 8 months, while, in the same period, Elovi5”
mice with complete PUFAs since 1 month retained the same performance level, without

worsening.
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Figure 40. Effects of a complete PUFA diet from 1 month of age in Elovi5” and wild type mice. (A)
Elovl5” and wild type mice received from the first month of age a diet providing them both Elovl5
substrates and downstream products from birth (grey bars) were compared to genotype and age matched
PUFA precursors only mice (white bars). (B) and (C) Motor performances of both Elovi5” and wild type
littermates when receiving the complete PUFA diet from 1 month of age at 6 months (P < 0.01, Unpaired
Student’s t-test t37=3.18). (D) and (E) Graphs showing errors committed traversing the experimental
apparatus at 8 months of age both wild type and ElovI5”mice when receiving the complete PUFA diet

since 1 month of age compared to negative control group (P <0.01, Unpaired Student’s t-test t30=3.52).
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In order to understand whether a later start of the complete PUFA diet could provide a benefit,
similar to a therapy started after diagnosis of SCA38 in an adult individual, in a separate group
we administered the complete PUFA diet since 10 months of age and continued for two months.
With this protocol, neither wild type nor ElovI5” mice showed an improvement relative to the
respective controls receiving PUFA precursors only (P > 0.05, Unpaired Student’s t-test; Fig.

41A, B and C).
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Figure 41. Complete PUFA diet in late adulthood does not restore motor deficits. (A) Schematic
representation of the experimental design. Elovi5” and wild type mice received switched from a PUFA
precursors only diet to a complete PUFA diet at 10 months of age and we checked the motor impairment
after two months of treatment (12 months). (B) and (C) Mean number of errors committed traversing the
experimental apparatus of both wild type and ElovI5” mice at 10 (white bars) and 12 months (grey bars).
As shown, the diet supplementation fails to rescue motor coordination impairment (P > 0.05, Unpaired

Student’s t-test).
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3.4.4 Effects of the complete PUFA diet on the cerebellar morphological parameters

In a previous report (Hoxha et al., 2017) we showed that Elovi5”~ cerebellar cortex has a shorter
length of the PC layer and a reduced section area of the cerebellar white matter. Therefore, we
studied the effects of the complete PUFA diet administered either since birth or since 1 month of
age on these morphological parameters. The complete PUFA diet failed to affect these
parameters in either wild type or ElovI5”~ mice. Thus, in Elovi5”- the complete PUFA diet, even
since birth, failed to increase either the PC layer length (PUFA precursors diet: n = 8 mice, 20.11
+ 0.55 mm; complete PUFASs since birth: n = 8 mice, 19.86 = 0.30 mm; complete PUFAs since 1
month: n = 11 mice, 20.17 £ 0.22 mm; P > 0.05, Unpaired Student’s t-test) or the white matter
area (PUFA precursors diet: n = 8 mice, 0.12 = 0.003; complete PUFAs since birth: n = 8 mice,
0.12 £+ 0.003; complete PUFAs since 1 month: n = 11 mice, 0.11 + 0.004; P > 0.05, Unpaired
Student’s t-test).
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CHAPTER 4 - DISCUSSION
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The current thesis work is aimed at deepening the knowledge about the physiological role of
Elovl5 in central and peripheral nervous system, starting from a pathological mouse model
lacking this enzyme. The study of the physiological mechanisms altered in SCA38-representing

mice could give a hint to new clinical trials on patients, currently requiring an efficient therapy.

