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Abstract

The Axon Initial Segment (AIS) of multipolar neurons is a key specialized region of utmost
importance for neuronal physiology as it maintains axonal identity and generates action
potentials. The AIS is regarded as a highly stable structure comprised by remarkably long-lived
molecules, with the exception of Ankyrin-G (AnkG). However, multipolar neurons regulate their
intrinsic excitability via plastic changes in AlS length and location. Notably, understanding how the
AlS plasticity is regulated may help understand its importance in neuro-pathologies like epilepsy,
bipolar disease, and intellectual disability.

Here we investigated the mechanism of AIS relocation in response to chronic
depolarization in dissociated hippocampal neurons. Using cycloheximide, a protein synthesis
inhibitor, we showed that protein synthesis is needed for the maintenance and relocation of the
AIS. Using a more specific approach, we demonstrated that two AIS molecules, Neurofascin and
BIV-Spectrin, are short-lived at the AIS and their synthesis is needed for both AIS maintenance and
relocation. Furthermore, the removal of BIV-Spectrin led to a complete disassembly of the AlS,
suggesting that AnkG is not the only essential component required for AIS maintenance. In
summary, our results challenge the current paradigm that AIS molecules are long-lived and AnkG is
the only essential component necessary for AIS maintenance.

In contrast with multipolar neurons, pseudo-unipolar neurons possess a remarkably
unique morphology since they have one axon emerging from the cell body (stem process) which
forms a T-junction originating two axons. An important example of pseudo-unipolar neuron is the
dorsal root ganglion (DRG) neuron, which has been extensively studied because of its key role in
the transmission of sensory signals. It has been suggested that the stem process has a region with
a molecular composition similar to the AIS named proximal segment (PS). So far, many basic
guestions remain unanswered regarding the fine structure and physiology of DRG neurons. It is
not known what ultrastructural differences justify the strikingly different functional properties of
central and peripheral axons and whether the PS contribute to such features.

In this work we aimed at understanding the contribution of the PS for DRG neuron

morphology and central-peripheral asymmetry. Since there are no in vitro models described in the

xii



literature for DRG neurons with pseudo-unipolar morphology containing PS, we successfully
developed this model using long-term primary co-cultures of embryonic rats. In addition, we
showed in vitro that contact with non-neuronal cells is necessary for pseudo-unipolarization and
PS formation. The definite ultrastructure of the stem process and axonal branches has never been
described. By using a correlative light and electron microscopy methodology, we aim at
determining in vivo the ultrastructure of those regions. We were able to establish this technique,
with the ultrastructural analysis being underway.

Overall, we have worked on two exciting frontiers of neuroscience. We have expanded the
knowledge on AIS plasticity and we developed an in vitro model for pseudo-unipolar DRG neurons.

Also, the analysis of the ultrastructure of DRG neurons is being performed.
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CHAPTER 1

Introduction



I The Multipolar Morphology and the Axon Initial Segment

1. Neuronal Structure

1.1. Morphological classification of neurons

Based on morphological characteristics, most common vertebrate neurons are classified
into the following classes: multipolar, bipolar, and pseudo-unipolar (fig. 1). Multipolar neurons (fig.
1A) are the most common type in vertebrates and make up virtually all of the neurons of the
central nervous system (CNS), for instance cortical and hippocampal neurons. They possess several
dendrites and one long axon projecting from the soma. In contrast, bipolar neurons (fig. 1B), which
are sensory neurons (for instance retinal bipolar cells), have two processes arising from the cell
body, one on each end. The dendrites, which are located in the end of one process, receive
sensory information, which is then transmitted to the CNS via the axon on the other end.
Concerning pseudo-unipolar neurons (fig. 1C), a single process arises from the soma and divides
into two branches, with one branch projecting to the periphery and the other projecting to the
CNS. Sensory information collected by the peripheral branch is transmitted to the CNS via the

other branch. Examples of this type of cell are sensory cells in the DRG [1].

1.2. Neuronal subcellular domains

Multipolar neurons possess basic morphological components: the cell body, the dendrites,
and the axon (fig. 2).

The cell body, also called soma, contains a single nucleus surrounded by a large number of

organelles responsible for the metabolic requirements of the cell [2].
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Fig. 1. Most common neuronal types in vertebrates: multipolar (A), bipolar (B), and pseudo-unipolar (C)

neurons. Adapted from [1].

Dendrites are one of two types of neuronal processes which emerge from the soma.
Dendrites receive chemical signals from other neurons through neurotransmitter receptors. In
response to afferent information, they integrate the synaptic inputs and generate electrical
signals. As far as morphology is concerned, there are generally between one and nine dendrites
arising from the soma, and in some neuronal populations each dendrite may branch many times,
giving a complex treelike structure known as dendritic tree. Dendrites are relatively short and
thick, but become thinner with increased distance from the soma. In addition, they present an
irregular outline due to the presence of numerous protusions such as dendritic spines [3].
Regarding ultrastructural features, dendrites possess both rough and smooth endoplasmic
reticulum (ER) active in protein synthesis, as well as Golgi-like structures known as Golgi outposts.
Importantly, dendrites possess the requisite cellular machinery for local trafficking of lipids and
membrane proteins through the canonical secretory pathway [4].

The axon is the other type of neuronal process emerging from the soma. Overall, axons are
responsible for the transmission of information once an action potential is generated [5]. The
region of the soma from which an axon originates is called the axon hillock. At the beginning of the
axon, there is an important specialized region, known as the AlS, which will be discussed in detail
later on. Generally, a single axon emerges from the cell body. Axonal morphology is highly

variable: axon diameter and extent vary considerably between neuronal populations, and axons



may branch, originating axonal arborization with variable complexity. In contrast to dendrites, the
axon has an uniform diameter along its entire extent, and axons and its collaterals may be
surrounded by myelin sheath [3]. In some neurons, axons present numerous varicosities along
them, which constitute synaptic contacts with target cells and are known as ‘boutons en passant’.
Each axon terminates with multiple branches known as telodendria. This structure contains the
presynaptic terminals, which can also be called terminal boutons [5]. Regarding ultrastructural
features, axons present a peculiar organelle distribution. Only smooth ER-like structures have
been detected in axons, and no Golgi or rough ER have been reported, which makes the secretory
mechanism not clear [6]. Several reports identified ribosomes in vertebrate axons, which is an

evidence for local protein synthesis in axons [7].
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Fig. 2. Structure of multipolar neurons. Adapted from [8].

2. Molecular Insights of Neuronal Polarity

Multipolar neurons are one of the most polarized cell types due to the asymmetry of
axons and dendrites, which constitute two molecularly and functionally distinct compartments [9].

Neuronal polarization can be divided into specific steps. In vivo, mammalian neurons
usually migrate to their final destination upon cell cycle exit. During migration, neurons form a
leading process and a trailing process, each becoming the axon or dendrites depending on the cell
type [9].

During the last 15 years enormous advances have been made in the understanding of the
basic molecular machinery involved in the development of neuronal polarity [10]. Many factors
have emerged as crucial players in the development of neuronal polarity, including regulators of

microtubule and actin dynamics and molecular motors that show axon-dendrite selectivity [11].
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The cell-autonomous establishment of neuronal polarity has been studied mainly in
primary cultures of dissociated rodent embryonic hippocampal neurons and postnatal cerebellar
granule neurons [11]. In dissociated cultures, hippocampal neurons display specific transitions (fig.
3). First, neuritogenesis occurs: neurons establish several, apparently identical, immature neurites
(stage 2). Then, axonogenesis takes place: a single neurite grows rapidly to become the axon,
while the other neurites only later develop into dendrites (stage 3). Finally, rapid axon and

dendritic outgrowth occurs (stage 4), followed by terminal neuronal differentiation (stage 5) [12].

Stage 1 Stage 2 Stage 3 Stage 4 Stage 5
E14 + 0div E14 + 1-2div E14 + 2-4div E14 + 4-15div E14 + 15-25div
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Fig. 3. Specific transitions of polarization of postmitotic hippocampal neurons in vitro, as classically

described by [12]. Image from [9].

3. The Axon Initial Segment

Central to the neuronal polarity of multipolar neurons is the AIS. The AIS is a specialized
~20-40-pum-long structure located in the proximal axon [13]. Therefore, the AIS physically
separates the somadendritic compartment from the axon. This segment is also a physiological
bridge, since it serves crucial functions: conversion of somatodendritic inputs into all-or-none
action potentials, control of neuronal excitability and maintenance of neuronal polarity [14].

Interestingly, AIS assembly is an intrinsic property of neurons, since no extracellular cues
are required [15]. In dissociated cultured neurons, after the axon starts to grow, initial segment
components become increasingly enriched at the AIS, with a large majority of cells showing a

‘mature’ AIS by 7 days in vitro [13, 16].



3.1. Molecular organization of the AIS

The consensus in the field is that the defining molecular component of the AIS is the
cytoskeletal protein AnkG [17], because loss of AnkG not only prevents AIS molecular assembly but
also promotes its disassembly [18, 19]. Recently, it was shown that AnkG assembles by exclusion
and not by recruitment. The distal actin subcortical cytoskeleton of the axon is progressively filled
with Ankyrin-B from its distal end towards the cell body, and leaves the remaining proximal axon
free for AnkG assembly [20]. Nevertheless, it is still unknown how this intra-axonal boundary is
reproducibly established.

D’Este et al. (2015) used unprecedented imaging capabilities to study the actin
cytoskeleton of cultured hippocampal neurons. They showed that subcortical actin is organized in
regularly spaced rings encompassing the shaft along the length of both axons and dendrites [21].
These ring-like structures are formed by short actin-filaments that are connected by Spectrin
tetramers that create a uniform spacing of ~180-190 nm between rings [22]. More recently,
Leterrier et al. (2015) determined the AIS nanoscale architecture with super-resolution microscopy
(fig. 4) [23]. In the AIS, actin rings are connected by longitudinal head-to-head BIV-Spectrin
subunits. BIV-Spectrin is a scaffolding protein specifically located in the AIS [22, 23]. It has been
suggested that AnkG is not the only component which is essential for the organization of the AlS,
since BIV-Spectrin deletion leads to alterations in the organization of such structure [24, 25]. AnkG
binds simultaneously to BIV-Spectrin subunits and to several membrane-associated proteins, so it
binds AIS components to the subcortical actin cytoskeleton [23]. Of interest, there are also long
longitudinal actin bundles along the AIS [26].

Microtubules form dense parallel arrays (bundles) in axons and dendrites. Axonal
microtubules have uniform orientation, with their plus ends facing the axon tip [10]. A distinct
feature of the AIS structure is the presence of microtubule fascicles, which are groups of closely
spaced microtubules linked by thin cross bridges [27]. These microtubules localize more deeply

within the AIS cytoplasm and are linked to AnkG by end binding proteins [28].
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Fig. 4. The AIS nanoscale architecture as revealed by super-resolution microscopy. Image from [23].

A variety of voltage-gated Na®, K*, and Ca®* channels are enriched at the AIS. The high
concentration of voltage-gated sodium (Nav) channels at the AIS contributes for making it the
lowest threshold site for action potential initiation [29]. Different types of neurons or even the
same neuron at different developmental stages possess distinct subtypes of ion channels, and
there is also variability in their distribution along the AIS [30]. Importantly, the arrangement of ion
channels at the AIS determine the action potential generation, pattern, and shape [31]. Moreover,
all Nav channels and also a subset of voltage-gated potassium (Kv) channels possess a motif that is
essential for binding to AnkG and consequently determine their accumulation at the AIS [32]. In
contrast, a different subset of Kv channels (Kv,) is clustered by the scaffolding protein PSD-93, and
finally the molecular mechanisms regulating Ca** channels are unknown [30].

