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l. INTRODUCTION

1. Peripheral Nervous System

The peripheral nervous system (PNS) interconnects the central nervous system (CNS)
with the limbs and different internal organs by means of the different cranial and spinal
nerves. The PNS can be divided into the somatic and the autonomic nervous system.
The somatic nervous system coordinates body movements and also receives
information from external stimuli; it basically regulates activities that are under
conscious control. On the other hand, the autonomic nervous system acts largely
unconsciously and controls functions of internal organs, it is subdivided into

the sympathetic, the parasympathetic and the enteric divisions.

Peripheral nerves are composed by axons extended from motor neurons located in the
ventral horn of the spinal cord, from sensory neurons located in dorsal root ganglia
(DRG) and from autonomic neurons, which innervate different target organs (Fig. 1A).
Motor neurons can be divided in alpha motor neurons, that innervate skeletal muscle
fibers, and gamma motor neurons that innervate muscle spindles. The sensory
neurons can be mainly classified in proprioceptive, which provide information about the
position of different parts of the body, mechanoreceptive, that code information on
contacts or pressure, thermosensitive, that provide inputs on temperature, nociceptive,
which process pain stimuli, and itch sensitive, that transmit inputs on irritation and
tingling sensations (Usoskin et al., 2014). Motor and sensory neurons extend their
axons that reside in a connective tissue matrix called endoneurium and are assembled
together into bundles or fascicles defined by a second connective tissue layer called
the perineurium. Groups of fascicles are then gathered together in a third connective

tissue layer called epineurium (Fig. 1B).

Axons conduct electrical signals in the form of action potentials from target organs to
CNS (afferent conduction) or from CNS to target organs (efferent conduction). In
peripheral nerves, axons can be unmyelinated or myelinated by Schwann cells. Myelin
is a concentrically laminated membrane constituted by lipids and proteins that surround
some axons to electrically isolate them and thus increase the conduction velocity. In
addition to myelination state, the caliber of axons and their conduction velocity is also
variable and this has been used to classify axons in different groups (Erlanger and
Gasser, 1937) (Table 1).


https://en.wikipedia.org/wiki/Central_nervous_system
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Figure 1. Anatomy of peripheral nervous system. (A) Peripheral nerves contain
both sensory and motor axons that innervate skin receptors and muscles. Sensory
neurons are located in dorsal root ganglia, whereas motoneurons are located in the
ventral zone of spinal cord. (B) Transverse section of a peripheral nerve composed by
epineurium, perineurium and endoneurium. Axons can be ensheathed by myelin and
gathered  together  with other axons in fascicles. Adapted from
people.eku.edu/ritchisong/342notes11.html (A) and
classes.midlandstech.edu/carterp/Courses/bio110/ (B).

Diameter Conduction
(um) Velocity (m/s)

Fiber Myelin Function

Table 1. Classification of peripheral nerve fibers. Adapted from Erlanger & Gasser
(1937).



2. Nerve injury and regeneration

The incidence of peripheral nerve injury (PNI) is estimated between 13 and 23 per
100,000 persons per year in the developed countries, and in United States it results in

approximately $150 billion spent in annual health-care (Taylor et al., 2008).

There are different etiologies of peripheral nerve injury such as direct mechanical
trauma, laceration, compression, ischemia or stretch-related injuries (Campbell, 2008).
After injury, there is a partial or total loss of motor, sensory and autonomic functions
produced by interruption of axon continuity and consequently, the disconnection of the
target organ from the nervous system. This situation results in a decreased quality of
life because of permanently impaired sensory and motor functions and secondary
problems, such as phantom limb or neuropathic pain phenomena, and has major social
consequences in terms of health care and long periods of sick-leave (Jaquet et al.,
2006; Rosberg et al., 2005). Such injuries have also a profound and permanent impact
on patients and their ability to perform activities of daily living, as well as preventing

return to work (Faroni et al., 2015).

Transected fibers distal to the lesion are disconnected from the neuronal body leaving
the target organs denervated. Moreover, disconnected distal fibers undergo Wallerian
degeneration, a process that helps to create a microenvironment that favors axonal
regrowth (Stoll and Miuller, 1999). In parallel, several molecular and cellular changes
known as retrograde reaction and chromatolysis occur at the soma of axotomized
neurons and leads to metabolic changes necessary for regeneration and axonal
elongation (Navarro et al., 2007). The functional significance of axonal regeneration is
to replace the distal nerve segment lost during degeneration, allowing reinnervation of

target organs and restitution of their corresponding functions.

Still, not all the regenerating axons reinnervate their original targets and functional
recovery is usually poor (Lundborg and Rosén, 2001; Valero-Cabré and Navarro,
2002). In addition, several factors affect axon regeneration and functional reinnervation
such as patient’s age, the nerve trunk affected, the site and type of lesion, the type and
delay of surgical repair and the distance over which axons must regrow to span the

injury (Navarro et al., 2007).

In the next sections, different events involved in nerve regeneration and target

reinnervation are further described.



2.1.Types of Nerve Injury

The prognosis for functional return and timing of the peripheral nerve repair depends
on the severity of nerve injury and the eventual distance between nerve stumps.
Moreover, the nerve trunk injured, and the type and severity of the lesion will determine
the need for surgical repair and which technique to apply. The classifications of
mechanical nerve lesions of Seddon (Seddon, 1943) and of Sunderland (Sunderland,
1990) are based upon the morphology of the lesion and the nerve sheaths damaged
(Fig. 2). Seddon divided nerve injuries by severity into three broad categories:
neurapraxia, axonotmesis, and neurotmesis. On the other hand, Sunderland performed

a most detailed classification that differentiates five degrees of injury:

1- The first degree (neurapraxia of Seddon) usually corresponds to a compression that
causes a focal blocking of impulse conduction. By histology, there are no signals of
degeneration in the distal stump as damage only affects myelin sheaths and nerve
continuity is maintained. This lesion reverts within short time once the cause is

eliminated.

2- In second degree injuries (axonotmesis of Seddon) the axons are interrupted, but
the endoneurium remains intact. Nerve fibers distal to the lesion degenerate and
recovery requires regeneration of the severed axons. Recovery is usually good
because intact endoneurial tubes and basal lamina of Schwann cells guide
regenerative axons towards their original target organ and allow an adequate

reinnervation

3- The third degree of nerve lesion implies only the disruption of axons and of
endoneurial tubes, whereas the perineurium or epineurium remains intact. This results
in wallerian degeneration of injured axons and also in internal disorganization of the

nerve fascicles.