4.1 ElovlS expression in the Central Nervous System is region- and cell-type specific (Balbo
et al., 2021)

First goal of this work was to provide a comprehensive description of Elovl5 cell- and region-
specific localization in the adult mouse brain. By immunohistochemistry, we showed that there
are no rostro-caudal and ventro-dorsal differences in the expression of Elovl5 throughout the
brain. Interestingly, big soma projecting neurons (e.g., mitral cells, cerebellar PCs, and
cortical/hippocampal pyramidal cells) and glial cells showed a prominent expression of Elovls5.
XGal staining and immunohistochemistry revealed subtle discrepancies between Elovl5
promoter activity and Elovl5 protein expression. Indeed, we observed that the XGal staining was
very strong and homogeneous in the hippocampal pyramidal neurons, while the fluorescent
signal was only moderately intense in CA2 and CA3 pyramidal cells and lower in the other
hippocampal fields. On the other hand, in the thalamus, XGal analysis showed a low signal,
while the fluorescent signal was stronger in all thalamic nuclei. These results suggest the
existence of transcriptional or post-transcriptional regulation of Elovl5 expression. Notably, it is
reported that estrogens can act as negative regulators of miRNAs which downregulate Elovl5 at
a post-trascriptional level (Zhang et al., 2017). Elovl5 distribution in distinct CNS areas and in
specific cell types suggests a unique role of this enzyme in the local synthesis of PUFAs
subserving specific neuronal/glial processes and CNS functions. In the olfactory areas of the
telencephalon, mitral cells showed the most prominent expression of Elovl5 protein, in contrast
with a lack of labeling in the granular layer. Furthermore, strong positivity for Elovl5 was found
in pyriform cortex, olfactory tubercle and anterior olfactory nucleus, which are part of the
olfactory system. These findings are in line with the loss of the sense of smell found in SCA38
patients and in ElovI5” mice (Borroni et al., 2016; Hoxha et al., 2017), suggesting a crucial role
of Elovl5 in olfaction, in line with the reported importance of PUFAs availability for a correct
olfactory discrimination and a proper olfactory tissue integrity (Greiner et al., 2001; Le Bon et

al., 2018; Khoury et al., 2020). A pattern similar to the olfactory bulb was also observed in the
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cerebellar cortex. PCs were strongly positive for Elovl5, whereas granular cells were negative.
This expression pattern well correlates with the gait abnormality and balance deficits observed in
SCAZ38 patients with ELOVLS5 mutation and in the ElovI5”~ mouse model (Borroni et al., 2016;
Hoxha et al., 2017). By studying this pathological mouse model, it has been shown that the
absence of Elovl5 in PCs led to a shrinkage of the dendritic tree causing molecular layer atrophy
(Hoxha et al., 2017). This evidence suggests an important role of Elovl5 for the correct
maintenance of PC dendritic morphology, a necessary requirement for cerebellar function. In the
hippocampus, Elovl5 showed a peculiar expression pattern: labeling was specific for pyramidal
cells and interneurons of the strata oriens and radiatum. The involvement of PUFAs in
hippocampal synaptic plasticity has been largely described in the literature (Fukaya et al., 2007;
Cutuli et al., 2014; Thomazeau et al., 2017) suggesting that the Elovl5 expression in this region
is required for proper functioning and refinement of the circuits. The characterization of Elovl5
expression in the brainstem was challenging because of the huge density of cells and nuclei. In
general, the most prominent labeling was shown by nuclei functionally and anatomically
connected to the cerebellum (e.g., the red nucleus in the midbrain and the vestibular nuclei in the
medulla). An interesting finding is that Elovl5 expression is not restricted to neurons but is
extended to glial cells. The expression by both mature and immature oligodendrocytes suggests
that Elovl5 downstream products might be important players in myelination and other
oligodendroglia functions. Along with oligodendrocytes, microglial cells showed a prominent
expression of Elovl5, consistent with the observation that some Elovl5 downstream products,
omega-3 PUFAs, play a major role in the resolution of neuroinflammation and in enhancing
beneficial immune response (Ebert et al., 2009; Chen et al., 2014; Joffre et al., 2019). Astrocytes
instead showed no or little Elovl5 immunolabeling. However, a subpopulation of astrocytes was
found positively marked, suggesting a local regulation of fatty acid production that could be
possibly exploited for signaling or expansion of local membranes in astrocytes (Sakers et al.,
2017). Furthermore, it has been recently shown that, while undergoing a neurogenic program,
some astrocytes need to upregulate genes encoding for enzymes essential for lipid metabolisms,
including Elovl5 (Magnusson et al., 2020).