The AIS is also enriched in cell adhesion molecules (CAMs). CAMs of the L1 family, namely
186-kDa Neurofascin (NF) and neuron glia-related CAM, bind to AnkG. In contrast, the other CAMs
also present in this segment (TAG-1, ADAM22 and Caspr2) are linked to Kv; channel complex.
Overall, the functions of CAMs at the AIS are not well-understood [33]. NF has been shown to
recruit the extracellular molecule brevican to the AIS. It is important to mention that the AIS is
endowed with a specialized brevican-containing extracellular matrix [19].

Even though the AIS possess well-defined main components, there is remarkable diversity
in AIS composition and structure, reflecting the physiologies of different neuronal cell types [30]. It
is also important to mention that the AIS is stable but not static. Modulation of AIS structure and

function is achieved by posttranslational modifications to AIS components, including
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phosphorylation by a number of kinases [30]. Of interest, the AIS and the nodes of Ranvier have

common molecular organization [34].

3.2. The importance of the AIS to neuronal polarity

Although the AIS may not be required to axonogenesis, it undoubtedly contributes to the
maintenance of neuronal polarity [35]. Indeed, upon AIS dismantlement, the axon loses its identity
and acquires many of the molecular and structural features of dendrites [18].

Evidence shows that the AIS contains a physical barrier for lateral diffusion of membrane
lipids and proteins that restrict their membrane diffusion to somatodendritic or axonal domains
[36, 37]. A model was proposed where a subset of immobilized AIS membrane proteins, likely ion
channels and CAMs, functions as ‘pickets’ that slow the diffusion of membrane proteins and lipids
[38].

A physical barrier also exists in the cytoplasm of the AlS. This intracellular filter prevents
the cytoplasmic diffusion of large macromolecules and is abolished by disrupting actin filaments
and by downregulating AnkG [39]. On the other hand, it was shown that vesicles carrying either
dendritic or axonal proteins equally enter to axons and dendrites. However, once in the AlIS,
almost all dendritic cargoes are halted, and many reverse direction and move toward the cell
body. Importantly, the rerouting that occurs in the AIS depends on Myosin Va and intact actin
filaments [40]. Indeed, actin patches present along the AIS have been proposed to be responsible
for preventing dendritic cargoes from entering into the axon [41]. A second hypothesis suggests
that kinesins play a role in selective transport because they preferentially interact with
microtubules from either dendrites or axons. However, not the kinesin itself but the kinesin-cargo
complex as a whole seems to be responsible for its own selective transport [42].

In summary, many experiments confirm the existence of both a diffusion barrier and an
intracellular filter at the AlS. These are undoubtedly crucial to the maintenance of an asymmetric
distribution of proteins ad lipids and, consequently, neuronal polarity [35]. Nevertheless, the key

mechanisms through which the AlS maintains axonal identity remain unclear.

3.3. AIS plasticity
Although the AIS has originally been considered a static structure, recent evidence
suggests that its properties may be plastic [30]. The AlIS is the region where somatodendritic inputs

are integrated and action potentials are generated [14]. Consistent with this role, recent studies



have showed that AIS structure changes to compensate for alterations in neuronal activity, and so
it may work as a homeostatic mechanism [43].

Kuba et al. (2010) removed the cochlea of chicks to deprive auditory neurons from
synaptic input. In response, AIS length, defined by the distribution of Nav channels and AnkgG,
increased by 1.7 times, without changes in the types and density of Nav channels expressed.
Additionally, membrane excitability and spontaneous firing also increased [44]. In another study,
Grubb and Burrone (2010) increased the activity of cultured hippocampal neurons using either
high extracellular K concentration to cause chronic depolarization or channelrhodopsin-2 to
induce neuronal firing based on photostimulation. In both cases, the AlS relocated, i.e., shifted its
location to a more distal position, which resulted in decreased neuronal excitability. Importantly,
AIS relocation was a bidirectional phenomenon: the AIS moved proximally after neurons were
returned to baseline activity conditions [43]. In summary, these studies suggest that there are two
forms of AIS plasticity: resizing and relocation. Unlike resizing, AIS relocation has yet to be
reported under any conditions in vivo [45].

The effects of electrical activity levels on AIS plasticity depend on the cell type [46].
Nevertheless, the molecular mechanisms regulating the position and length of the AIS only
recently started to be unraveled [45]. Determining how the AIS is assembled and maintained will

probably be useful to elucidate the mechanisms regulating AlS plasticity [43].

3.4. The importance of the AIS to human diseases

Given the importance of the AIS to action potential generation and maintenance of
neuronal polarity, it is not surprising that neurological disorders can arise as a result of AIS
dysfunction. Mutations in the gene encoding AnkG have been linked to bipolar disease,
schizophrenia, intellectual disability, attention deficit disorder, and autism spectrum disorder [47].
Other AIS proteins have also been implicated in neurological disorders. Caspr2 has been identified
as a major susceptibility locus for autism spectrum disorders [47], while several genes encoding
AIS ion channels are associated with epilepsy [48]. On the other hand, in a mouse model of the
disorder Angelman syndrome, hippocampal neurons had a longer AIS when compared to wild-type
mice [49]. Finally, it was recently shown that ischemic neuronal injury causes rapid AIS
disassembly and loss of neuronal polarity [14]. Overall, a full understanding of the AIS roles in

nervous system diseases may lead to novel disease-specific therapeutic interventions.



Il. The Pseudo-Unipolar Morphology and the Proximal Segment

Pseudo-unipolar neurons possess a remarkably unique morphology, since they have a
stem process which forms a T-junction by dividing into two axons. Examples of this neuronal type
are interneurons and neurons from the cranial nerve sensory ganglia, the trigeminal mesenphalic
nucleus and the DRG neurons [50].

DRG neurons have been extensively studied because of their key role in the transmission
of sensory signals. Their morphology is of utmost importance for their function and alterations
may lead to pathology. As so, new insights on the establishment of this morphology may lead to
the development of new therapeutic approaches. Here, we provide an overview of the
heterogeneous populations of DRG neurons. We also review current knowledge of the fine
structure of DRG neurons, highlighting the ultrastructural differences between the central and
peripheral axons. Since these axons present very distinct functional properties, we also present
recent knowledge concerning the PS of cultured DRG neurons, which may be a key region in the

establishment of neuronal polarity and central-peripheral asymmetry.

1. The Function of DRG Neurons

In vertebrates, all sensory pathways (with the exception of those coming from the head)
begin with the activation of the peripheral receptors of DRG neurons [51]. The cell bodies of DRG
neurons are located at DRGs, which are paired ganglia located alongside the spinal cord. These
neurons possess two axons, a peripheral axon which joins the spinal nerve and projects to a
peripheral target, and a central axon that terminates in the CNS. The action potential is generated
at the peripheral terminal and conducted along the axons of each DRG neuron towards the CNS.

The central axon enters the spinal cord via the dorsal roots. Then, it can enter one of three
anatomical systems. In the dorsal column-medial lemniscus pathway (fig. 5A), the central axon
enters an ascending fiber tract in the dorsal white matter and synapse with second order neurons

at the dorsal column nuclei of the medulla. This ascending sensory pathway relays predominantly

10



conscious perception of mechanoreception and proprioception. In contrast, the somatosensory
pathways to the cerebellum relay primarily proprioceptive information that does not reach
conscious levels. Finally, anterolateral somatosensory pathways (fig. 5B) relay predominantly
conscious perception of pain and temperature. In somatosensory pathways to the cerebellum and
in the anterolateral system, the central axon of DRG neurons terminate in the spinal grey matter,
where it synapses with second-order neurons, interneurons or motor neurons [51]. Afferent fibers
mediating pain, temperature and mechanical stimuli terminate in different but partially
overlapping laminae of the dorsal horn; whereas proprioceptors synapse in the intermediate zone

of the spinal cord and in the ventral horn (fig. 5C) [52].

2. Diversity among DRG Neurons
Sensory neurons represent a remarkably diverse and complex population. They can be
classified on the basis of their morphology, conduction velocity, sensory modality, peripheral

targets, intensity of stimulus necessary to activate them and neurochemical phenotype.

2.1. Morphology of the Cell Body

Historically, it was generally accepted that there were two main categories of sensory
neurons in rat and mouse DRGs based on cell body size: large light neurons of type A and small
dark neurons of type B [53]. The "light" cells contain clumps of Nissl substance (clusters of
ribosomes and rough ER) interspersed with lightly staining regions of the cytoplasm. In contrast,
the "dark" cells have more even and denser distribution of Nissl substance [53]. However, this may
be oversimplification as there are many cells with an intermediate size and there is an overlap in
the normal size distributions of both neuronal populations [54, 55]. Besides, DRG neurons show
great variability in the distribution and three-dimensional configuration of intracytoplasmic
organelles, namely the ER, mitochondria and Golgi apparatus. As so, further subtypes were

proposed according to ultrastructural features [56].
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Fig. 5. Ascending somatosensory pathways. (A) Representation of the dorsal column-medial lemniscal

pathway showing the DRG neuron synapsing with a second-order neuron at dorsal column nuclei. (B)

Representation an anterolateral pathway (the Spinothalamic tract pathway), highlighting the termination of

DRG neurons at the grey matter of the spinal cord. Adapted from [57]. (C) Scheme of the organization of the

spinal cord in embryonic mouse showing the projections of DRG neurons to specific laminae in the grey

matter. Adapted from [58].
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2.2. Fiber Conduction Velocity

Signal conduction velocity depends on whether or not the axon is myelinated, and
positively correlates with axon diameter [54]. Additionally, some studies have showed that there is
a loose positive correlation between cell body size and conduction velocity [59]. As so, it cannot be
assumed that large cells give rise to myelinated fibers and small cells to unmyelinated fibers [54].

There are two classical classifications of primary afferents based on conduction velocity of
fibers [60]. In mammals, cutaneous, visceral and joint afferent nerve fibers are classified as either
Aa, AB, Ab and C, as conceived and revised by Gasser [61]; whereas muscle afferents are classified
into group |, Il, lll and IV fibers, as conceived by Loyd and Chang [62]. The values of signal
conduction velocity that distinguish different fiber types vary with species [60]. However, the
features of each type of fiber are consensual. Aa/group | and AB/group Il fibers are large-diameter
and myelinated and have high conduction velocities. In contrast, Ad-type/group Il fibers are
medium sized and lightly myelinated and have intermediate conduction velocities. Finally, C-
type/group IV fibers are unmyelinated and have the smallest diameter and the slowest conduction
velocity [63].

Importantly, conduction velocity of sensory neurons is not a reliable indicator of their
functional category. In fact, no category of fiber conduction velocity defines a unique type of

sensory unit [60].

2.3. Sensory Modality

DRG neurons can be further classified into four heterogeneous groups based on sensory
modality: nociceptors, mechanoreceptors, proprioceptors and thermoreceptors.

Nociceptors are responsible for pain and respond preferentially to damaging (noxious) or
potentially damaging stimuli, which include chemical, thermal (hot and cold) and mechanical
modalities. They are divided according to the modality of stimulus or combination of stimuli they
respond to [64]. They may have C-, Ab-, or AB-fibers, although the latter is often ignored in the
literature [65].