4- In the fourth degree injury, the perineurium is also damaged remaining intact only
the epineurium. This results in disorganization of the fascicular architecture, intraneural

scar formation, and loss of directional guidance for regenerating axons.



5- The fifth degree of lesion (neurotmesis of Seddon) involves the complete transection
of the nerve, with degeneration and disarrangement of the distal segment. In all cases

there is separation of the nerve stumps due to the elastic forces.
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Figure 2. Classification of nerve injuries. Schematic representation of the five
degrees of nerve injury according to Sunderland (Sunderland, 1990). Grade 1:
conduction block indicated by red arrow (neurapraxia), Grade 2: transection of axon
with an intact endoneurium (axonotmesis), Grade 3: transection of the nerve fiber
(axon and endoneurium) within an intact perineurium (neurotmesis), Grade 4:
transection of funiculi, epineurial tissue maintains nerve trunk continuity (neurotmesis
+), Grade 5: transection of the whole nerve trunk (neurotmesis ++). (Extracted from
Deumens et al., 2010).

After neurapraxia and axonotmesis (grade 1 and 2), functional recovery is usually good
whereas from the third degree of injury, prognosis for recovery is poor and surgical
repair may be indicated, being mandatory in grade 4 and 5 injuries as structural and
fascicular alterations hinder the adequate regeneration and reconstitution of the nerve
spontaneously. Moreover, after nerve transection endoneurial tubes loss their
continuity and surgical repair will need to reestablish the gross continuity of the nerve
trunk, avoiding the formation of scar tissue at the lesion site and providing the injured
axons with a proper terrain for regrowth. However, although it has been described that
in certain conditions motor axons will grow through muscular pathways and

preferentially reinnervate distal muscles (Brushart, 1993), it is widely accepted that
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regenerating axons are often misdirected and reinnervate incorrect target organs even
if refined repair is applied (Bodine-Fowler et al., 1997; Sunderland, 1990; Valero-Cabré
and Navarro, 2002).

2.2. Types of repair after neurotmesis

After neurotmesis or complete transection, both nerve stumps have to be reapposed in
order to facilitate that proximal axons invade distal stump and reinnervate the target
organs. The different types of nerve repair (Navarro and Verdu, 2004) are described

below:

Direct Suture

The ideal method is to reappose both nerve stumps by epineural sutures; however this
is only possible if the lesion is a clean cut and the repair takes place soon after the
injury to avoid an excessive retraction of nerve stumps (Papalia et al., 2007).
Nevertheless, although microsurgical identification and coaptation of individual
fascicles is possible by means of perineurial sutures, direct suture does not still ensure

correct matching of the fascicular organization of the nerve trunk.

Fibrin Glue

Fibrin glue is a blood-derived adhesive product that can be also used to directly
reappose both nerve stumps without sutures. The main advantages of glues to seal
nerve endings are reduced surgical and recovery time, decreased fibrosis and
inflammation in addition to providing coaptation of severed nerve fascicles with minimal
induced trauma and neural scar tissue. A systematic review on the use of fibrin glue for
peripheral nerve repair showed less granulomatous inflammation in fibrin glue groups
in comparison with conventional suturing methods. On the other hand, overall axonal
regeneration, fiber alignment, and recovery of nerve conduction velocities of fibrin glue

were equal to that of microsuturing (Sameem et al., 2011).

Nerve graft

A transplanted nerve from the same patient (autograft) or from a donor (allograft) can
be implanted to physically connect the proximal with the distal nerve stump. This
approach is mainly used when the length of the gap created by tissue destruction and
nerve retraction is too long to allow a direct suture without tension and a nerve graft
between the nerve stumps of a transected nerve will offer mechanical guidance as well

as a stimulating environment for the advancing axons (Gémez et al.,, 1996). It is



generally agreed that gaps in injured nerves are most successfully bridged by the use
of autologous nerve grafts than with other materials as grafts behave in the same way
as does the distal segment of the own severed nerve.

In comparison with direct suture, regenerating axons have to cross two suture lines and
the chances for misdirection increase. However, experimental studies (Ray and
Mackinnon, 2010) have shown that autograft repair allows for similar number of
regenerated axons and functional recovery than direct suture repair. Nevertheless,
autograft repair may also imply some problems such as the need of a second surgical
step, elimination of the donor nerve function, a limited supply of donor nerves and the
mismatch between nerve and graft dimensions (Deumens et al., 2010). Moreover,
donor nerves are limited to those with small caliber and pure sensory function, such as
sural and antebrachial cutaneous nerves, causing lesser promotion of regeneration
(Navarro and Verdu, 2004). On the other hand, if an allograft is used to circumvent
these problems, the immunosupression treatment may restrain the use of this

treatment for some patients (Navarro et al., 2001).

Tube repair

In this type of repair, proximal and distal nerve stumps are introduced a few millimeters
within the ends of a tube and hold in place by means of one or a few epineurial sutures,
leaving a gap between nerve stumps. The implantation of a tube or guide to bridge a
nerve gap has provided a useful model for studying the cellular and biochemical events
during peripheral nerve regeneration, and it has been also successfully applied for
repairing injured nerves in different animal models, and in human patients (Arslantunali
et al., 2014). The development of an artificial nerve graft, composed by a conduit filled
with exogenous elements that promote axonal regeneration, has been pursued to
provide for an effective alternative to solve the secondary problems of autograft and
allograft repairs.

Nerve guides offer thus a closed space where neurotrophic elements provided by the
injured nerve stumps accumulate and support axonal growth. Accordingly, tubulization
allows successful regeneration over longer gaps than in unrepaired nerves. However, a
limit to regeneration also exists within nerve guides depending upon the length of the
gap (Navarro and Verdu, 2004). It is generally considered that in humans, for nerve
gaps of less than 2 cm neurological recovery is moderate, but for gaps longer than 4
cm recovery is minimal to non-existent (Reyes et al., 2005). Likewise, tubes does not
ensure the repair of gaps longer than 10 mm in rat (Buti et al., 1996).

There are several advantages of tubulization versus classical nerve repair methods.

Tube repair involve an easier implantation, avoids tension, limits excessive collagen
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and scar formation at the suture lines, provides directional guidance to the regenerating
axons and prevents axonal escape into the surrounding tissues. In addition, nerve
guides offer a controlled microenvironment, where different adjuncts may be applied in
situ to promote axonal regeneration. Nerve guides may be produced in different
dimensions and lengths to match different lesions, and stored for use when needed.
However, regeneration outcomes are not as good as in autograft repair. Thus, the
physico-chemical characteristics of the tube, mainly in terms of dimension,
permeability, durability and wall composition, also influence the chances of
regeneration, and further advances in biomaterials will likely improve the effectiveness

of tubulization repair in order to reach autograft outcomes (Deumens et al., 2010).