The expression pattern of Elovl5 in the CNS is similar to the expression of Elovl4 (Sherry et al.,
2017). Mutations of ELOVLS or ELOVLA4 cause spinocerebellar ataxia 38 and 34, respectively
(Ozaki et al., 2015; Borroni et al., 2016) with common neurological symptoms which might be

explained by the regional expression similarity between the two enzymes. Interestingly, both
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enzymes are expressed in neurons and glial cells. Elovl5 is expressed by oligodendroglial cells,
microglia and is heterogeneously in vivo expressed by astrocytes while Elovl4 is reported to be
weakly expressed by astrocytes and presumably by oligodendrocytes (Sherry et al., 2017).
However, their cell-specific expression differs in some brain areas. In the cerebellum Elovl5 is
expressed by PCs but not granule cells while Elovl4 is expressed mainly by granule cells with a
low positivity in PCs (Sherry et al., 2017). Furthermore, in the olfactory bulb Elovl5 is expressed
by mitral cells but not by granule cells while Elovl4 is expressed the most by granule cells with a
low expression by mitral cells (Sherry et al., 2017). It is not clear how this difference in
expression determines the onset of some neurological symptoms which are specific for SCA38
or SCA34, for instance the hyposmia in the SCA38 patients (Borroni et al., 2016).

Overall, the region-/cell-specific expression of Elovl5 suggests a special requirement of local
production of VLCF with signaling or structural functions, in specific neuronal and glial cell
types. However, further functional studies are needed to dissect the context-dependent role of

Elovl5 and of its downstream products in neural cell physiology.

4.2 ElovlS presence is essential for proper action potential propagation in peripheral

myelinated fibers (Hoxha et al., 2021)

Once identified the cell types and the regions expressing Elovl5, we looked at the consequences
of Elovl5 deficiency starting from the peripheral nerves. We exploited ElovI5” mice and show
that the lack of Elovl5 enzymatic activity in mice leads to biochemical and structural changes in
myelin, which have functional consequences in the velocity of action potential conduction along
axons. Our lipidomic analysis, in line with the lack of Elovl5, revealed an accumulation of
phospholipids consisting of 16 or 18 carbons fatty acids (Elovl5 substrates) with at most two or
three unsaturations. On the other hand, Elovi57 fibers showed a strong reduction of
phospholipids with fatty acids with 20 or more than 20 carbons carrying multiple unsaturations
(Elovl5 products). More specifically, the strong alteration of the plasmalogens observed in
ElovI5” mice is in line with the finding of a less compacted myelin. Indeed, plasmalogens
represent a substantial part of phospholipids and are reported to protect myelin structure from
oxidative stress, so that changes in their quantity can influence myelin-packing properties
(Luoma et al., 2015). Noteworthy, the most prominent effect of the lack of Elovl5 on the lipidic

profile is a reduced ratio between polyunsaturated versus saturated and monounsaturated fatty

108



acids. Interestingly, impaired PUFA levels, in the liver, are shown to increase the activity of the
sterol regulatory element-binding protein (Srebp-1lc) that pushes the expression of different
lipogenic genes implicated in the monounsaturated and saturated fatty acid synthesis in ElovI5"
mice (Moon et al., 2009). However, our analysis in the sciatic nerve did not reveal changes in the
Srebp-1c and proteins involved in synthesis of phospholipids (data not shown). Actually, we
found that Schwann cells themselves express Elovl5 indicating local PUFAs synthesis (Figure
20). This finding raises the question of the role of intrinsic synthesis relative to the uptake of
preformed lipids from the bloodstream. From a functional point of view, saturated fatty acids
lead to stronger lipid-lipid interactions and make membranes more rigid and tightly packed,
while PUFAs fluidize membranes (Harayama & Riezman, 2018; Sezgin et al., 2017; van Meer et
al., 2008). Moreover, the lack of Elovl5 revealed an important accumulation of sphingolipids,
which are structural lipids highly enriched in nervous cells, and beyond their role in the
architecture of membranes, they also participate in different cellular pathways (Venkataraman &
Futerman, 2000). A 30% increase of sphingomyelin and galactosylceramide in lipid bilayer
models is sufficient to cause an increase of the membrane stiffness and reduced flexibility
(Saeedimasine et al., 2019). Sphingomyelin rich bilayers tend to form hydrogen bonding
together (Niemeli et al., 2004), while galactosylceramides tend to pack together via sugar-sugar
bonding and to make strong interactions with phospholipids, thus causing thickening of the
membrane (Saeedimasine et al., 2019). Indeed, the accumulation of sphingolipids is the main
feature of lipid storage diseases (Sural-Fehr & Bongarzone, 2016; Zheng et al., 2006), which are
associated with aberrant myelination and peripheral neuropathy (Bagel et al., 2013; Higashi et
al., 1995; Ramakrishnan et al., 2007). Even though there are several studies demonstrating that
some specific lipids influence structural stability of myelin, there is insufficient information on
how changes of the whole lipid composition impact the structure and function of myelin, mainly
due to technical difficulties. Advances in lipidomic investigation highlight the fact that a
deranged lipid homeostasis accompanied by myelin defects and axonal conduction deficits are
common features for different neurodegenerative diseases (Harel et al., 2018; Horibata et al.,
2018; Karsai et al., 2019; Kutkowska-Kazmierczak et al., 2018; Pujol-Lereis, 2019; Vaz et al.,
2019). In line with alterations of phospholipid profile, in ElovI5” nerves, myelin thickness was
increased, and the layer periodicity was enlarged. This corresponds to a deficit in myelin
compactness, which is required to provide better electrical insulation, reduction of membrane