Mechanoreceptors are sensory neurons that respond to mechanical pressure or distortion.
While high-threshold mechanoreceptors are nociceptors, low-threshold mechanoreceptors
mediate innocuous stimuli [66]. Cutaneous mechanoreceptors are divided into four types based
on the physiological properties in response to sustained mechanical stimulation [67].

Mechanoreceptors projecting to the skin may have Aa-, AB-, or C-type fibers [66].
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The term proprioception may be interpreted as the perception of body position and
movements in three-dimensional space [68]. Proprioception is mediated by specialized
mechanoreceptors, mainly muscle spindle primary endings (la afferent fibers). Additionally,
muscle spindle secondary endings (Il afferent fibers), Golgi tendon organs (lb afferent fibers) and
joint and skin mechanoreceptors also contribute to proprioception [69].

Thermoreceptors are primary afferent fibers that mediate non-painful thermosensation,
namely innocuous cold or warmth. They are classified as cold or warm fibers, since they seem
adapted to convey information over a particular temperature range. Thermoreceptors may have
Ab-, or C-type fibers. Interestingly, a DRG neuron can be simultaneously a mechanoreceptor and a

thermoreceptor [70].

2.4. Neurochemical Phenotype

The molecular properties of sensory neurons have been extensively studied, particularly
their expression of various receptors, ion channels and transcription factors. However, the
defining molecular characteristics of sensory neuron types are not completely understood [52] and
so traditional neuron subset-specific markers label multiple neuron types [71]. For instance, C fiber
neuron subtypes are traditionally defined into two classes based on molecular properties. The
peptidergic group expresses neuropeptides such as substance P or calcitonin gene related-
peptide; whereas the non-peptidergic class is marked by isolectin IB,. However, these traditional
classes show overlap and do not account for the entirety of C fiber neurons. Moreover, some of

these markers are found in other types of neurons [72].

2.5. New Classifications of DRG Neurons

There is still not a consensual classification for DRG neurons based on most of the criteria
mentioned in the previous sections, because DRG neuron classes can only be defined by
integrating functional, transcriptomic and morphological features [71]. New classifications of DRG
neuronal types are emerging due to advances in single-cell transcriptomics that have allowed the
integration of functional cell-type identity with the gene expression profile of individual neurons

[71, 73].
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3. Pseudo-Unipolarization of DRG neurons

Sensory ganglion neurons are pseudo-unipolar [74], with the exception of vestibular and
spiral ganglion neurons [75]. They possess a stem process which forms a T-junction by dividing into
two axons: a central axon that terminates in the CNS and a peripheral process which projects to a
peripheral target.

During their early embryonic development, DRG neurons are bipolar and undergo a
unique morphological change, termed pseudo-unipolarization, to assume their mature form.
Pseudo-unipolarization was first mentioned by His (1886) and first described in detail by Ramén y
Cajal (1904) [76, 77]. This phenomenon was examined in vivo using classical silver impregnation
methods [74, 76] and later confirmed using scanning electron microscopy [78, 79], transmission
electron microscopy [80], retrograde tracing techniques [81], and immunohistochemistry for
cytoskeletal markers [82].

Ramdn y Cajal (1955) summarized the histogenesis of developing neuroblasts of the DRGs
as follows (fig. 6) [83]. In early stages, most DRG neurons are spindle-shaped bipolar. As the cell
body bulges more in a direction, the two processes approach each other forming an angle less
than 90 degrees (bell-shaped bipolar conformation). Then, the cell body elongates and constricts
between the initial segments of the two processes to form the stem process from which the two
axonal processes protrude [75]. In some textbooks of histology, pseudo-unipolarization of DRG
neurons is described as deriving from the fusion of two opposing processes. However, the
mechanism of pseudo-unipolarization has not been conclusively reported [84]. In fact, many
authors proposed the hypothesis of the cell body elongation for pseudo-unipolarization, but

neither hypothesis have been confirmed [75, 84].

G—*Q_’Q—’&g
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Fig. 6. Morphological changes leading to a pseudo-unipolar structure. Adapted from [85].
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The time of onset of pseudo-unipolarization depends on the species. In rats, at embryonic
day (E) 14, only 7% of neurons are pseudo-unipolar, while at E19 this percentage has abruptly
increased to 94% [78]. In mice, on E12, all DRG neurons are bipolar whereas the bell-shaped
bipolar and pseudo-unipolar neurons are predominant at E15 [81]. On the other hand, in chicks,
pseudo-unipolar neurons were detected after E6 and increased in number to 53% on E14 and 82%
at 2 days after hatching [78].

In vitro, it was shown that pseudo-unipolarization requires the presence of glial cells [86],

and more specifically the contact between DRG neurons and Schwann cells [87].

4. Fine Structure of DRG Neurons

4.1. Neuron Cell Body

In DRGs, clusters of neuron cell bodies are interspersed among nerve fascicles. In cross
sections, the neuronal clusters appear to assume different sizes and shapes. Each cluster of
neuron possesses cells of different size and there appears to be no specific pattern in their
arrangement [88]. DRG neurons are typically circular to oval in outline and are of variable size
ranging from 20 to 100um in diameter in rats [54].

The cell bodies of DRG neurons are completely wrapped by sheaths comprised of several
satellite glial cells (SGCs). These perineural sheaths may have one or several layers of SGCs, are
generally continuous and have the outer surface covered by a basal lamina [89]. Importantly, each
neuron and its surrounding SGC sheath constitute a morphological unit which is separated from
other units by connective tissue. There are gap junctions coupling SGCs within each perineural
sheath and also SGCs belonging to different perineural sheaths, but the latter case occurs only
after injury. However, so far no gap junctions were described between the neuron cell body and
its attendant satellite cells. Occasionally, there are two or three neuron cell bodies, in most cases
separated from each other by a SGC sheath, sharing a common connective envelope [89].

The surface of vertebrate DRG neurons has many slender perikaryal projections which
were first thought to be a technical artifact [90]. These projections are present over the soma and
stem process surface (fig. 7A) [91]. Their outgrowth is influenced by the perineuronal
microenvironment, since they are abundant in neuronal surface domains covered by satellite cells

or other neurons [92] but are absent from regions in direct contact with the extracellular matrix
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[93]. Perikaryal projections are believed to be important for neuronal metabolism by increasing
the surface area available for exchange of metabolites [94].

One interesting feature of DRG neurons is the terminal Dogiel’s nest, which was first
described in the late nineteenth century (fig. 7B) [95]. Terminal Dogiel’s nests are endings of
unmyelinated sympathetic fibers typically with a diameter inferior to 1um that either present the
shape of a nest or a plexus enveloping the SGCs sheath [96]. These sympathetic fibers can
penetrate the area between the SGCs sheath and neuron cell body and may establish synaptic
contacts with DRG neurons [97, 98]. The number of terminal Dogiel’'s nests increases with
increasing phylogenetic complexity and, in rats, their number increases with increasing age and is
greater around larger complexes of neurons and SGCs sheath [96, 99]. Strikingly, following nerve
injury, perivascular sympathetic endings emit sprouts and penetrate those DRGs containing the
cell body of axotomized neurons, to end up forming terminal Dogiel’s nests [100]. Accordingly,
electrophysiological studies show that peripheral nerve injury triggers functional sympathetic—
sensory coupling in DRGs [101]. Furthermore, neurons which modulate sympathetic outflow to
DRGs receive primary sensory afferents from corresponding DRGs [102]. As so, sympathetic
sprouting in the DRG has been suggested as an important underlying mechanism for neuropathic

pain [102].

4.2. Stem Process

The stem process is the portion of the axon between the cell body and the bifurcation into
central and peripheral processes, and may be hundreds of micrometers in length [103]. While the
proximal region of the stem process is always unmyelinated and ensheathed by SGCs, the distal
part is ensheathed by Schwann cells and is myelinated if axonal processes are myelinated [104-
107]. In higher vertebrates, the proximal portion of the stem process may form the initial
glomerulus of Cajal, which consists of a stem process making a tortuous, coiled path, and
eventually spiraling around the SGCs sheath, with a diameter typically superior to 1um (fig. 7C)
[96, 105]. The initial glomerulus of Cajal is more common in larger neurons [105] and is
ensheathed by SGCs [108].

The unique ultrastructure of the stem process of DRG neurons was studied in the
twentieth century in many species, including rabbits [80, 106], cats [104, 106], frogs [108], rats
[103, 106, 107], monkeys [106] and also in culture [109]. An overview of the fine structure of the

stem process is provided in detail below.
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Fig. 7. Scanning electron micrographs showing the three-dimensional cytoarchitecture of DRG neurons. (A)
Perikaryal projections of post-natal rabbit DRG neurons, seen after removal of the satellite glial cell (SGC)
sheath. Scale bar, 10um. Image from [91]. (B, C) Scanning electron micrographs of the exposed surface of
the rat DRG, showing an intricate meshwork of sympathetic fibers forming a Dogiel’s nest (B) and a highly
convoluted stem process forming an initial glomerulus of Cajal (C), covering their respective parent neurons

and satellite glial cell sheaths. Scale bars, 50um. Images from [96].

The cytoplasm of the stem process (fig. 8) contains strikingly larger numbers of
mitochondria, dense bodies [106, 107], and ribosomes [106, 107, 110], and higher density of
microtubules and ER [107] than seen peripherally. The numbers or densities of these organelles
diminishes with increasing distance from the cell body [107]. Regarding the surface membrane,
the proximal non-myelinated stem process has many perikaryal projections; whereas the surface
membrane ensheathed by Schwann cells is smooth, as seen peripherally [107].

In the proximal part of the stem process, microtubules are closely packed in fascicles and
connected with lateral cross bridges (fig. 88) [107, 109, 111]. Additionally, Zenker and Hogl (1976)
also observed a thin layer of dense material undercoating the axolemma, beginning in the most
distal unmyelinated region and ending abruptly at the first heminode (fig. 8A) [107]. These
ultrastructural features are similar to those of the AIS of multipolar neurons, which is
characterized by fasciculated microtubules and a thin lamina of electron dense material beneath
the axolemma [112].

The first internodes of the stem process are, in proportion to the axon diameter, unusually
short and thinly myelinated [106]. Besides, the myelin sheath is surrounded by an outer coat of
flattened SGCs processes which is separated from the myelin sheath by a layer of connective tissue

[107].
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Fig. 8. The ultrastructure of the stem process. (A) Longitudinal section through the terminal part of the
unmyelinated portion of the stem process and through the first heminode. The arrow indicates the
axolemma, which in this region is undercoated by dense granular material, according to Zenker and Hogl
(1976). Neurofilaments, microtubules and mitochondria are axially oriented. S, Schwann cell cytoplasm, sc,
satellite cell leaflets, r, ribosome-like particles. X 18 800. Image from [107]. (B) Transversal section of the
unmyelinated portion of the stem process proximal to the myelinated portion. Fasciculated microtubules
are frequent, as shown at a higher magnification in the inset. There is no layer of dense material

undercoating the axolemma. Image from [111].

At the bifurcation, neurofilaments and microtubules divide into two streams, one to the
peripheral process and the other to the central one. No neurofilaments or microtubules traverse
between both processes [104]. In addition, the bifurcation has fasciculated microtubules [111],
multivesicular bodies and a triangular area which is occupied by clusters of mitochondria [104].
The bifurcation of myelinated fibers is constricted and has a node of Ranvier, while unmyelinated

fibers show a triangular expansion at this region [104].