2.3. Neuronal reaction after nerve injury

The success of nerve regeneration and functional reinnervation of targets depends at a
first instance on the capacity of axotomized neurons to switch from a synaptic state to a
regenerative state known as neuronal reaction and chromatolysis. These shifts in the
neuronal soma promote a set of phenotypic changes that consist in the dissolution of
the Nissl bodies, nuclear eccentricity, nuclear and nucleolar enlargement, cell swelling,
and retraction of dendrites (Lieberman, 1971).

After axotomy, the rapid arrival of injury-induced signals in the soma is followed by the
induction of transcription factors, adhesion molecules, growth-associated proteins and
structural components, all of them needed for axonal regrowth (Rishal and Fainzilber,
2014) (Fig. 3). First, when the axoplasm comes into contact with the extracellular
environment, a back-propagating calcium wave (Cho et al., 2013) and a high frequency
burst of action potentials generated at the lesion site rapidly inform the cell body about
distant axon injury contributing to activate several protein kinase pathways (Ghosh and
Greenberg, 1995). A second set of signals includes the early deprivation of target
derived trophic factors (Lee et al.,, 1998; Raivich et al., 1991) and the arrival of
activating signals not only from the own injured axons but also from other non-neuronal
cells. Finally, when the axoplasm is sealed, it expresses different receptors for
neurotrophic factors or cytokines that can be activated, internalized and reach the
neuronal body by retrograde transport when Schwann cells and infiltrating
macrophages release these molecules in the degenerating environment that contribute

to sustain the regenerative program of the neuron (Curtis et al., 1998, 1994, 1993).
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Figure 3. Events in axon and soma after nerve injury. Signals from the injury site
arrive to the soma and switch the neuron to a pro- regenerative state, activating a set
of transcription factors. Three main signaling mechanisms contribute: the burst of
action potentials generated by the lesion, the interruption of the normal retrograde
transport of trophic molecules provided by the end organs, and the retrograde transport
of phosphorylated proteins, such as MAPK, which are positive injury signals. All these
factors activate regeneration associated genes (RAGs), inducing the increased
production of GAP43 and BDNF among other factors. (Extracted from Allodi | et al.,
2012).

These signals of neuronal activation also trigger several signaling pathway genes in
neuronal cell bodies that may lead to two opposing consequences: cell death or
regenerative response. Amongst these are some kinases such as the MAPKs Erk1 and
Erk2, c-jun N-terminal kinase (JNK) and p38 kinases. Gene expression changes affect
the encoding of transcription factors, different receptors, cytoskeletal proteins, cell
adhesion and guidance molecules, trophic factors, cytokines, neuropeptides and

neurotransmitter synthesizing enzymes, ion channels, and membrane transporters.

Finally, One of the prominent changes after peripheral axotomy consists in the increase
of regenerative-associated proteins, such as the growth-associated protein (GAP)-43
(Skene, 1989), tubulins and neurofilaments (Hoffman et al., 1987), ion channels
(Goldberg, 2003) and different neuropeptides (Hokfelt et al., 2000). GAP-43 is up-
regulated from the first day after axonal lesion, and is usually labeled to identify
growing axonal profiles. GAP-43 is rapidly transported along the axon to the growth

cones, where the protein accumulates regulating neurite formation and synaptic
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plasticity (Li et al., 1997). Tubulins are significantly increased in axotomized motor and
sensory neurons whereas neurofilament proteins NF-L, NF-M and NF-H are
decreased, probably reflecting an increase in axoplasm fluidity in order to facilitate
axonal transport (Hoffman et al., 1987; Tetzlaff et al., 1996; Wong and Oblinger, 1990).
Several studies have also focused in the regulation of ion channels expression and
receptors potentially involved also in the development of neuropathic pain (Goldberg,
2003; Hokfelt and Zhang, 2006; Makwana and Raivich, 2005). Furthermore, there are
also marked changes in the expression of neuropeptides not only in the axotomized
neurons and in their axonal projections but also in the spinal cord. These
neuropeptides may exert different actions and contribute to neural signaling when the

nervous system is stressed or injured (Hokfelt et al., 2000; Palkovits, 1995).

2.4. Wallerian degeneration

The environment that the axons find distal to the lesion site is crucial for their
regeneration, they have to through a complicated milieu formed by the contents of the
endoneurial tubes that may be filled with glial cells, other axons, and debris from the
former axons and/or their myelin ensheathment (Kang and Lichtman, 2013). An intact
nerve does not support axonal growth due to the presence of inhibitory factors for
regeneration (Mueller, 1999; Tang, 2003) such as chondroitin sulfate proteoglycans
(CSPGs) of the extracellular matrix and myelin-associated inhibitors of regeneration
(Mukhopadhyay et al., 1994). However, when the distal nerve stump undergoes
Wallerian degeneration, the activation of Schwann cells and the infiltration of
hematogenous macrophages (Stoll and Muiller, 1999) eliminate distal axons and myelin
debris to clear all the inhibitory factors. Besides, a short segment of the proximal nerve
stump may also suffer some retrograde degeneration that can be minimal (ranging
from the injury site back to the next node of Ranvier) or it can extend all the way back
to the cellular body. If the cellular body actually degenerates, which may occur in
severe trauma, the entire proximal segment undergoes Wallerian degeneration and is

phagocytized.
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The first signs of wallerian degeneration are observed within 24 hours after nerve
injury, and they are prolonged for about two weeks. First, Schwann cells of the distal
nerve segment are stimulated to proliferate after injury by loss of axonal contact and by
cytokines secreted by macrophages, (Fig. 4). By 48 hours, all axons show complete
disruption of their internal structure with disintegration of the cytoskeleton. Afterwards,
between 48 and 72 hours after injury, there is an important infiltration of macrophages
into the degenerating nerve attracted by chemotactic and inflammatory cytokines such
as leukaemia inhibitory factor (LIF), interleukin 1a or interleukin 13 secreted by reactive
Schwann cells (Tofaris et al., 2002). This recruitment of hematogenous macrophages
is the main pathway for myelin and axonal debris phagocytosis although denervated
Schwann cells may also phagocyte myelin remnants to some extent (Tanaka et al.,
1992). Furthermore, Schwann cells are also de-differentiated and lined up within the
endoneurial tubes to form the bands of Blngner that will provide support for
regenerating axons later. The highest rate of Schwann cell multiplication is reached by
3 days after lesion, and then continues with decreasing frequency for 2-3 weeks to

reach a more than a three-fold increase in number (Salonen et al., 1988).