capacitance and faster action potential conduction (Schmidt & Kndsche, 2019). Interestingly, an
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increase in myelin periodicity is reported in mice with defects in fatty acid synthesis (Cermenati
et al,, 2015) and in mice with deficiency of plasmalogens (da Silva et al., 2014). The
node/paranode structure is strongly dependent on the lipid composition (Thaxton and Bhat,
2009). Accordingly, the nodal gap and the paranode length are increased in ElovI5” nerves,
suggesting a role of Elovl5-dependent phospholipids in the maintenance of integrity of nodes
and paranodes. It is well reported that the lack of sulfatides causes nodal and paranodal junction
abnormalities in mice (Ishibashi et al., 2002; Marcus et al., 2006; Takano et al., 2012).
Unsurprisingly, in ElovI5” mice, such deficits in myelin compactness and length of nodes and
paranodes were associated with a slower conduction velocity of action potentials. Given the
importance of myelin thickness, node and paranode length in influencing the velocity of action
potentials (Schmidt & Kndsche, 2019), it is not surprising to find that the alteration of even one
of these parameters will cause deficits in the action potential conduction along axons (Arancibia-
Carcamo et al., 2017; Li, 2015). The high amount of lipids in myelin renders them important
players in determining structural integrity of myelin therefore influencing the conduction of
action potentials. In summary, our findings strengthen the notion that the Elovl5 enzyme is
necessary for a correct maintenance of the homeostasis of fatty acids in peripheral myelin, which

is crucial to assure the correct biophysical properties of the membrane.

4.3 ElovlS loss influences the correct function of the cerebellar circuitry

Ataxia is one of the main characteristic clinical features of SCA38 patients (Borroni et al., 2016).
In a similar way, Elovl5 loss in mice induces motor coordination and balance impairment
(Hoxha et al., 2017). These findings suggest that ElovI5” mice can be used as model of SCA38
in order to understand the consequences of Elovl5 lack in central nervous system. We focused
our study on the cerebellum, in particular on PCs, by questioning ourselves on the mechanisms
underlying the motor impairment observed in Elovi5”- mice. There are lot of examples in
literature describing alterations in PC firing connected to various diseases, starting of course
from ataxias to Huntington Disease and autism spectrum disorders (Cook et al., 2020). So, we
started by looking at the PCs ability to generate action potentials. Altered PC firing properties
have been observed in mouse models of various ataxia types. For instance, for SCA1, SCA2,
SCA3, SCAS5 and SCA6 a reduced firing frequency has been reported, while reduced firing

regularity has been observed in SCA6, SCA7, Autosomal recessive spastic ataxia of Charlevoix-
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Saguenay (ARSACS) and episodic ataxia type 2 (EA2) (Hourez et al., 2011; Hansen et al., 2013;
Dell’Orco et al., 2017; Kasumu and Bezprozvanny, 2012; Liu et al., 2009; Shakkottai et al.,
2011; McLoughlin et al., 2018; Perkins et al., 2010; Jayabal et al., 2016; Stoyas et al., 2020;
Walter et al., 2006; Alvifia and Khodakhah, 2010; Ady et al., 2018). In ElovI5” mice we found
an alteration in spike frequency adaptation, suggesting impaired capabilities of PCs to
compensate with a reduction of the firing when stimulated with excitatory signals for long
periods.