4.3. Axonal Processes

Both the peripheral and central axonal processes branch extensively at the terminal fields
but rarely in or near the ganglion [113]. In unmyelinated fibers of the same DRG neurons, central
processes have smaller diameter than the peripheral ones [54, 114]. However, in the case of
myelinated fibers, there is not consensus as to whether there is a size difference between central

and peripheral processes [54, 114]. In fact, it has been reported that myelinated central and
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peripheral processes are approximately equal in size [104, 115] but it has also been claimed that
myelinated central processes are smaller than peripheral ones [54, 114].

Myelinated axons are surrounded by a Schwann cell sheath, which includes the myelin
sheath and is encircled by basal lamina [116]. Unmyelinated fibers are scattered among the
myelinated ones (fig. 9). Most unmyelinated axons are enveloped singly by their Schwann cell, and
occasionally more than one axon shares the same Schwann cell sheath. The complex of Schwann
cell sheath and its associated unmyelinated axon(s) is known as Remak bundle and is encircled by
basal lamina. Moreover, some regions of the plasma membrane of unmyelinated axons are
covered directly by basal lamina [117]. Interestingly, the cross-sectional area of the Schwann cell
sheath is directly proportional to that of its related axon, in the case of both myelinated and
unmyelinated fibers [116, 117].

At the region immediately distal to the bifurcation, the central and peripheral processes
share the same ultrastructural features, both possessing the characteristics of an axon [104].
However, some structural differences have been reported between the two processes more

distally, although not in a consensual way.

Fig. 9. Axonal organization in the peripheral nerve . Electron micrographs of sciatic nerves of 1.5-year-old
mice showing unmyelinated, small myelinated, and large myelinated axons. Asteriks indicate Remak bundles

containing several unmyelinated axons. Scale bar, 2um.
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Both axonal branches possess axially oriented mitochondria, microtubules and
neurofilaments, such as the stem process. The density of microtubules decreases with an increase
of axon diameter [118, 119] and is higher in close proximity to mitochondria [119]. According to
some studies, the density of microtubules is significantly higher in myelinated peripheral processes
than in myelinated central processes of a similar size [118, 120]. However, in a different study, the
slopes of microtubule density as a function of fiber diameter on either side of the ganglia were
closely similar [115]. In contrast, in unmyelinated nerve fibers, the density of microtubules is
significantly higher in peripheral processes than in central processes of similar size [118].
Interestingly, some microtubules are arranged in fascicles at nodes of Ranvier, and the density of
fasciculated microtubules is higher in axon portions more proximal to the cell body [111].

Regarding neurofilaments, myelinated fibers have approximately the same density of
these structures in both processes [115, 120], whereas unmyelinated fibers have a smaller density
of neurofilaments in the peripheral process than in the central one [115]. Moreover, this density
did not change as a function of nerve fiber diameter [115, 120].

In the peripheral process of myelinated fibers, the smooth ER forms a continuous
tridimensional network which is suggested to extend from the perikaryon to the axon terminals
[121]. Nevertheless, free vesicles and tubular fragments also exist and are more frequent at the
node of Ranvier [121]. Additionally, the ER shows polarity, with most tubules running parallel to
the axon [121, 122]. In myelinated fibers, peripheral processes possess slightly more ER than the
myelinated central processes [120]. Accordingly, during the bell-shaped bipolar stage of rabbit
neuroblasts, the proximal region of the two processes differ: one process contains a small amount
of ER and therefore resembles an axon, while the other contains a considerable amount of
granular ER typical of dendrites [80]. However, in this study the authors were not able to
determine which processes originate the central and peripheral axons.

Ribosomes were shown to be absent from the central process either near the ganglion or
at its entrance in the spinal cord, but were present in intraganglionar axons and in the peripheral
process near the ganglion [110]. In a later study in rabbits, it was shown that a large number of
ribosomes are confined to a few peripheral processes only, near the ganglion [123]. Additionally,
these organelles were more often seen near the axonal membrane than in the axial regions and
frequently in the vicinity of mitochondria [110, 123]. Ribosomes were usually arranged in clusters

and only occasionally in close attachment to the ER [110, 123].
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It is important to note that the axonal diameter and the distribution of organelles are not
homogeneous along the length of myelinated axons (fig. 10). In fact, internodes have a larger
cross-sectional area than the nodes of Ranvier [103, 122]. On the other hand, dense lamellar
bodies, axoplasmic granules [122] and vesicular-tubular organelles [103, 122] are mostly located in
paranode-node-paranode regions and rarely in internodes. Moreover, the node of Ranvier has less
neurofilaments and denser microtubules comparing to its internode [103].

Although the axolemma of unmyelinated fibers is homogeneous, in myelinated fibers the
axolemma possess regional specializations at and around the node of Ranvier [124]. In DRG

neurons, the nodal axolemma possess an electron-dense layer on its axoplasmic side (fig. 10A)

[103, 125], and its surface area is increased by outgrowths and invaginations [125].

Fig. 10. Ultrastructural differences between the node of Ranvier (A) and its internode (B) . Note the
electron-dense undercoating of the nodal axolemma (arrowhead in A). The node of Ranvier (A) has a lower
number of neurofilaments and a higher density of microtubules and vesicular organelles comparing to its

myelinated internode (B). Scale bars, 0.5 um. Images from [103].

5. Functional Asymmetry of Central and Peripheral Axons

Besides structural features, the central and peripheral processes of DRG neurons present
different functional characteristics. However, it is not known what ultrastructural differences
justify the strikingly different functional properties between the central and peripheral axons. The
most remarkable asymmetric feature is due to the direction of signal conduction. The peripheral
process is dendrite-like, since the action potential is generated at the its peripheral terminal and
propagated towards the bifurcation of the stem process; whereas the central process is axon-like,

since it conducts the signal from the bifurcation to the CNS [126].
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DRG neurons have more central-peripheral asymmetry regarding electrophysiological
properties. Signal conduction velocity is higher in the myelinated peripheral process than in the
myelinated central process of the same cell [54, 127]. An additional and interesting asymmetry is
that conduction velocity of both branches decreases after axotomy of the peripheral process,
whereas section of the central process increases the conduction velocity of only the peripheral
process [128].

The two axonal processes also show asymmetry regarding protein transport. The flow rate
of fast transport is identical between the central and peripheral processes [129], but the amount
of rapidly migrating proteins within the central process is clearly less as compared with the
peripheral axon [115]. Regarding the slow axonal transport, both its rate and the amount of slowly
migrating protein are higher in the peripheral axon comparing to the central process [130, 131].

Notably, the rate [131] and extent [132] of regeneration of the peripheral process is higher
than that of the central one. The environment created by Schwann cells in the peripheral nerve
contributes to its successful regeneration [132]. However, the differential regenerative capacity is
not only due to extrinsic differences [133]. In any case, peripheral and central axotomies have
different effects on DRG neurons [134]. An injury to the peripheral axon enhances the
regeneration of both the peripheral and central axons, while a central injury fails to induce

regeneration on either [132].

6. The Proximal Segment

In cultured DRG neurons, the PS of neurites has a different composition when compared
to the rest of the neurites. In vitro, the PS is enriched in AnkG [135], BIV-Spectrin [13, 19], Nav
channels [34] and NF [34, 135]. Therefore, the PS has a molecular composition similar to the AlS
and nodes of Ranvier [34]. The PS, as defined by enrichment in at least one of these components,
in DRG neuron cultures is located in the initial portion of some neurites of multipolar cells [34] and
also in the stem process of apparently pseudo-unipolar DRG neurons [13, 19].

The AIS is a specialized ~20-40-um-long structure located in the proximal axon of
multipolar neurons [13] that undoubtedly contributes to the maintenance of neuronal polarity
[35]. Indeed, upon AIS dismantlement, the axon loses its identity and acquires many of the

molecular and structural features of dendrites [18]. Since the PS has a molecular composition and
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localization similar to the AIS, it may contribute to the pseudo-unipolar morphology or to the
central-peripheral polarity of DRG neurons.

The defining molecular component of the AIS is AnkG. This is the first AIS component to
cluster and is required for the recruitment of many other AIS components [19]. In DRG neurons,
the existence of the PS in vivo, as defined by enrichment in AnkG, was not yet shown. In contrast,
it was shown in vivo that AnkG is enriched at the nodal membrane of DRG neurons [136]. During
early development, AnkG is distributed along the length of axons. Later, AnkG disappears from
unmyelinated processes; whereas in myelinating axons, AnkG redistributes to a highly polarized
localization at clusters which later form the nodes of Ranvier [136].

Importantly, the PS and nodes of Ranvier of DRG neurons are two types of axonal domains
that assemble by very different mechanisms [34]. During development, neuron-glia interactions
lead to the formation of clusters containing NF along the length of the axon [137]. NF recruits
AnkG which, in turn, is responsible for the subsequent localization and assembly of nodes of
Ranvier [34]. Interestingly, in the absence of AnkG, other proteins rescue nodal assembly [138]. In
contrast, NF is not necessary for clustering of AnkG at the PS of cultured DRG neurons [34]. In fact,
AnkG can be targeted to the PS by multiple regions, suggesting that distinct protein interactions
may be involved [135]. However, it is still unknown how AnkG concentrates at the PS [34].
According to Zhang and Bennet (1998), the assembly of PS does not require the presence of glial
cells and so is intrinsically specified [135]. Similarly, the AIS is intrinsically assembled by multipolar
neurons [15]. In contrast, node formation requires neuron-glia interactions and so is not

intrinsically specified by the axon [137].
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CHAPTER 2

Axon Initial Segment Plasticity
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I Objectives

The main focus of this work was to understand the mechanism of AIS relocation in
response to chronic depolarization, in dissociated hippocampal neuron cultures. We specifically
aimed at understanding if the AIS is assembled de novo or if its pre-existing components move
along the axon. As so, the following approaches were performed:

- We used protein synthesis inhibition to understand the importance of de novo protein

synthesis in AlS relocation;

- We used gene silencing of stable AIS components to understand if the AIS needs newly

synthetized molecules to relocate.
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Il. Materials and Methods

Hippocampal Neurons Culture

Hippocampal neurons were isolated from E18 Wistar rats. For that, pregnant females were
euthanized by carbon dioxide inhalation. Absence of heart beat was assessed and decapitation
was used as a confirmatory method. Then, the euthanized rat was laid in dorsal recumbency on a
clean pad, and the abdomen was sprayed with 70% ethanol. The abdominal wall was cut medially
with scissors to expose the uterus, which was placed in a sterile Petri dish containing physiological
saline solution. Using forceps, the amniotic sac of each embryo was removed. Then, embryos were
maintained in ice cold Hanks’ Balanced Salt solution (HBSS, Sigma-Aldrich) until dissection.

The embryos were decapitated using scissors and the dissection of hippocampi was
performed under a dissection microscope with a pair of fine forceps (fig. 11). Briefly, the brain (fig.
11A) is carefully dissected out from the skull and placed in a Petri dish containing HBSS. Then, a
sagittal incision is made to harvest the two hemispheres (fig. 11B,C). Each hemisphere is placed
medial side up (fig. 11D). Then, diencephalon is removed to expose the medial side of the
hippocampus. Finally, the meningeal tissue is removed (fig. 11E) and the hippocampus is dissected
out (fig. 11F). Hippocampi are stored in ice-cold Neurobasal medium (Invitrogen) until further
processing.