INJURY DEGENERATION REGENERATION

Figure 4. Wallerian degeneration. Following injury, Schwann cells detach from the
axons, start proliferating and help the recruited macrophages to clear the cellular and
myelin debris. At the same time, expression of stimulating factors by SCs create a
favorable environment for nerve regrowth towards the target organ. (Extracted from
Faroni A et al., 2015).
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2.5. Axonal regeneration

Throughout the regeneration process, axonal sprouts grow down the distal nerve
segment and, if successful, reinnervate their correct targets. However, axonal
outgrowth is slow and occurs at a rate of around 1-2 mm per day (Gutmann et al.,
1942; Kang and Lichtman, 2013). Each regenerating axon may give rise initially to over
10 axonal sprouts (Witzel et al., 2005), but the number of branches decreases with
time in the distal segment, as sprouts that do not make peripheral connections undergo
atrophy and eventually disappear, whereas axons reinnervating target organs mature
and enlarge in size. If nerve regeneration is unsuccesful, axons may sprout within the
proximal stump and form a neuroma. In the distal stump, denervated Schwann cells
proliferate on the basal membrane of the endoneurial tubes and form columns, the so-

called bands of Blingner, over which growth cones advance (Bunge et al., 1982).

The regeneration of a sectioned axon involves the transformation of a stable axonal
segment into a highly motile tip, called growth cone, which senses the surrounding
environment and leads the elongation of the regenerating axon (Mueller, 1999). The
orientation of the advancing tip is guided by gradients of neurotrophic and chemotactic
factors produced mainly by nonneuronal cells (Song and Poo, 1999) (Fig. 5). The
molecular cues that the regenerating axons will find at the lesion site and into the distal
nerve stump can have both chemoattractive and chemorepulsive properties, and can
be diffusible or membrane-bound (Dickson, 2002). Indeed, the different signals may
create a permissive environment for axonal growth or constitute a molecular barrier
that impairs axonal elongation (Tessier-Lavigne and Goodman, 1996).

The chemotaxis and advance of growth cone involves mainly distinct steps: protrusion,
engorgement and consolidation (Mortimer et al.,, 2008). On the other hand, growth
cones consist of three specific domains: a central domain (C-domain) located at the
base of growth cone with stable microtubules (MTs), a peripheral domain (P-domain)
that is composed by filamentous (F)-actin bundles extended into the growth cone
periphery forming the filopodia, and a transition zone (T-zone) placed between MTs
rich C-domain and actin rich P-domain (Bouquet and Nothias, 2007) (Fig. 5A). Actin
polymerization triggers the protrusion of growth cone membrane and this facilitates the
delivery of new microtubule segments at the P-domain, as well as their stabilization
along actin bundles. This allows the displacement of the C-domain forward
(engorgement) and the further consolidation of the nascent axon. The most distal part
of the growth cone, the P-domain bears lamellipodia, membranous protrusions from

which extend several expansions called filopodia, mainly formed by actin filament

14



bundles. Equilibrium between actin polymerization and depolymerization generates

constant protrusion forces that give the ability to explore the microenvironment.

Guidance cues of the external environment also play a key role in the elongation of the
growth cone (Fig. 5B). These cues interact with specific receptors on the surface of the
growth cone, and trigger a cascade of cytoplasmic events that eventually lead to the
cytoskeletal rearrangement associated with oriented neurite extension (Letourneau and
Shattuck, 1989). Neurotrophins, for instance, can exert their chemoattractive gradient
acting through the activation of their receptors that are expressed in the tip of growth
cones. Calcium signal pathways have an important role in axonal guidance as
individual filopodia respond to alterations in the environment by changing internal
calcium concentration, and filopodia on different parts of the growth cone respond

independently via local changes in actin metabolism (Bixby and Harris, 1991).
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Figure 5. The growth cone cytoskeleton. (A) Structural organization of the growth
cone cytoskeleton: Bundled, stable Microtubules (MTs) extend through the axon,
entering the growth cone “wrist.” These terminate in the growth cone “central” domain,
surrounded by a cage of F-actin arcs. F-actin bundles extend into the growth cone
“fingers” (filopodia) to sample the environment. Between the filopodia there exist a
series of cortical actin networks which create the lamellipodial veils. A subset of MTs
can escape the central domain, to trace along F-actin structures and explore the
growth cone periphery. The dynamic plus-ends of MTs are decorated by set of proteins
called plus-end tracking proteins (+TIPs) (not shown). Concentration of +TIPs at the
dynamic leading edge is particularly important as they come in close contact with
signaling cascades that are triggered by external cues. (B) The axon has to travel a
complex landscape which presents a multitude of external chemotropic cues (e.g., red
and green circles represent diffusible cues, light green represents substrate-bound
cues). To properly interpret and navigate these signals, the axon is equipped with a
dynamic cytoskeletal vehicle called the growth cone. (Adapted from Bearce E.A et al.,
2015).
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2.6. Axonal reinnervation and functional recovery

Motor and sensory axons of the PNS are able to regenerate after injury, and may
reinnervate distal targets if the conditions are optimal. However, full functional recovery
does not always occur after nerve injuries from grade Il to V because axons may be
misdirected and lead to unaccurate reinnervation (Lundborg and Rosén, 2001; Valero-
Cabré and Navarro, 2002). After axonotmesis, where the connective sheaths of the
nerve are preserved and only the axons are injured, functional recovery is usually
good. In contrast, after neurotmesis (nerve transection), when the endoneurial tubes
loss their continuity, axons are often misdirected and may reinnervate incorrect target
organs even if refined repair is applied (Bodine-Fowler et al., 1997; Valero-Cabré and
Navarro, 2002). Indeed, only a low percentage of adult patients regain normal function
after complete transection and surgical repair of a major peripheral nerve, and the
occurrence of a postparalytic syndrome, such as paresis, synkinesis, and dysreflexia,

is often present (Kerrebijn and Freeman, 1998).