Since many cerebellar disorders appear to be caused by a malfunction of synaptic connections
(Koeppen, 2018; Roccaro-Waldmeyer et al., 2018), we then focused on the main synapses
formed with PCs, the PFs-PC and the CF-PCs ones. We evaluated EPSCs and pre-synaptic
terminal functioning in Elovi5” and control littermates and we discovered that the basal
mechanism is preserved when Elovl5 is lacking. We further ruled out the involvement of this
type of synapse by analyzing VGLUT1 expression in the mice cerebellum. In fact, as showed by
other examples in literature, VGLUT 1-specific PF synaptic deficits might contribute to abnormal
cerebellar circuit development (Lin et al., 2017). However, we found intact localization and
expression of VGLUT! in ElovI5” mice were intact. Altogether our results lead us to conclude
that the motor impairment in SCA38 mice is not due to alterations in PF-PC synapses.

Another important player in PFs-PC synapse is mGluR 1-mediated signaling, which is activated
when PFs are repeatedly stimulated (Hoxha et al., 2018). Many ataxic diseases reported
dysfunction in mGluR 1-mediated synaptic activity, showing both increased (e.g. SCA2 mouse
model) and decreased signaling (e.g. SCA1 mouse model) (Kano and Watanabe, 2017; Shuvaev
et al., 2017; Hoxha et al., 2018). Differently from these examples, we did not find any alterations
in the mGluR I-mediated current in PCs nor in receptor expression in Elovi5” mice compared to
control one.

The other important synapse formed with PC, is the one with CF. Changes in CF-PC synaptic
connections have been found in various degenerative movement disorders, like Parkinson’s
disease (PD), multiple system atrophy (MSA) and essential tremor (Kuo et al., 2017). Moreover,
impairment in CFs activity is a hallmark of some forms of SCA, like SCA1, SCA7, SCA14 and
SCA23 (Ebner et al., 2013; Smeets and Verbeek, 2016). By voltage-clamp recordings we
assessed the amplitude of the CF-evoked EPSC, as well as the paired-pulse depression. We
found a preserved amplitude of the CF-evoked EPSC suggesting a normal function of the

111



dendritic spines occupied by CF varicosities. On the other hand, ElovI5” mice showed a reduced
paired- pulse depression, suggesting a presynaptic mechanism (Hashimoto and Kano, 1998).

In fact, from observations accomplished on Elovl4 deficient mice, which have a reduction of
very long-chain fatty acids (VLC-FA, > 28 carbons), it is known that PUFAs increase membrane
fusion at presynaptic level, in particular inducing faster fusion and turnover of vesicle released
neurotransmitters pool in the synaptic cleft (Gedalya et al., 2009; Hopiavuori et al., 2018).
Consequently, Elovl5 lack might lead to a decreased velocity of vesicle fusion and recycling at
presynaptic level. To deepen the analysis, we performed an immunostaining of VGLUT2, the
only glutamatergic transporter present on CF and often abnormally localized or expressed in
ataxias and similar pathological conditions (Fremeu et al., 2001; Kuo et al., 2017; Hoxha et al.,
2018). By comparing the intensity of expression of this transporter in ElovI5” mice with wild
type littermates we found out that it is expressed in a similar way, with a tendency toward the
increase.

It is widely assumed that gain control within cerebellar circuits is made possible by forms of
synaptic plasticity (Rinaldo and Hansel, 2010). So, we then investigated the possibility of a
disruption of LTD being the cause of the motor impairment observed in ElovI5” mice. LTD at
PF-PC synapses results in a reduction of the excitatory inputs received by PCs, which in turn
reduces the inhibition delivered to the deep cerebellar nuclei. In mice with an impairment in
cerebellar motor learning, deficits in cerebellar synaptic plasticity were discovered (Aiba et al.,
1994; De Zeeuw et al., 1998; Feil et al., 2003; van Woerden et al., 2009). So, we wondered
whether Elovl5 loss could induce alteration in this mechanism, which could be involved in the
motor impairment found in ElovI5” mice. What resulted from inducing LTD at PF-PC synapses
was that Elovi5” mice did not present differences from wild type littermates. Therefore, it is
possible to rule out the presence of an LTD impairment when ElovlS5 is lacking. Remarkably, in
contrast, deletion of Elovl4 induces disruption in both LTD and LTP, accompanied by alteration
in synchronization of the cerebellar network due to impaired presynaptic activity of PFs
(Nagaraja et al., 2021). These differences compared to the situation originated from Elovl5
mutations could be due to the different pattern of expression of Elovl4 and Elovl5. In fact,
Elovl4 is expressed in granule cells (Sherry et al., 2017), so its absence could impair their basal
activity and PFs-mediated plasticity. Since Elovl5 is involved in the biosynthesis of PUFAs,
including ARA and DHA, which are essential modulators of neuronal excitability (Vreugdenhil