Hippocampi were digested with 0.05% porcine trypsin (Sigma-Aldrich) in HBSS for 15 min
at 37°C. Then, trypsin was substituted by a 10% fetal bovine serum (FBS, Invitrogen) in HBSS for 5
min at room temperature. Hippocampi were then washed twice with HBSS and once with
Neurobasal medium. Finally the tissues were resuspended in 1 ml of final medium (Neurobasal
medium containing 2% B27 (Invitrogen), 2 mM I-glutamine (Invitrogen), and 1% penicillin—
streptomycin (P/S, Invitrogen)) and then dissociated by pipetting up&down with P1000. The cell
suspension was filtered with a 70um strainer and finally neurons were seeded in 24-well plates
with glass coverslides coated with poly-L-lysine (20ug/mL, Sigma-Aldrich). Cells were maintained in
final medium. At the end of each experiment, cells were fixed in 2% paraformaldehyde (PFA,

Sigma-Aldrich) for 10 min at room temperature. Cells were then washed and stored in PBS at 4°C.
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Fig. 11. Steps for dissection of the hippocampus from the intact brain of mouse and rat. Image from [139].

Immunocytochemistry

Previously fixed cells were incubated with 0.1% Triton-X100 (Sigma-Aldrich) in phosphate-
buffered saline (PBS) for 5 min, followed by incubation with 200mM Ammonium Chloride (Merck)
for 10 min. Cells were washed 3 times with PBS pH 7.4 after each step. Non-specific antibody-
binding sites were blocked with 5% FBS in PBS for 1 hour at room temperature and then incubated
with primary antibodies diluted in blocking solution overnight at 4°C (table 1). After three washes
with PBS, cells were further incubated with the appropriate secondary antibodies for 1 hour at
room temperature. Cells were washed with PBS, and the slides were mounted with Fluoroshield
containing DAPI (Sigma-Aldrich) and visualized under a fluorescence microscope (Leica DMI6000 B)

with a 40x, 0.60 NA objective coupled to a camera (Hamamatsu C11440-22C).

Table 1 — Primary and Secondary Antibodies used in Imnmunocytochemistry

Antigen Type Host Dilution | Company [Catalogue Nr.]
Santa Cruz Biotechnology
Ank M | | M 1:1
nkG onoclona ouse 00 [sc-12719]
Pan-
. an . Monoclonal Mouse 1:100 Neuromabs [75-172]
Primary Neurofascin
Antibodies BIV-Spectrin Polyclonal Rabbit 1:250 Kind gift from Prof. M. N.
Rasband
Blll-Tubulin Monoclonal Mouse 1:2000 | Promega (G7121)
Blll-Tubulin Polyclonal Rabbit 1:500 Synaptic Systems [302302]
Mouse IgG AlexaFluor®647 | Donkey 1:200 Life Technologies [A31571]
Jackson  ImmunoResearch
® .
Secondary Mouse IgG AlexaFluor®594 | Donkey 1:500 Laboratories [715-585-150]
Antibodies Rabbit I1gG AlexaFluor®488 | Polyclonal 1:500 Life Technologies [A21206]
Rabbit I1gG AlexaFluor®568 | Donkey 1:500 Life Technologies [A10042]
Rabbit IgG AlexaFluor®647 | Donkey 1:200 Life technologies [A31573]
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Protein Synthesis Inhibition Assay

Hippocampal neuron cultures were performed as described above, with 25,000 cells
plated per well plate. After 10 days in vitro (DIV), the medium was collected and cells were
incubated with fresh medium with either ethanol (EtOH) or cycloheximide (1ug/ml in EtOH, CHX,
Sigma-Aldrich) for 1 hour at 37°C. Then, the collected medium was added back to the wells and
1M of sodium chloride (NaCl, Sigma-Aldrich) or potassium chloride (KCI, Merck) solution was
added to each well to obtain a final concentration of 10mM. Cells were then incubated at 37°C for

two days and then fixed.

DIVO DIV 10 DIV 12
Culture of Addition of Cell fixation
hippocampal EtOH or CHX and staining
neurons Addition of

NaCl or KCI

Fig. 12. Scheme of the experiment of protein synthesis inhibition.

Cells were immunostained for AnkG and Blll-tubulin as described above. Image analysis
was performed with Imagel) software (Universal Imaging Corp.). AlS location was determined by
the region of the axon with AnkG fluorescence intensity higher than 33% of its maximum.

Three independent assays were performed with independent cell cultures, and 45—60 AlSs

from 2 coverslips were analyzed per experiment for each condition.

Cell Viability Assay

Cell culture was performed and treated with CHX as described above. Two days after
treatment, cells were incubated with 1ug/ml calcein (Invitrogen) for 30 min at 37°C, followed by
incubation with 10ug/ml propidium iodide (Sigma-Aldrich) for 5 min. Then the medium was
replaced by Neurobasal without phenol red (Invitrogen) containing 2% B27, 2 mM |-glutamine, and
1% P/S. Cells were visualized and photographed under a fluorescence microscope (Leica DMI6000
B) with a 10x, 0.25 NA objective coupled to a camera (Hamamatsu C11440-22C). Image analysis
was performed using Imagel to determine the live (calcein positive) and dead cells (propidium

iodide positive).
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Gene silencing and cell depolarization

BIV-Spectrin and 186-kDa Neurofascin short hairpin RNA (shRNA) plasmids were kindly
provided by Matthew N. Rasband (Baylor College of Medicine, Houston). Efficacy and specificity of
shRNA sequences were previously demonstrated [19]. The control plasmid contains a sequence
directed against a nonmammalian protein; whereas the shRNA expression plasmids contain shRNA
for gene silencing of BIV-Spectrin or NF. Each control or shRNA plasmid was co-transfected with
pmaxGFP (Lonza), which is a plasmid that promotes the expression of green fluorescent protein
(GFP), which serves as a marker of transfected cells.

For these studies, cell culture was performed as described above with 30,000 hippocampal
cells plated per well. After 7 DIV, cells were transfected with DNA-calcium phosphate co-
precipitates. Briefly, for each well, a 25ul solution containing DNA (1.5ug of shRNA expression
plasmids or control plasmids, and 0.5ug of pmaxGFP) and 250mM CaCl, (Sigma-Aldrich) in Tris-
EDTA buffer (TE, 10mM Tris, 1ImM EDTA, pH 7.3) was prepared. This mixture was added dropwise
to 25ul of 2x HEPES-buffered saline (HEBS, 16g/L NaCl, 0.74g/L KCl, 2g/L glucose, 10g/L HEPES,
0.198 Na,HPQ,, pH 7.2) . Solutions were vortexed and the precipitate was allowed to develop at
room temperature for 30 min, protected from light. Then cell media were collected and 250ul of
Neurobasal was added to each well, followed by 50ul of precipitate dropwise. Cells were
incubated with the precipitate for 45 min at 37°C. After incubation, the medium containing the
precipitate was removed and cells were incubated with acidic Neurobasal (medium previously
placed in a 10% CO, atmosphere) for 15 min at 37°C in 5% CO,. Finally, acidic Neurobasal was
replaced by the culture media previously collected.

Two days after transfection (DIV 9) cells were treated with NaCl or KCl as described above,

incubated for another two days (DIV 11) and then fixed in 2% PFA for 10 min at room

temperature.
DIV O DIV 7 DIV 9 DIV 11
Culture of Transfection Addition of Cell fixation
hippocampal with shRNA or NaCl or KCI and staining
neurons control plasmid

Fig. 13. Scheme of the gene silencing experiment.
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Cells were immunostained for Blll-tubulin and AnkG, BIV-Spectrin or NF as described
above. Neurons were identified by BllI-tubulin immunolabeling and then the percentage of cells
with AIS" staining was determined in transfected and non-transfected neurons.

For each immunostaining, at least two independent assays were performed with
independent cell cultures. Per independent assay and for each condition, 60 transfected neurons
(BNI-tubulin and GFP positive cells) and 80 non-transfected neurons (BllI-tubulin positive and GFP

negative cells) were counted.

Statistical analysis
All values are presented as mean+SEM. Statistical analysis was performed using GraphPad
Software. For protein inhibition studies, significance was determined using 2-tailed Student’s t-

test; whereas for shRNA experiments Two-way ANOVA was employed.
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1l. Results

AIS maintenance and relocation require protein synthesis

To study the effect of de novo protein synthesis on AIS plasticity, we treated cells with a
protein synthesis inhibitor (CHX) or EtOH (as control). Then we added a high concentration of
extracellular KCl for 48h to induce a chronical depolarization of hippocampal neurons, thus
promoting AlS relocation [43]. For baseline conditions, a similar concentration of NaCl was added.
This approach enabled us to understand whether the relocation of the AIS depends on new
protein synthesis or in the movement/recycling of pre-existing components.

In control cells, chronical depolarization led to the repositioning of the AIS (its start
position moved ~2.5um distally when compared to baseline conditions), while CHX treatment
impaired AIS relocation (fig. 14B), suggesting that protein synthesis is needed for AIS plasticity.
Furthermore, CHX treatment resulted in a shorter AIS when compared to EtOH-treated neurons,
both at rest and at chronic depolarization conditions (fig. 14C). These results suggest that CHX
treatment is promoting AIS disassembly. To better understand this process, we aimed at
determining if a particular region of the AIS was being affected. Interestingly, at rest, the AIS of
CHX-treated cells started distally and ended proximally comparing to the control (fig. 14B). At
chronic depolarization, the AIS of CHX-treated cells also ended proximally comparing to the
control (fig. 14B). Also, we observed an increase in the percentage of fragmented AlSs in CHX-
treated cells (fig. 14D). Since the affected region of the AIS was very variable, there was not a
specific pattern of fragmentation. Consistent with this observation, CHX also induced a decrease in
AnkG fluorescence intensity (fig. 14E). This decrease was observed in both rest (NaCl) and chronic
depolarization (KCl) conditions. Overall, these results suggest that protein synthesis is needed not

only for AlS relocation, but also for AlS maintenance.
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Fig. 14. AIS properties of ethanol- and cycloheximide-treated cells. (A) Representative images of
hippocampal neurons treated with EtOH or 1ug/ml CHX, and NaCl or KCl. Cells were immunostained for
AnkG (red) to label the AIS and Blll-tubulin (green) to mark neurons. Scale bars, 20um. (B) Axonal position of

the AIS start and end in EtOH- (grey) and CHX-treated (orange) cells. (C) Length of the AIS and (D)
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percentage of fragmented AlSs. (E) Graph of maximum, mean and total fluorescence intensity levels relative

to the fluorescence intensity levels of EtOH- and NaCl- treated cells. *p<0.05, **p<0.01, and ***p<0.001.

To exclude a possible cytotoxic effect from CHX, a cell viability assay was performed. No
toxic effect was found in any condition. Cells were viable, i.e., stained with fluorescent calcein dye

but not with propidium iodide (fig. 15).

Fig. 15. CHX treatment does not lead to cell toxicity. EtOH- (A) and 1ug/ml CHX-treated (B) cells were
stained with fluorescent calcein dye but not with propidium iodide, which suggests cell viability. Scale bars,

200pm.