The mechanisms through which motor and sensory axons specifically reinnervate their
corresponding targets are still poorly understood. Different mechanisms have been
described as possible contributors in axonal guidance in order to facilitate accurate
reinnervation. Some studies defend a preferential muscle reinnervation by motor
axons, the so-called preferential motor reinnervation (PMR) (Brushart et al., 1998;
Brushart, 1993, 1988). Pruning of the axons that reinnervated an erroneous target may
contribute to produce the PMR effect (Madison et al., 1996). Other studies also
identified the existence of the peptide L2/HNK1 (Martini et al., 1992) expressed in
motor but not sensory Schwann cells and the presence of NCAM on Schwann cells of
sensory but not in motor fascicle fractions (Franz et al., 2005) that may contribute to
PMR. On the other hand, other authors argue that the key point for preferential
attraction of axons to their targets is the expression of trophic factors by the own target

organ and the distal stump (Madison et al., 2007).

Additional problems to reinnervation accuracy can be related with the generation of
axonal sprouting in proximal growth cones and before target reinnervation. Axonal
sprouting has been regarded as an adaptive mechanism to compensate for reduced
functional capacity after injury. Each transected axon can sprout up to 25 branches
(Mackinnon et al., 1991) and excessive sprouting leads to reinnervation of different
muscles by a single motoneuron (Fig. 6), often with antagonizing action and leading to

abnormally associated movements (Ilto and Kudo, 1994). In addition, it will also
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inevitably result in the enlargement of motor units (Gordon et al.,, 2004) and
reinnervation of motor endplates by more than one axon, a state known as
“polyinnervation” (Rich and Lichtman, 1989; Vleggeert-Lankamp et al., 2005), with
muscle fibers being controlled by two or more asynchronously firing motoneurons (Fig.
6). Furthermore, some problems are also found related with inaccurate sensory
reinnervation. For example, injury-induced sprouting of A-, C- or sympathetic fibers is
likely to be involved in the generation of pain at the level of the peripheral nociceptor or
within affected dorsal root ganglia (Ramer et al., 1999). Sensory aberrant reinnervation
can result in mistaken localization of stimuli (Kimura et al., 1975) and misinnervation of
proprioceptive sensory axons and the reorganization of spinal motor reflexes also limit
locomotor recovery by altering the ordered recruitment of flexor and extensor motor
units (Wasserschaff, 1990).

Control nerve Lesioned nerve

Lesion

Axon sprouting
Axon misdirection
Figure 6. Misdirection in axon regeneration. After peripheral nerve injuries, only
_60% of patients regain useful function. Three main problems have been identified.
First, axons stop elongating and form local sprouts, resulting in neuroma formation.
Second, axons elongate but form sprouts that innervate more than one peripheral
nerve branch. Third, false regeneration into the wrong nerve can occur, leading to
unsuccessful regeneration, for example, if motor axons grow into sensory nerves or
vice versa. Current research efforts attempt to identify the relevant neuronal signaling

mechanisms and specifically enhance axon elongation without promoting axonal
sprouting at the lesion site. (Extracted from Klimaschewski L et al., 2013)

Besides, the time of nerve regeneration and the state of end target organs also
contribute to reinnervation and functional recovery. End organs undergo characteristic
histological changes with nerve degeneration and subsequent reinnervation. Although
the synaptic folds of motor endplates are preserved for at least 1 year after
denervation, muscle fibers atrophy quite rapidly (a mean 70% reduction of cross-
sectional area by 2 months) and cell nuclei assume a central rather than the normal
peripheral position (Gordon et al., 2011). Furthermore, there is a massive proliferation

of fibroblasts that characterize the histological picture of denervation, and this
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intramuscular fibrosis may limit the efficacy of the contraction produced by a nerve
impulse. Hence, axonal development and maturation are aborted if the end organ, due
to prolonged denervation, has undergone degenerative changes that do not allow the
establishment of functional connections. If the entry of regenerating axons into the
distal segment is delayed more than approximately 4 months, the axons may enter
endoneurial tubes of small diameter, generally 3 um or less. This shrinkage can make it
more difficult for axon sprouts to locate and enter endoneurial tubes, but this does not
appear to impede axonal regrowth once sprouts are inside the tubes (Burnett and
Zager, 2004).

3. Strategies to increase axonal regeneration after tube repair

Nerve regeneration through a nerve guide requires the reconstitution a new neural
structure that gives support to axon regeneration. During the first days after tube
implantation, fluid mainly derived from blood extravasation invades the lumen of the
tube. Then, a fibrin cable matrix is formed within the tube, bridging both nerve stumps.
Afterwards, different non-neuronal cells such as fibroblasts or Schwann cells migrate
from both stumps along the fibrin cable providing neovascularization, connective
strands, basal lamina and secreting a variety of neurotrophic and extracellular matrix
compounds that stimulates the growth of axonal sprouts from the proximal stump.
Concurrently, the fluid surrounding the regenerative cable in the tubes contains also
macromolecular factors, which display neurotrophic activity and promote Schwann cell
migration and proliferation. By 3 weeks, depending on the gap length, nonneuronal
cells can completely bridge the chamber, and unmyelinated and myelinated axons are
found distally. As regeneration progresses, the nerve increases in caliber. Finally, the
newly regenerated nerve is usually centered in the tube lumen surrounded by a thin
perineurium and composed of small fascicles with myelinated and unmyelinated axons
(Williams et al., 1983). Nevertheless, the success of intratubular regeneration depends
upon the capability of the injured nerve to provide enough humoral and cellular

elements that constitute the initial regenerative cable (Navarro and Verdu, 2004).
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3.1. Synthesis of new biomaterials to develop nerve quide conduits

The first studies using tubulization to repair nerve sections date from the 19" century
(Gluck, 1880; Vanlair, 1882). Remarkably, this technique has rather evolved on
account of new materials available at the time than by practical application of advances
in theory (Fields et al., 1989). Several studies have been aimed to develop and test
new materials and fabrication techniques to produce new nerve guides that are able to
enhance regeneration and allow to bridge difficult injuries (Arslantunali et al., 2014;
Chiono and Tonda-Turo, 2015; Deumens et al., 2010).

Different type of tubes used in previous years can be divided in different groups: one
group is composed by biologial materials like collagen (Archibald et al., 1991) or silk
(Yang et al., 2007) with positive results in short but not in long gaps. On the other hand,
chitosan tubes have shown promising results with some results similar to autograft
outcomes (Meyer et al., 2016). In the family of synthetic materials, silicone has been
used as standard material for tube repair for many years (Fields et al., 1989; Lundborg
et al.,, 1982; Williams et al.,, 1983) providing the accepted interstump limits for
successful peripheral nerve regeneration of up to 4 mm in the mouse, 10 mm in the rat
and 30 mm in large primates (Navarro and Verdu, 2004; Yannas and Hill, 2004). Other
materials such as poly-glycolic acid (PGA), poly-(lactic acid) (PLA), poly-caprolactone
(PCL), poly-(lactide-coglycolide) (PLGA) copolymer, poly(3-hydroxybutyric acid (PHB)
or poly(acrylonitrile-co-methylacrylate (PAN-MA) have also been used in different
studies to repair peripheral nerve injury (Deumens et al., 2010; Konofaos, 2013;
Nectow et al., 2012) with different outcomes.