et al.,, 1996; Young et al., 2000), we also assessed a plasticity form which involves the
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endocannabinoid system, the SSE. eCBs bind the receptors CB1, the most widespread G protein-
coupled receptor (GPCR) in the mammalian cerebellum (Stephens, 2016). Highly expressed at
presynaptic level, CB1Rs are able to inhibit evoked and spontaneous IPSCs at interneuron-PC
synapses or EPSCs at CF-PC and PF-PC synapses (Stephens, 2016). Our results show that a lack
of Elovl5 in mice causes the dysregulation of the eCB-mediated inhibition of presynaptic
transmission at the PF-PC synapse. The alteration found could be due to a reduced production of
eCBs, deriving from a reduced pool of products downstream Elovl5. A similar result was
obtained in a mouse model of SCA1, which showed a duration of the SSE dramatically reduced
(Shuvaev et al., 2017). However, we cannot exclude the hypothesis that this reduced response
might be due to a reduced number of CB1 receptors. Indeed, studies on post-mortem cerebellar
tissues of patients with different SCAs showed an increased level of MAGL enzyme levels, a
key player for hydrolysis of eCBs, and an up regulation of CBI receptor on PC soma in SCA
patients (Rodriguez-Cueto et al. 2014b and 2014a).

Elovl5” mice presented reduced velocity in conducting action potentials in peripheral nerves (see
chapter 3.2.3 and 3.2.4). Interestingly, we found a decreased velocity of propagation of the
antidromic action potential in ElovI5” PC axons compared to control littermates. This reduced
velocity of propagation is in part due the increased length of both nodes and paranodes on PCs
axon. The cause of the instability of node-paranode complexes might be due to the different lipid
composition of myelin.

We hypothesized that PCs deficits were not confined to the axonal conduction capabilities but
also at the level of synaptic contacts between PC and their target cells in deep cerebellar nuclei.
We evaluated PC axon terminal in deep cerebellar nuclei with vesicular GABA transporter
(VGAT) immunostaining. It is well known that VGAT deficiency causes motor dysfunction in
mice (Kayakabe et al., 2013). However, we did not observe changes of VGAT expression in the
deep cerebellar nuclei ruling out that PC-deep cerebellar nuclei cells synapse is involved in
motor dysfunction of ElovI5” mice.

Taken together these data suggest that ELovl5 lack impact several components of the cerebellar
cortex, including here: intrinsic excitability of PCs, eCB-dependent synaptic plasticity of PFs
and short-term plasticity of CFs. These changes are associated with a slowed down conduction
of action potentials along axons of PCs. It is difficult to understand which of these changes is a

compensatory or a causative mechanism, since Elovi5” mice lack Elovl5 throughout
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development. Additional experiments are necessary to understand which of these mechanisms

has a causal link with motor impairment.

4.4 PUFA-enriched diet supplementations as a possible therapeutic approach for SCA38

Once having identified some of the mechanisms altered when Elovl5 is lacking, we assessed the
effect of an early administration versus an administration of PUFAs during the turning from
adolescence to young adulthood, and we verified possible differences. Clinical trials on SCA38
patients showed that the administration of DHA only, one of the PUFAs downstream Elovl5,
leads patients to gait and posture amelioration, increase in cerebellar metabolism and no
worsening of motor impairment and peripheral neuropathy (Manes et al., 2017 and 2019). So, we
wondered whether an earlier assumption of all the downstream products of Elovl5 (including
ARA, DHA and EPA) could lead to better improvement. Actually, it is widely known that
PUFAs omega 3 and 6 are critical for the correct development of the brain and its function (Innis
et al., 2007), so the administration of a complete PUFA diet to dams could give Elovl5” mice the
possibility for a quicker recovery of motor symptoms and cerebellar atrophy. Despite these
expectations, analysis performed at 1 month of age revealed that Elovi5” mice fed with the
complete PUFA diet from birth did not show a rescue of the motor phenotype neither when
compared to wild type littermates, nor to ElovI5”~ PUFA precursors only mice. At later
timepoints, (6 and 8 months), we found that the diet supplementation in knockout mice led to a
slowdown of the impairment (Fig. 42) while the ElovI5” PUFA precursors only mice showed a
progressive worsening of balance, as previously reported (Hoxha et al., 2017). On the other
hand, mice that received the complete PUFA diet from weaning showed a significant
amelioration of motor coordination shifted to the latest timepoint analyzed (Fig. 42). This last
evidence highlights the importance of the time at which the treatment is started and ended: this
kind of approach seems much more effective when started early. This finding is supported by the
results obtained with the diet supplementation with PUFA in late adulthood of ElovI5” mice (10
months of age) and the symptoms assessment after only two months of administration.
Interestingly, ElovI5” mice receiving complete PUFA diet either from birth or from weaning
showed amelioration in motor performance with a reduced number of foot-slips from the beam,
but no amelioration in latency was observed. Hence, mice receiving the diet supplementation