New synthesis of BIV-Spectrin and 186-kDa Neurofascin is necessary for AlS plasticity

To perform a more specific approach, we decided to target specific long-lived AIS proteins
like BIV-Spectrin and NF [18]. To do so, these genes were silenced in hippocampal neurons using
shRNA at DIV 7, when the AIS is already assembled [16, 19]. Two days later (DIV 9), NaCl or KCl
were added to provide baseline or chronic depolarization conditions, respectively, for 48h. With
this approach, AIS plasticity was induced without some of its specific components, allowing us to
understand whether AlS relocation is made by moving the previously assembled AIS complex or by
assembling de novo in a new location.

At the day of shRNA transfection (DIV 7), as expected, most cells had mature AlSs
containing BIV-Spectrin, AnkG and NF (fig. 16). As such, the knock-down of specific AIS
components was performed at a time point when the AIS was already assembled, not affecting its

formation.
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Fig. 16. The AIS is assembled at DIV7. (A) Representative images of hippocampal neurons at DIV 7, before
transfection with shRNA. Cells were labeled for Blll-tubulin (white) to mark neurons, and AnkG, NF or BIV-
Spectrin (red). Scale bars, 20um. (B) Percentage of cells with AIS immunostained with AnkG, BIV-Spectrin or

NF at DIV 7.

Control transfected cells did not show alterations in the maintenance of AnkG, NF or BIV-
Spectrin at the AIS, both at baseline and after depolarization, as the transfected cells presented
AlSs similar to non-transfected cells (Fig. 17, 18). The knock-down of NF led to the elimination of
NF from the AlS without affecting the presence of AnkG and BIV-Spectrin. This result was observed
in baseline and depolarization conditions (Fig. 17, 18), suggesting that NF synthesis is necessary for
its maintenance and relocation. Interestingly, the knock-down of BIV-Spectrin led to a broader
effect, disrupting the AIS. Besides the elimination of BIV-Spectrin from the AlS, it also resulted in
the elimination of AnkG and NF. Again, this result was observed in baseline and chronic
depolarization conditions (Fig, 17, 18). These results indicate that BIV-Spectrin may play a central

role in AIS maintenance, as its removal results in AlS breakdown.
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Fig. 17. NF and BIV-Spectrin are needed for AIS maintenance. Representative images of cultured
hippocampal neurons transfected with control, NF shRNA or BIV-Spectrin shRNA expression plasmids and
then treated with NaCl or KCl. Cells were immunostained for AnkG, NF or BIV-Spectrin (red), and BllI-tubulin

(white) to mark neurons. GFP fluorescence indicates transfected cells (green). Scale bars, 20pum.
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Fig. 18. New synthesis of BIV-Spectrin and 186-kDa Neurofascin is necessary for AlS plasticity. Bars indicate
the normalized percentage of AlS+ transfected neurons compared to non-transfected cells. The knock-down
of NF led to its elimination from the AIS, while BIV-Spectrin knock-down led not only to its elimination but

also to the disappearance of AnkG and NF from the AIS. **p<0.01 compared with the respective control.

39



(A\VA Discussion

In this study we show that protein synthesis is needed for the maintenance and relocation
of the AIS. The use of a broad protein synthesis inhibitor (CHX) promoted the disassembly of the
AlS stochastically. Following CHX treatment, we observed AnkG clustering at the AIS of most
neurons, but its mean fluorescence decreased to ~60%. Accordingly, Hedstrom et al. (2008)
showed that four days after AnkG silencing this protein was still detectable at the AIS of most
neurons, but its fluorescence intensity decreased approximately 50% compared with controls [18].
In many hippocampal neuronal subpopulations, both the beginning and end AIS positions move
distally at chronic depolarization. However, in other hippocampal neuronal subtypes, such as
GABAergic neurons, only the beginning AIS position suffers a distal shift [45]. There are even
neuronal subtypes that show inverted plasticity, with the AIS moving proximally after treatment
with high concentration of potassium [46]. In our experiments, at control conditions only the start
of the AIS relocated. Nevertheless, considering the reasons pointed above, we suppose that AlS
relocation occurred in control cells at chronic stimulation conditions. In contrast, CHX treatment
prevented the relocation of the AIS, which suggests that protein synthesis is needed for AIS
movement. However, by using CHX we prevented the synthesis of all AIS components, including
AnkG. We cannot exclude that most of the observed effects in CHX treated cells are mainly due to
the blockage of AnkG synthesis.

The usage of protein synthesis inhibitors is rather unspecific. To address whether the
synthesis of specific AIS components is needed for AlS relocation, we performed gene silencing of
AIS proteins NF and BIV-Spectrin. These AIS proteins were chosen for silencing because they were
shown to be remarkably long-lived [18]. At DIV 7 most neurons have BIV-Spectrin, NF and AnkG
clustered at the AlS, as shown by us and other authors [16, 19]. By knocking-down these proteins
after AIS formation, we were able to address whether the AIS can re-use its components for
relocation or needs newly synthetized proteins. Our results indicate that BIV-Spectrin and NF are
short-lived proteins at the AIS, since gene silencing caused the loss of the respective molecule

from the AIS of most neurons only four days after its knock-down. These results are the opposite
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of current paradigm that with the exception of AnkG, other AIS components, including NF and BIV-
Spectrin, are stable proteins with long half-lives of at least 2 weeks [18]. The stronger phenotype
observed in our experiments may be explained by higher knock-down efficiencies. Although we
use the same shRNA constructs, our transfection approaches are different (calcium phosphate in
our case, lipofectamine in [18]). The less robust phenotype observed in [18] could result from a
less efficient knock-down, allowing some gene expression that could still supply AlS maintenance.

The AIS is more dynamic than initially expected. Indeed, it was shown that just 3 hours of
depolarization lead to AIS shortening [140]. These observations fit well with our results, as more
labile components could explain how in a short amount of time the AIS structure can be
modulated to different excitabilities.

To our knowledge, the contribution of NF and PBIV-Spectrin specifically for AIS
maintenance was never demonstrated before. In our work, NF knock-down did not affect the
presence of other AIS components, meaning that NF is not an essential component for AIS
maintenance. However, the knock-down of BIV-Spectrin resulted in AlS disassembly, as AnkG and
NF were also lost. As so, besides being short-lived, BIV-Spectrin is also important for the
maintenance of other proteins in the AIS. Importantly, regarding AIS molecular assembly, it is
known that AnkG recruits all other AIS proteins, including BIV-Spectrin, to the AIS [13, 19, 32].
Conversely, BIV-Spectrin by itself cannot recruit AIS molecules, including AnkG [13, 19]. However,
it has been proposed that besides AnkG, BIV-Spectrin may also be essential for AIS organization as
BIV-Spectrin-null mice do not present AnkG or Nav channels clustered at the AIS [25]. In contrast,
it was recently proposed in vitro that besides being long-lived, BIV-Spectrin is not essential for AlS
formation or maintenance, as BIV-Spectrin shRNA transfected hippocampal neurons formed an AIS
structure containing BIV-Spectrin and AnkG [19]. This in vitro approach may present a less severe
phenotype if the shRNA is not able to eliminate BIV-Spectrin effectively, while on the BIV-Spectrin-
null mice they completely lack the protein, explaining the more severe phenotype.

The nanostructure of the AIS has been recently described. BIV-Spectrin is distributed
longitudinally between the subcortical actin rings forming a periodic submembrane complex at the
AlIS, and AnkG is associates with the periodic lattice by binding to BIV-Spectrin [23]. This model fits
perfectly with our data that shows that BIV-Spectrin is a master-stabilizing factor of the AIS. BIV-
Spectrin loss could lead to AnkG displacement, resulting in AlS disassembly.

Here, we show that the AIS proteins are short-lived and their synthesis is needed for both

AIS maintenance and relocation. This dynamism seems to be more consistent with the plasticity of
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the AIS in response to modulation of external stimuli. NF is not needed for the retention of other
AIS components, while the elimination of BIV-Spectrin leads to the disruption of the AIS,

suggesting that AnkG and BIV-Spectrin are both needed to maintain the AlS structure.
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CHAPTER 3

The Proximal Segment of

Dorsal Root Ganglion Neurons
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I Objectives

The main focus of this work was to understand the contribution of the PS to DRG neuron
polarity and to central-peripheral asymmetry. The following specific objectives were covered:

- Develop an in vitro model of pseudo-unipolar DRG neurons containing PS;

- Characterize the composition of the proximal segment in vitro and in vivo;

- Determine in vivo the ultrastructure of the stem process and peripheral and central

axonal branches.
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1. Methods

Embryonic DRG Neurons Culture

DRGs were dissected from E16 Wistar rat embryos. Pregnant females were euthanized and
the embryos collected as previously described. For the dissection of DRGs, first, the spinal column
is isolated. For that, the embryo is laid in dorsal recumbency and the skin is sprayed with 70%
ethanol. An incision is made through the skin and abdominal wall muscles and continued
longitudinally to the spinal column in both directions. Muscle, fat, and other soft tissues are cut
from the spinal column using scissors, and then the spinal column is opened with a forcep in the
midline. The extraction of DRGs is performed under a dissection microscope with a pair of forceps.
Spinal ganglia are stored in ice-cold Neurobasal medium (Invitrogen) until further processing.

DRGs were digested with 0.04% Trypsin-EDTA (Invitrogen) for 1 hour at 37°C. After
enzyme treatment, the digestion was stopped with 10% FBS in Neurobasal. Tissue was centrifuged
at 200g for 10 min. The medium was removed and tissue resuspended in final medium
(Neurobasal medium containing 2% B27 (Invitrogen), 2 mM I-glutamine (Invitrogen), 1% P/S, and
50ng/ml of nerve growth factor (Millipore)). A single cell suspension was obtained by pipetting 30
times with P1000. Cells were seeded in 24-well plates with glass coverslides coated with poly-L-
lysine (20ug/mL, Sigma-Aldrich) and laminin (5pug/mL, Sigma-Aldrich), at a density of 15,000 cells
per well. Cells were maintained at 37°C in final medium. The medium was partially changed two
times a week.

To obtain monocultures growing in the near-absence of glial cells, 1 day after cell seeding,
cells were exposed for 24 hours to the cytostatic agents uridine and 5-fluoro-2’-deoxyuridine

(40 uM each, Sigma—Aldrich).

Post-natal DRG Neurons Culture
DRGs were collected from either postnatal day (P) 1.5 Wistar rats, or P1.5 and P12 Thy1-
YFP-16 transgenic mice (that expresses YFP in more than 80% of DRG of neurons [141]). Postnatal

rats or mice were euthanized by decapitation using scissors. The animal was laid in ventral
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recumbency and the skin was sprayed with 70% ethanol. The spinal column was isolated and cut
dorsal and ventrally with a scissor, cutting the dorsal column in equal halves. The spinal column
hemi-segments were secured medial side up. First, the spinal cord and meninges were removed,
and then individual ganglia were carefully isolated by clasping and lifting with forceps. The spinal
ganglia were stored in ice-cold Neurobasal medium (Invitrogen) until further processing.

DRGs were digested with 0.125% collagenase type IV (from Clostridium histolyticum,
Sigma-Aldrich) in DMEM/F12 (Sigma-Aldrich) with 9% FBS and 0.9% P/S for 1 hour at 37°C. After
enzyme treatment, spinal ganglia are washed three times with DMEM/F12. The medium was
substituted by DMEM/F12 with 10% FBS and 1% P/S and dissociation was performed by using fire-
polished Pasteur pipettes. Then, cells were centrifuged at 200g for 10 min and resuspended in
final medium (as described in the embryonic DRG neuron cultures). Cells were seeded and
maintained as described above.