With regard to clinical practice, the repair of peripheral nerve sections with nerve
guides has been assessed as an alternative to direct nerve suture or to nerve
autografts to bridge short (less than 2 cm) gap defects. In a prospective randomized
study comparing primary suture versus silicone tube repair of transected median or
ulnar nerves in the forearm, Lundborg and colleagues reported no differences between
the two techniques after 1 or 5 years after surgery (Lundborg et al., 2004, 1997). In
another randomized trial (Weber et al., 2000) a bioresorbable polyglycolic acid conduit
was compared with standard repair, either end-to-end or with a short nerve graft, of
digital nerve transection in the hand. The overall results showed no significant
difference between the two groups, although the group with a conduit had improved

recovery of sensory discrimination.
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3.2. Filling nerve quides with biological molecules

3.2.1. Extracellular matrix (ECM)

The ECM is an intricate network of macromolecules (e.g. proteins or polysaccharides)

that has mainly structural functions, providing support and maintaining cellular
regulation. Moreover, many cells interact with the ECM through specific membrane
receptors to modulate their behavior. The ECM components can be divided into two
main categories: proteoglycans and glycoproteins. Among the latter, three of them
have an important role in axonal regeneration and their effects have been proved both
in vivo and in vitro: collagen (Babington et al., 2005), fibronectin (Gardiner et al., 2007)
and laminin (Werner et al., 2000).

-Collagens are trimeric molecules formed by three a chains and can be divided into
several sub-families according to the type of structure they form: fibrillar (types I, Il, I,
V, Xl), facit-fibril associated collagens with interrupted triple helices (types IX, XllI, XIV),
short chain (types VI, X), basement membrane (type IV) and other kinds with a
different conformation (types VI, VII, XIll). It is interesting to highlight the role of those
related to fibril formation (collagen type |) and the basement membrane (collagen type
IV) with axon pathfinding in neural development and in synaptic connection and

maintenance (Fox, 2008).

- Laminins are major proteins of the ECM participating in cell differentiation, migration,
and adhesion activities. They are mainly found in the basal lamina and different
isoforms can be secreted by Schwann cells such as laminin-2 (a2, 1, y1) and laminin
8 (a4, B1, y1) found in the peripheral nerves (Wallquist et al., 2002), or laminin 10 (a5,
B1, y1) that can be detected in sensory end organs (Caissie et al., 2006). Furthermore,
laminin is the adhesive component that gives the regenerative promoting capability to
basal lamina scaffolds after nerve injury (Wang et al., 1992) and has been shown to

promote neuritogenesis in vitro (Agius and Cochard, 1998).

- Fibronectin is the other major component of noncollagen glycoproteins of the ECM
(Singh et al., 2010). It forms a fibrillar network and maintains interactions with collagen
IV and laminins, promoting cell proliferation and differentiation. Moreover, although
fibronectin binds mainly to integrins, it contains also domains for fibrin, collagen,
heparin and syndecan (Mao and Schwarzbauer, 2005). In the nervous system,

fibronectin is up-regulated immediately after peripheral nerve injury (Lefcort et al.,
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1992) and secreted by Schwann cells and fibroblasts (Chernousov and Carey, 2000;

Evercooren et al., 1986).

As a matter of fact, it has been reported that ECM component in nerve guides promote
formation of a larger-diameter matrix that enhance axonal growth compared with empty
nerve guides (Gonzalez-Perez et al.,, 2015). However, gel substrates, even if
containing neuritotropic factors, may impair regeneration by physically impeding the
migration of non-neuronal cells and regenerating axons if they are too dense or provide
too narrow pores network (Navarro and Verdu, 2004). It has also been reported that
gels composed of collagen or laminin at the maximal dilution that still allows
gelification, were the most successful in enhancing regeneration, but the improvement
was limited and results still worse than those found with an autograft (Labrador et al.,
1998). Hence, prefilling the lumen of nerve guides with ECM components such as
collagen, fibronectin or laminin-containing gels can improve nerve regeneration not
only through their neurotropic effects but also by creating porous scaffolds with
longitudinally oriented pathways that mimic the endoneurial tubules of the nerve and

thus enhance cellular and axonal migration (Gonzalez-Perez et al., 2015).

3.2.2. Neurotrophic Factos (NTFs)

As previously described, damage to the adult PNS induces cellular mechanisms that
control neuronal differentiation, survival and axon growth (Allodi et al.,, 2012).
Neurotrophic factors represent one of the most studied areas of research aimed at

finding new and more effective treatments for nerve regeneration and axon guidance.

After injury, denervated Schwann cells increase the expression of several neurotrophic
factors like glial cell-derived neurotrophic factor (GDNF), fibroblast growth factor (FGF-
2) or other neurotrophic factors from the familiy of neurotrophins such as nerve growth
factor (NGF), brain-derived neurotrophic factor (BDNF) or neurotrophin-3 (NT3).
Studies from Hoke and colleagues (Hoke et al., 2006) describe that Schwann cells of
sensory and motor (ventral roots) nerves exhibit differing growth factor profiles at
baseline and, interestingly, respond differently during denervation and when
reinnervated by cutaneous or motor axons. Specifically, mRNAs for NGF, BDNF,
vascular endothelial growth factor (VEGF), insulin growth factor 1 (IGF-1) and
hepatocyte growth factor (HGF) are expressed vigorously by denervated and

reinnervated cutaneous nerves but minimally by ventral roots, whereas mRNAs for
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GDNF and pleiotrophin are increased to a greater degree in motor than in cutaneous
nerves. Such differences are maintained during Wallerian degeneration, although they
tend to decline with time when reinnervation was induced by the wrong type of axons
(Hoke et al., 2006).

On the other hand, neurotrophins and other trophic factors play also a role in axonal
guidance in development and after injury. The same intracellular mechanisms that
regulate the effect of neurotrophins in nerve survival and axonal growth are also
responsible for their attraction properties (Huang and Reichardt, 2001). For example,
the presence of a specific concentration of either BDNF or NT-3 attracts the growth
cone of spinal neurons in cultures (Song et al., 1997). Likewise, coactivation of PLC-y
and PI-3K via the receptor TrkA is responsible for the chemotactic effect of NGF on
spinal cord neurons. The intracellular levels of this specific second messenger, which is
activated into the growth cone, regulate whether the growth cone is going to turn to or

turn away from the axonal guidance source (Ming et al., 1999).