displayed a rescue of the motor balance and coordination. This condition could be due to a
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potential enhancement of the action potential conduction along peripheral myelinated axons.
Indeed, as showed before, Elovl5 has an essential role in peripheral and central nervous system
in supporting the correct structure of myelin, hence, proper action potential conduction (see
chapter 3.2, 3.3 and 4.2, 4.3; Hoxha et al., 2021). Impaired PUFAs levels due to Elovl5 loss
likely lead to a stronger lipid-lipid interaction and makes membranes more rigid. Since PUFAs
are the primary components of myelin and are involved in membrane fluidification (Harayama &
Riezman, 2018; Sezgin et al., 2017; van Meer et al., 2008), we can speculate that a balanced
replacement treatment by PUFAs might restore the correct myelin compactness required to

provide better axonal insulation and faster action potential conduction in ElovI5” mice.
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Figure 42. Pathology progression in ElovI5"mice compared to wild type littermates. (A) Graph
showing the great motor worsening showed by Elovi5 mice (grey bars) when receiving the PUFA
precursors only diet compared to control littermates (white bars) from the first to the 10™ month of age.
(B) Comparison between Elovl5mice (grey bars) and wild type controls (white bars) imposed the
complete PUFA diet from birth, showing a mild worsening with age of the motor coordination (1% — 8"
month of age). (C) Graph representing the motor skill worsening of Elovl5 'mice (grey bars) with age (1

— 8™ month of age) compared to control littermates (white bars).

We decided also to check whether the complete PUFA diet is sufficient to induce amelioration in

cerebellar atrophy of Elovi5” mice (Hoxha et al., 2017). We found that the administration of this

complete PUFA diet from birth does not restore the normal amount of white matter area in the

cerebellum of ElovI5” mice nor ameliorate the general cerebellar shrinkage, as evident from the
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Purkinje layer length measurement. This result suggests that in this pathological condition the
lipidic balance of diet is not enough to induce structural changes in the cerebellum. On the other
side, previous data show that when imposing a diet poor in PUFAs, the myelination process is
disrupted, by inducing a thinning of myelin sheaths and altering white matter organization
(Salvati et al., 2008; Tian et al., 2011; Witte et al., 2014; Gu et al., 2016; McNamara et al., 2017;
McNamara et al., 2018; Leyrolle et al., 2021). This could be caused by an impaired maturation
of oligodendrocytes, since, as reported in literature, n-3 PUFA and their derivatives have been
shown to promote OPCs differentiation (Minghetti et al., 2014; Bernardo et al., 2017).
Moreover, Elovl5 is strongly expressed by OPCs and oligodendrocytes (see chapter 3.1.3; Balbo
et al.,, 2021), so its loss could alter their functionality and impair the myelin production.
Nevertheless, further studies are essential to understand why this diet supplementation lead this
mice to functional recovery without a structural ameliorations.