Non-contact co-cultures were established by using inserts (1um polyester membrane, 24-
well plate; BD Falcon). Inserts and wells containing coverslides were coated with poly-L-lysine and
laminin as described above. 8,000 and 15,000 P1.5 Wistar rat cells were plated onto inserts and
wells, respectively. At DIV 1, the cells seeded on coverslides were exposed for 24h to cytostatic
agents as described above, and then the inserts were placed onto these wells.

For cell alignment studies, P1.5 Wistar rat cells were seeded on patterned microgrooved
surfaces placed inside wells of 24-well plates. These surfaces consisted of a polydimethylsiloxane
(PDMS) substrate patterned with microgrooves that were parallel, separated by a distance of

15um, and had 3um of depth and 10um of width.

Immunocytochemistry

Previously fixed cells were incubated with 0.1% Triton-X100 (Sigma-Aldrich) in PBS for 5
min, followed by incubation with 200mM Ammonium Chloride for 10 min. Cells were washed 3
times with PBS pH 7.4 after each step. Non-specific antibody-binding sites were blocked with 2%
FBS (Invitrogen), 2% albumin from bovine serum (Sigma-Aldrich) and 0.2% gelatin from cold water
fish (Sigma-Aldrich) in PBS for 1 hour at room temperature, and then cells were incubated with
primary antibodies diluted in blocking solution overnight at 4°C (table 2). After three washes with
PBS, cells were further incubated with the appropriate secondary antibodies for 1 hour at room
temperature. Cells were washed with PBS, the slides were mounted with Fluoroshield containing

DAPI (Sigma-Aldrich) and visualized under a fluorescence microscope (Leica DMI6000 B) with a
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40x, 0.60 NA objective coupled to a camera (Hamamatsu C11440-22C). ImageJ was used to analyze

the images and determine neuronal morphology and PS presence.

Table 2 — Primary and Secondary Antibodies used in Inmunocytochemistry

Antigen Type Host Dilution | Company [Catalogue Nr.]
Primary AnkG Monoclonal Mouse 1:100 [s:erEnC;]uz Biotechnology
Antibodi
nibodies BllI-Tubulin Polyclonal Rabbit 1:500 | Synaptic Systems [302302]
Jackson  ImmunoResearch
® .
Mouse IgG AlexaFluor®594 | Donkey 1:500 Laboratories [715-585-150]
Secondary ® . Jackson  ImmunoResearch
Antibodies Mouse lgG AlexaFluor®488 | Goat 1:500 Laboratories [115-545-003]
Rabbit IgG AlexaFluor®647 | Donkey 1:200 Life technologies [A31573]
Rabbit IgG AlexaFluor®568 | Donkey 1:500 Life Technologies [A10042]

DRG Immunohistochemistry

DRGs were collected from 16 week-old Wistar rats and fixed in 2% PFA for 2 hr at 4°C.
Tissues were then washed once with PBS and incubated in 20% sucrose in PBS, overnight at 4°C.
Thirty um free floating cryosections were cut and then incubated in methanol for 20 min. Sections
were washed with water and the fluorescence quenched with 0.1% sodium borohydride (sigma-
Aldrich) followed by 200mM ammonium chloride. Sections were incubated with immunoglobulin
blocking agent (vector) for 45 min at room temperature, blocked with 0.5% fish gelatin in PBS at
37°C for 1 hr and then incubated with primary antibodies (anti-AnkG, 1:1000 in blocking buffer,
Neuromab 75-146; Blll-tubulin, 1:150, St John’s Laboratory STJ97123) overnight at 4°C. On the
next days, sections were washed with PBS and incubated with secondary antibody (anti-mouse
AlexaFluor®594, 1:500, Jackson ImmunoResearch Laboratories 715-585-150; anti-rabbit
AlexaFluor®488, 1:500, Invitrogen A21206). Sections were washed, placed in a slide, air dried and
mounted with fluoroshield (Sigma-Aldrich). Images were taken with a fluorescence microscope

(Zeiss Axio Imager Z1) with a 40x oil objective coupled to a camera (Axiocam MR ver. 3.0).

Correlative light and electron microscopy

DRGs were dissected from 6 week-old Thyl-EGFP-M transgenic mice. These mice express
GFP in less than 10% of all DRG neurons [141]. Tissues were fixed for 2 hours in 2.5%
glutaraldehyde (GTA, Polysciences) and 2% PFA in PBS, followed by incubation overnight at 4°C in

PBS. DRGs were embedded in 1.5% agar (Sigma-Aldrich) and 200-pum-thick sections were cut using

49



https://portal.ibmc.up.pt/scheduler/month.php?user=LEICADMI6&rid=100

a vibrotome (Leica VT1000S). Agar sections containing dorsal root ganglia were stored in PBS, at
4°C until further use. The agar sections were visualized using a fluorescence microscope (Zeiss
Axiolmager Z1) to identify the spinal ganglia that have fluorescent neurons with visible stem
process and/or T-junction. The sections of agar containing these ganglia were stored back in PBS,
at4°C.

To mark the regions of interest, a two-photon microscope was used according to the near-
infrared branding (NIRB) technique [142]. In collaboration with Dr. Gabriel Martins from Instituto
Gulbenkian de Ciéncia, the multi-photon Zeiss STereo LUMAR stereoscope was used. Selected
sections were visualized and either the stem process or the T-junction marked with two-photon
laser by drawing a square around the region of interest. The size of NIRB marks was regulated by
modulating laser power and exposure time. The precise relationship between laser dose and mark
size depended on the z-depth of a mark, as tissue attenuates the laser. To generate NIRB marks,
the laser was tuned to A = 850 nm and its power was set between 100 and 200 mW in the back
focal plane. Typically, a pixel dwell time of 70 us was used and, for each area of interest, several
series were performed under visual control until appearance of red autofluorescence.

The marked sections were then stored in 0.1M sodium cacodylate (Delta Microscopies)
and then processed for electron microscopy. Briefly, the tissue was post fixed with 1% osmium
tetroxide with 1.5% potassium ferricyanide for 1lhr. Following 3 washes with 0.1M sodium
cacodylate buffer the samples were dehydrated in increasing ethanol solutions followed by
propylene oxide. The samples were resin (Araldite with Epon) embedded 48 hr after incubation at
65°C. One um semi-thin sections were performed until the marks are present. Then, 50 nm ultra-

thin sections were cut and analyzed by electron microscopy.
Statistical Analysis

All values are presented as mean+SEM. Statistical analysis was performed using GraphPad

Software. Significance was determined using Two-way ANOVA.
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1l. Results

DRG neurons develop a pseudo-unipolar morphology with a proximal segment in vitro

To establish an in vitro model of pseudo-unipolar DRG neurons containing PS, several
independent cell cultures were performed with neonatal Thyl-YFP-16 transgenic mice and
embryonic and neonatal Wistar rats.

First, DRG neurons from P1.5 and P12 Thyl-YFP transgenic mice were cultured. Most DRG
neurons of these mice express YFP under control of the neuronal promoter Thy1, thus allowing
single-cell labeling [141]. These neurons were maintained in two conditions: co-cultures (with DRG
neurons and glial cells) and monocultures (DRG neurons only). For both conditions, the results
were similar for either P1.5 or P12 cultures. At these ages, the number of fluorescent neurons was
very low and YFP fluorescence was not strong enough to allow the visualization of neuronal
morphology. Moreover, even at DIV 28, these neurons did not seem to contain PS, although some
AnkG clustering was found in some neurites (fig. 19). As a consequence, no further studies were

performed using this mouse model.
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Fig. 19. Thy1-YFP-16 mice DRG neurons at DIV 28 do not possess PS. For each condition, the same region of
interest is shown with representative neurons expressing yellow fluorescent protein (YFP), immunolabeled
for BllI-tubulin to mark the neuronal cell body and neurites or AnkG to mark the proximal segment. Scale

bars, 20um.

Next, we performed co-cultures of DRG neurons and glial cells from E16 Wistar rat
embryos. With this approach we were able to evaluate neuronal morphology, despite the absence
of single-neuron labeling. Moreover, these Wistar rat DRG neurons possessed PS, as an enriched
AnkG labeling was found in the initial part of their neurites (fig. 20). To evaluate neuronal
morphology, we divided neurons in 3 categories: multipolar (with more than 3 processes emerging
from the cell body), bell-shaped or bipolar (two processes emerging from the cell body) and
pseudo-unipolar (one process emerging from the cell body). An example of each can be seen in fig.

20.
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Fig. 20. In vitro DRG neurons develop a pseudo-unipolar morphology with a proximal segment.

Short-stem pseudo-unipolar

Long-stem pseudo-unipolar

Representative images of multipolar, bell-shaped, short-stem pseudo-unipolar, and long-stem pseudo-

unipolar neurons. For each morphological type, the same region of interest is shown with neurons
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immunolabeled for Blll-tubulin to mark the neuronal cell body and neurites, or AnkG to mark the proximal

segment (indicated by arrows). Scale bars, 40um.

At DIV 7, there were already some pseudo-unipolar neurons, and their percentage
increased over time, reaching 57% at DIV 28. On the contrary, the percentage of multipolar and
bell-shaped neurons decreased along time (fig. 21A). The percentage of neurons possessing at
least one PS also increased over time, reaching 82% at DIV 28, when most neurons possess only
one PS (fig. 21B). Multipolar, bell-shaped and bipolar neurons had a variable number of PSs
(ranging from none to four), while most pseudo-unipolar neurons had only one PS that could
continue after neurite bifurcation (fig. 21C). Interestingly, we noticed that almost all neurons with
a stem process smaller than 60um had a PS that continued beyond the bifurcation along both
axons, while almost all neurons with a stem process larger than 60um had a PS that ends before
the bifurcation (as represented in fig. 20). As so, we defined two types of pseudo-unipolar
neurons, short-stem and long-stem, according to the size of the stem process. There was not a
statistical difference in the PS end or start positions between short-stem and long-stem pseudo-

unipolar neurons (fig. 21D).
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Fig. 21. DRG neurons from E16 Wistar Rats polarize when in co-culture. (A) Morphological analysis of DRG
neurons showing the percentage of neurons possessing multipolar, bell-shaped or bipolar, and pseudo-
unipolar morphology, at each time point. (B) Percentage of neurons having none, one or more PSs, at
different times in culture. (C) Percentage of neurons having none, one or more PSs for each morphological
type considering neurons from DIV 21 and 28. (D) Start and end positions of the PS of short-stem and long-

stem pseudo-unipolar neurons, at DIV 28. *p<0.05, ***p<0.001.
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Contact with non-neuronal cells is necessary for pseudo-unipolarization and PS formation