Therefore, the addition of neurotrophic factors into nerve guides can enhance nerve
regeneration, neuronal survival and axonal guidance; however, some efforts are still
needed to optimize their application and their effects. A detailed description of the most
studied neurotrophic factors and their effects on different populations are described

below:

GDNF: Sensory, motor and autonomic neurons are responsive to trophic effects
mediated by GDNF (Buj-Bello et al., 1995; Ebendal et al., 1995; Henderson et al.,
1994). Two weeks after birth, some of the small-diameter non-peptidergic neurons of
the DRG lose their sensitivity to NGF and become GDNF sensitive (Bennett et al.,
1996; Molliver et al., 1997) but higher levels are expressed in cutaneous nerves than
ventral roots in adulthood (Hoke et al., 2006). However, after injury GDNF is similarly
up-regulated both in ventral and dorsal roots (Hoke et al., 2001) and overexpression of
this factor in motoneurons improve neuronal survival after axotomy (Zhao et al., 2004).
The up-regulation in both motor and sensory neurons of GDNF after injury triggers also
the up-regulation of its receptor (GFRa-1) suggesting its important role for neurotrophic
support (Hoke et al., 2000). In fact, several studies have showed that external
application of GDNF enhances regeneration of both motor and sensory axons. For
example, sustained delivery of GDNF to the injury site in vivo by a synthetic nerve
guide allowed regeneration of both sensory and motor axons over long gaps to a

significantly higher number than with NGF delivery (Fine et al., 2002). Furthermore,
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GDNF expression decline was associated with impaired regeneration after long-term
denervation (Hoke et al., 2002), whereas GDNF applied to the proximal stump of
chronically sectioned nerves increased the number of motoneurons that were able to
regenerate their axons (Boyd and Gordon, 2003a). On the other hand, GDNF has also
important effects on Schwann cells, and when applied at high doses in adult rats it
induces proliferation of Schwann cells and even myelination of normally unmyelinated

small axons (Hoke et al., 2003).

FGF: Different isoforms of this trophic factor are expressed in adult nervous tissue by
glial cells and different neuronal populations and play a key role in signal transduction
in central and peripheral nervous systems (Ornitz and Itoh, 2001). Among the 23
members of the FGF family, FGF-2 has been shown to be the most important
contributor to nerve regeneration (Grothe and Nikkhah, 2001) and four different high
affinity tyrosine transmembrane receptors have been described to which FGF-2 binds
with different affinities (Ornitz et al., 1996). The main receptors in the nervous system,
FGFR 1-3, are up-regulated after injury (Grothe et al., 1997) and in vitro studies have
found enhanced sensory neuron outgrowth after FGFR-1 overexpression, mediated by
activation of extracellular signal-regulated kinase (ERK) and Akt pathways (Hausott et
al., 2008). FGF-2 isoforms seem to be differentially regulated after injury (Giordano et
al., 1992; Grothe et al., 2000; Meisinger et al., 1996) and differential effects of FGF-2
isoforms have been reported. Transplantation of Schwann cells overexpressing the 21—
23 kDa FGF-2 form supported sensory recovery through a long gap injury, whereas the
18 kDa isoform inhibited myelination of regenerated axons (Haastert et al., 2006). In
contrast, in cultured DRG neurons both low- and high molecular weight FGF-2 isoforms
increase the number of axonal branches from control rats. In addition, it has been also
demonstrated that FGF-2 enhance motor neurite outgrowth both in vitro and in
vivo(Allodi et al., 2014, 2013). Furthermore, it has also been reported that FGF-2 acts
on Schwann cells stimulating their mitogenesis and proliferation (Davis and Stroobant,
1990).

Neurotrofins: The family of neurotrophins consists of NGF, BDNF, NT-3 and
neurotrophin-4/5 (NT-4/ 5), which can bind to two structurally unrelated receptors: the
neurotrophin receptor p75NTR and the tropomyosin receptor kinases (TrkA, -B, and -
C). Binding of neurotrophins to the Trk receptors is selective with NGF binding to TrkA,
BDNF and NT-4/5 to TrkB and NT-3 to TrkC (Chao, 2003). However, many neurons
co-express Trk receptors and p75NTR, which together strengthen the affinity and
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specificity of the neurotrophins for the Trk receptors probably through the formation of a
receptor complex (Bibel et al., 1999; Hempstead et al., 1991; Wright and Snider, 1995).
The neurotrophins bind to their respective Trk receptors to mediate survival and
differentiation via extracellular signal-regulated kinase (ERK), phosphatidylinositol 3-
kinase (PI3K) and phospholipase C-y (PLC-y) pathways. Neurotrophins can also
provide survival signaling via p75NTR and the NF-kB pathway or affect cytoskeletal
organization and neurite outgrowth via downstream RhoA kinase activity (Chao, 2003;
Reichardt, 2006). Yet, p75NTR is better recognized for its ability to induce cell death
signaling via binding of various intracellular adaptor proteins, ultimately activating the c-
Jun N-terminal kinase (JNK) pathway and subsequently p53 leading to apoptosis
(Vaegter, 2014).

NGF: This neurotrophin was first described to have remarkable growth promoting
effects on sympathetic and spinal ganglia of the chick embryo (Cohen and Levi-
Montalcini, 1956) and has long been characterized for its effects on sensory neurons
as some studies report is required for the survival of developing sympathetic and
sensory neurons (Freeman et al., 2004). In adult animals, neither NGF nor its mRNA
are detected in the intact adult rat sciatic nerve but its expression is markedly induced
in non-neuronal cells of the distal and the immediate proximal segment of transected
nerves (Heumann et al., 1987a, 1987b). The levels of NGF mRNA exhibit a biphasic
response to axotomy with an immediate early rise in NGF mRNA peaking 6 h after
injury. The second increase in NGF mRNA expression is slower and is believed to be
caused by IL-1, released by macrophages invading the site of injury during Wallerian
degeneration and lasting several weeks (Heumann et al., 1987b; Lindholm et al.,
1987). Several studies point to Schwann cells as the source of NGF (Funakoshi et al.,
1993; Heumann et al., 1987a; Lindholm et al., 1987; Meyer et al., 1992) in the
transected nerve by induction of p75NTR expression.