Diet supplementation with PUFAs is widely known to have beneficial effects in treatment of
many neurodegenerative disease and pathological conditions (Delattre et al., 2010; Hacioglu et
al., 2012; Luchtman et al., 2012; Chen et al., 2014; Beblo et al., 2017; Yassine et al., 2017;
Mondal et al., 2021). On the other hand, PUFA deficiency situations lead to major impairments
both during development and in adolescence (Carrié et al., 2000; Larrieu et al., 2012; Bondi et
al., 2014; Janssen et al., 2015; Lozada et al., 2017; Manduca et al., 2017; Robertson et al., 2017).
This evidence suggests that a correct balance of PUFA is essential for the correct functions of
brain, especially in such a critical period like development or adolescence. Therefore, our results
suggest that an implementation with a complete PUFA diet from birth is the most effective
approach to slow down SCA38 progression. While, on the contrary, the intervention in late
adulthood might be insufficient to lead to satisfactory comparable result. Taken together these
findings highlight the need of a better diagnosis tool which could lead SCA38 patients and their
families to an earlier approach like a complete diet supplementation with PUFAs, which is safe
and easy to practice. In fact, the choice to administer a diet providing all the products
downstream Elovl5, including ARA, did not lead to adverse effects. Nonetheless, a systematic
evaluation of literature provided by Calder et al. (2019) suggests that a supplementation of ARA
is not necessarily linked to increased inflammatory events or platelet aggregation in humans.
However, it must be said that this kind of treatment is not as precise as a pharmaceutical one, so
maybe greater effects could be observed by an administration of a precise dosage of PUFAs as a

supplementation to a balanced diet.
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CHAPTER 5 - CONCLUSIONS AND FUTURE
PERSPECTIVES
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In this thesis work, we tried to identify the physiological role of Elovl5 in central and peripheral
nervous system, by means of the ElovI5” mouse, which is a model of SCA38. Our results
showed that Elovl5 is abundantly expressed at both central and peripheral level, with a cell- and
region-specific pattern, that its loss induces changes in myelin, alters action potential
propagation and, finally, that the motor impairment induced by its lack could be overcome by an
early administration of a complete PUFA diet. Alterations in enzymes involved in biosynthesis
of PUFAs greatly impair brain composition and cause severe consequences for human health
(Rizzi et al., 2013; Freemantle et al., 2012; Kutkowska-Kazmierczak, et al., 2018; Mueller et al.,
2019; Sun et al., 2018; Cadieux-Dion et al., 2014; Bourassa et al., 2015; Ozaki et al., 2015;
Bernstein et al., 2001; Edwards et al., 2001; Zhang et al., 2001; Sailer et al., 2016; Li et al.,
2018; Keo et al., 2020). The brain is one of the most lipid-rich tissues in the organism, second
only at adipose tissue (Adibhatla et al., 2007). So, it should not be surprising that an imbalance
of lipids due to lack of Elovl5 leads to a neurological deficit like SCA38, which, as showed
during this thesis work, impacts not only on the central but also on the peripheral nervous
system, both at morphological and functional level. This concept is confirmed by the benefic
effect, of a rebalance of PUFAs in diet, in restoring the correct functionality of the brain. Taken
the data obtained all together, Elovl5 revealed to have a complex function in the nervous system,
not completely understood yet. The aim of this thesis work was to provide a more accurate
understanding of Elovl5 physiological roles in order to give a more detailed insight on the

pathological alterations risen by its loss.

In this work, we showed that a deficit of PUFAs with an increase in saturates fatty acids due to
Elovl5 lack alters myelin and slows action potentials, while the specific effect of alterations in
fatty acid chain length and different types of phospholipids (sphingomyelins, plasmalogens,
phosphatidylcholines, phosphatidylethanolamines, phosphatidylserines) in brain functionality
remains to be investigated. Moreover, studies still need to clarify the impairment of the paired
pulse depression of CFs, which we hypothesize being due impaired velocity of either vesicle
fusion or recycling at presynaptic level. So, it would be interesting to study the dynamics of
recruitment and release of synaptic vesicles from presynaptic terminals of CFs affected by
Elovl5 loss. Another point that should be deepened is the rescue of the phenotype induced by the
complete PUFA diet administration. In fact, it is not clear whether this approach leads to

amelioration of other signs of SCA38, like the peripheral neuropathy or the hyposmia, in
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addition to motor deficits. Moreover, clinical studies focused only on DHA administration
(Manes et al., 2017; Manes et al., 2019), while our results showed effective results with the
administration of both omega-3 and omega-6 PUFAs, with only one relative amount ratio. It
would be interesting to study different ratios omega-3/omega-6 and investigate the efficacy of
the treatment. Importantly, these preliminary data could put the basis for an optimization of a

therapeutic intervention on SCA38 patients.
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