The AIS is established from an intrinsic property of multipolar neurons [15]. To determine
if the PS of DRG neurons is also intrinsically determined or if the glial cells play a role, we
compared its formation in co-cultures with monocultures of neurons and co-cultures in transwell
systems (monoculture of DRG neurons in the bottom and glial cells on the insert). Co-cultures of
DRGs from P1.5 Wistar rats were performed and the cells maintained until DIV 21. At this time
point the percentage of pseudo-unipolar neurons was 35% (fig. 22A, B), slightly smaller than that
of the E16 co-culture at DIV 21 (45%, fig. 21A). Similarly with the E16 co-cultures, most neurons
from P1.5 co-cultures possessed at least one PS (fig. 22C). At DIV 21, monocultures of P1.5 Wistar
rat DRG neurons had an appearance very different from co-culture neurons (fig. 22A). Neuronal
morphology was not possible to analyze. However, it was possible to notice that PSs were
completely absent (fig. 22C). Since DRG neurons only present a PS when co-cultured with glial
cells, we decided to culture DRG neurons using a transwell system to assess the role of soluble
factors on pseudo-unipolarization and PS formation. At DIV 21, transwell co-cultures presented a
general appearance that resembled the co-culture (fig. 22A). However, neuronal morphology was
quite different, since in transwell co-cultures 87% of neurons presented multipolar morphology
and 91% of neurons did not have PS (fig. 22B,C). It is important to mention that we verified by
DAPI staining that there were some non-neuronal cells contacting neurons (results not shown).
Overall, these results suggest that pseudo-unipolarization and PS assembly require contact with
glial cells, since the transwell system did not significantly improve neuronal morphology and PS

formation.
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Fig. 22. Contact with non-neuronal cells is necessary for pseudo-unipolarization and PS formation. (A)
Representative images of DRG neurons in co-culture, monoculture, and in transwell systems, at DIV 21.
Neurons are immunolabeled with BllI-tubulin (grey) to mark the neuronal cell body and neurites, and with
AnkG (green) to mark the PS (indicated by arrow). Scale bars, 40um. (B) Graph of the percentage of neurons
possessing multipolar, bell-shaped or bipolar, and pseudo-unipolar morphology. (C) Graph showing the

percentage of neurons containing none, one or more than one PSs.
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To assess whether pseudo-unipolarization and PS formation can be induced by
topographic cues, DRG neurons from P1.5 Wistar rats were cultured on microgrooved substrates
and maintained until DIV 28. DRG neurons were grown in two conditions: co-culture and non-
contact co-culture using transwell plates. In both conditions, there were very few neurons on
substrates, and neurites were mostly aligned with the microgrooves. However they grew both
inside and outside of them. In addition, neuronal morphology was difficult to analyze. In both

conditions most neurons were bipolar and no proximal segments were detected (fig. 23).

BllI-tubulin AnkG

transwell

co-culture

Fig. 23. Wistar rat DRG neurons cultured on microgrooved substrates do not present PS. Representative
images of DRG neurons at DIV 21 in non-contact co-culture using transwell systems, and contact co-culture.
For each condition, the same region of interest is shown with neurons immunolabeled for Blll-tubulin to

mark the neuronal cell body and neurites, or AnkG to mark the proximal segment. Scale bars, 40um.
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Detection of the proximal segment in vivo

To verify the existence of the PS in vivo, we performed immunofluorescence on DRG
sections of adult Wistar rats. We detected AnkG clustering corresponding to nodes of Ranvier and
also in a few regions where it seemed to correspond to PSs (fig. 24A). However, when a double
immnunofluorescence was performed for AnkG and BllI-tubulin, we were not able to find an AnkG
clustering on a Blll-tubulin axon (fig. 24B). So far we were not able to identify the PS in vivo

without any doubt.

A AnkG

B BllI-tubulin AnkG

Fig. 24. Proximal segment in vivo. Representative images of adult Wistar rat DRG sections. (A) Z-stack image
showing AnkG clustering at nodes of Ranvier (arrowheads) and seemingly at PS (arrow). (B) In Blll-tubulin

axons, no AnkG staining was found. Scale bar, 20pum.

59



Correlative light and electron microscopy

One of our goals was to determine in vivo the ultrastructure of the stem process and
peripheral and central axonal branches, using fluorescence coupled with electron microscopy in
DRG from Thyl-EGFP-M mice. For that, we used NIRB [142] to create fiducial marks in defined
three-dimensional positions in tissue fixed for electron microscopy (fig. 25A). Few 200 um-thick
agar sections of DRGs contained neurons expressing EGFP, and these were selected for the NIRB
technique. We were able to create fiducial marks on the stem process and on the bifurcation of
DRG neurons expressing EGFP. We also confirmed that fiducial marks were easily identified by

transmitted-light images before and after processing for electron microscopy (fig. 25B).
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Fig. 25. Induction of fiducial marks with 2-photon microscopy. (A) Representative images showing selected
regions of interest of DRG neurons expressing EGFP, before and after the induction of fiducial marks using 2-
photon microscopy. Scale bars, 50um. (B) Transmitted-light images of a spinal cord cross-section showing
that fiducial marks can be easily identified both before (left, 200um vibratome section) and after (right, 1um

semi-thin section) processing for electron microscopy.
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(A\VA Discussion

One major goal of this work was to establish an in vitro model of pseudo-unipolar DRG
neurons containing PS. For that, several long-term cell cultures were performed in several
conditions and with cells from different origins.

Monocultures and co-cultures with neurons from postnatal Thyl-YFP-16 transgenic mice
from P 1.5 and P12 were not suitable for the desired in vitro model. These mice were chosen as
cell origin because their neurons express YFP under control of elements of the neuronal promoter
Thy1, thus allowing single-cell labeling. Thyl is a late embryonic promoter and even at P12 YFP
intensity was not bright enough to have good single-cell labeling. Furthermore, we did not observe
any PS on these cells suggesting that this approach is not suitable for an in vitro model.

By performing DRG co-cultures from embryonic (E16) and postnatal (P1.5) Wistar rats, we
obtained in vitro systems where many neurons were pseudo-unipolar and had one PS. The
embryonic co-cultures were more successful comparing to the postnatal co-cultures, since the
percentage of pseudo-unipolar neurons was higher in the former ones. These results suggest that
as animals grow older, DRG neurons lose their ability to recapitulate embryonic development and
acquire a pseudo-unipolar morphology. Concerning the embryonic co-culture, our results show
that there was neuronal maturation over time, as multipolar and bipolar neurons became pseudo-
unipolar. These results suggest that similar to what happens in vivo [83], pseudo-unipolarization
also happens in vitro. Other interesting feature was that we could identify two different pseudo-
unipolar types of DRG neurons based on the size of the stem process that possessed a different
location of the PS. Short-stem pseudo-unipolar neurons possessed a PS that continued after the
bifurcation, while long-stem pseudo-unipolar neurons possessed a PS that ended before the
bifurcation. Interestingly, while hippocampal neurons usually possess an AIS with ~20-40um [13],
the PS was remarkably longer (59.1+7.0 um).

In our system, pseudo-unipolar morphology with the presence of PS was obtained

successfully when DRG neurons were in contact with glial cells. Furthermore, non-contact co-
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cultures had few neurons with PS and pseudo-unipolar morphology. The existence of some non-
neuronal cells in the wells may allow some cell contacts enabling few cells to form a PS and
acquire a pseudo-unipolar morphology. Anyway, we cannot exclude that some soluble factor may
also contribute to this process. Accordingly, the requirement of non-neuronal cells for pseudo-
unipolarization was reported by other authors [84, 87]. In addition, in myelinating co-cultures, the
presence of PS has been reported [13, 19, 34]. In our experiments contact co-cultures were not in
myelinating conditions. As such, PS formation may be dependent on non-neuronal contact but
independent of myelin formation. Furthermore, our results contradict the observations of Zhang
and Bennet (1998), who reported that PS formation is an intrinsic mechanism and does not
require the presence of non-neuronal cells [135].

It has been shown that neuronal polarization can be manipulated with surface topography
[143]. In our experiments, a small distance between grooves was chosen to assure that all neurites
could encounter grooves, and a small width of grooves was chosen to guide the neurites. We
observed that the microgrooved pattern used was not able to mimic the contact of non-neuronal
cells as it did not promote PS formation and pseudo-unipolarization. In fact, when co-cultures
were performed in the microgrooved substrate, PS formation was inhibited, although there were
some pseudo-unipolar cells. In conclusion, we consider that this microgrooved pattern is not
suitable to obtain the desired in vitro model. Other patterns may be tested to verify whether PS
formation and pseudo-unipolarization could be improved.

The existence of a PS in vivo was not detected so far. We were not able yet to identify an
AnkG rich zone in a BllI-tubulin positive stem process. The organization of the DRG make it difficult
to identify the stem process, as in most cases it is located around other neurons.

Using a correlative light and electron microscopy method as reported in other studies
[142], we have been able to successfully produce fiducial marks in DRG sections. Fiducial marks
were not easy to see by electron microscopy. As so, a few modifications to this strategy may be

needed. Nevertheless, electron microscopy analysis is being performed.
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Conclusion and Future Perspectives

In multipolar neurons, the AlS represents a dynamic signal processing unit, regulating the
integration of synaptic inputs and intrinsic excitability. In addition, the AIS is crucial for the
maintenance of neuronal polarity. Basic neuroscience has just begun to reveal the fundamental
molecular mechanisms that control AIS functioning. Disrupted AIS roles may be a common feature
of many nervous system diseases and injuries, so new insights may lead to the development of
novel therapeutic approaches in the future.

The AIS is regarded as a highly stable structure comprised by remarkably long-lived
molecules, with the exception of AnkG. However, neurons regulate their intrinsic excitability via
plastic changes in AIS length and/or location. Here we investigated the mechanism of AIS
relocation in response to chronic depolarization in dissociated hippocampal neurons. We
specifically aimed at understanding if the AIS relocates by assembling de novo or by moving the
previously assembled AIS. We demonstrated that Neurofascin and BIV-Spectrin are short-lived at
the AIS and their synthesis is needed for both AIS maintenance and relocation. In addition, the
current paradigm is that the scaffolding protein AnkG is the key molecule required for AIS
formation and maintenance. However, in this work we showed that BIV-Spectrin contributes to
AIS maintenance, something which was never demonstrated before. In summary, our results
challenge the current paradigm that AIS molecules are long-lived and only AnkG is short-lived and
necessary for AIS maintenance. It would be interesting to determine whether other AIS
components, like Nav channels and neuronal CAMs, are long-lived and/or important for AIS
maintenance using a similar approach.

DRG neurons possess a peculiar morphology. In vitro, cultured DRG neurons possess a PS,
which has a molecular composition and localization similar to the AIS. The PS is an enigmatic
structure because it was never reported in vivo, and its eventual functions are completely
unknown. In case it exists in vivo, it may contribute to the pseudo-unipolar morphology and/or to
the central-peripheral polarity of DRG neurons. In this work we successfully developed an in vitro

model of DRG neurons with pseudo-unipolar morphology and containing PS. This model will
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certainly be useful for answering many basic questions regarding the fine structure and physiology
of these neurons. In future studies, it would be interesting to determine not only the mechanism
of pseudo-unipolarization but also PS formation and positioning during this morphological
transition. In addition, the identification of other molecules comprising the PS will also be possible.
It would also be interesting to check if there are any structural or functional differences between
the two processes arising from these neurons in vitro. In vivo, it is not known what ultrastructural
differences justify the strikingly different functional properties between the central and peripheral
axons. Many ultrastructural studies were performed decades ago, but technical difficulties did not
allow the definite determination of the fine structure of DRG neurons. As so, in this work we
established a technique of correlative light and electron microscopy to analyze the fine structure
of DRG neurons. In the future, this technique will be used by us to analyze the ultrastructural
features of DRG neurons.

In conclusion, in this work we have expanded the knowledge about AIS plasticity and have
established an in vitro model and techniques that will be useful for future studies with DRG

neurons.
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