NGF is needed for collateral sprouting of nociceptive and sympathetic axons into
denervated skin, but does not affect large sensory axons (Diamond et al., 1987;
Gloster et al.,, 1992). However, it has been described that application of NGF after
axotomy delays the onset of regeneration (Gold, 1997), probably by reducing the
neuronal body response to injury (Mohiuddin et al., 1999), although without
compromising the rate of subsequent regeneration. On another hand, focal
administration of NGF or NT-3 to adult axotomized nerves inside a blinded
impermeable chamber effectively prevented sensory neuronal loss, which mainly
affects small DRG neurons (Groves et al., 1999; K.M Rich, J.R Luszczynski, P.A
Osborne, 1987).
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BDNF: In intact animals, BDNF is differently expressed in motor and sensory neurons,
and after injury, it can be detected also at higher concentrations in cutaneous nerves
than in ventral roots (Hoke et al., 2006). Following nerve injury, some studies suggest
that Schwann cells of the distal nerve stump synthesize BDNF and that they are
responsible for the BDNF increase following injury (Acheson et al., 1991; Funakoshi et
al.,, 1993; Meyer et al., 1992; Zhang et al., 2000). A continuous slow monophasic
increase of BDNF mRNA is observed in the distal segment of the rat sciatic nerve
starting 3 days after axotomy and reaching maximal levels after 2—4 weeks (Funakoshi
et al., 1993; Meyer et al., 1992). The role of BDNF in nerve regeneration is
controversial, although the presence of its receptor trkB seems crucial to sustain
axonal regeneration (Boyd and Gordon, 2001).

By depriving endogenous BDNF with BDNF-neutralizing antibodies it was observed a
reduced elongation of regenerating axons and myelination following sciatic nerve crush
injury, which indicates that endogenous BDNF is important for stimulating axonal
elongation (Zhang et al., 2000), whereas local infusion of BDNF improved nerve
regeneration in neural conduits (Vogelin et al., 2006). Interestingly, (Boyd and Gordon,
2001) described no effects on axonal regeneration when BDNF was administered
acutely after a cut and suture of the sciatic nerve, although it enhanced regeneration in
a dose dependent manner when applied after chronic axotomy (Boyd and Gordon,
2003a). Similar results to BDNF deprivation were observed when the expression of
TrkB receptor is significantly attenuated in heterozygous TrkB mutant mice, as it
appears to be critical for motor neuron axonal regeneration as axonal regrowth. In
contrast, function-blocking antibodies against p75NTR have been reported to increase
motor neuron axonal regeneration and to reverse the inhibitory effect of BDNF at high
doses, indicating an inhibitory role of p75NTR on motor neuron axonal regrowth (Boyd
and Gordon, 2002).

On the other hand, the role of Schwann cell-derived BDNF in regeneration of motor
neuron axons has recently been examined by analyzing regeneration of wild-type
motor neuron axons through grafts of BDNF-deficient Schwann cells. The length of
regenerating axons into grafts of BDNF-deficient Schwann cells have been found to be
significantly shorter than those growing into wild type grafts. Addition of recombinant
human BDNF at the site of repair were shown to rescue axon regeneration in absence
of Schwann cell-derived BDNF as well as to enhance the length of regenerating axons
into wild type grafts (Wilhelm et al., 2012), indicating that BDNF derived from Schwann

cells is important for motor neuron axonal regeneration after nerve transection.
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NT-3: In baseline conditions, neurotrophin-3 is present at higher concentration in
cutaneous sensory than in motor nerves, but no great differences between roots have
been found after injury (Hoke et al., 2006). NT-3 is also present in adult skeletal
muscles and has a trophic role on motoneurons and primary sensory neurons
innervating muscles. Its trophic action on motoneurons has been shown in vitro (Braun
et al., 1996), whereas in vivo it seems to exert a selective action on type 2b fast muscle
fibers (Sterne et al., 1997; Sternel et al., 1997). On the other hand, other studies
confirm its important role for the survival of proprioceptive and mechano-receptive
sensory neurons (Airaksinen et al., 1996; Ernfors et al., 1993). Consistent with these
effects, the impact on axonal regeneration of the rat peroneal nerve after injury has
been investigated using genetically modified peripheral nerve grafts repopulated ex
vivo with Schwann cells modified to express NT-3, which has been found to result in a
significant increase in the number of sensory fibers (Godinho et al., 2013).

After nerve injury, NT-3 levels in nerve tissue has been shown to decrease shortly after
nerve transection, but to return to the normal level 2 weeks post injury (Funakoshi et
al., 1993; Meyer et al., 1992). As is the case for NGF, studies indicate Schwann cells
as being the source of NT-3 in the transected nerve (Meier et al., 1999; Sahenk et al.,
2008). Moreover, NT-3 is important for survival of denervated Schwann cells in the
distal segment of the injured nerve. Mature Schwann cells in adult nerves are able to
survive in absence of axons by establishing an autocrine survival loop (Meier et al.,
1999) and NT-3 is one of the important factors of this autocrine regulatory mechanism
that support long-term Schwann cell survival (Meier et al., 1999; Sahenk et al., 2008)
and nerve regeneration and remyelination after peripheral nerve injury (Sahenk et al.,
2008).

With regard to in vitro experiments, it is interesting to highlight that in chicken embryos,
NT-3 responsive sensory neurons extend neurites well both on laminin and fibronectin
coated coverslips, whereas NGF responsive neurons grow better only on laminin.
Thus, differences seem to exist in substrate preference between NGF and NT-3
responsive sensory neurons (Guan et al., 2003). Moreover, some effects in axonal
guidance have also been observed in mixed population of DRG neurons by using a
compartmentalized delivery of NGF and NT-3. (Loffi et al., 2011) found that the NGF
channel attracted nociceptive axons, which elongated longer when compared to saline
or NT-3 channels, whereas there were more proprioceptive fiber branches in the NT- 3

channels. However, the authors failed to corroborate these findings in vivo.
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Figure 7. Neurotrophin signalling. Interactions of each neurotrophin with Trk and
p75NTR receptors and major intracellular signalling pathways activated through each
receptor. The p75NTR receptor regulates three major signalling pathways. NF-kB
activation results in transcription of multiple genes, including neuronal survival
promotion; or activation of the Jun kinase pathway which similarly controls activation of
several genes, some of which promote neuronal apoptosis and the activation of Rho,
which controls growth cone motility. Each Trk receptor also controls three major
signalling pathways. Activation of Ras results in activation of the MAP kinase-signalling
cascade, which promotes neuronal differentiation including neurite outgrowth.
Activation of PI3 kinase through Ras or Gab1 promotes survival and growth of neurons
and other cells. Activation of PLC-y1 results in activation of Ca?*- and protein kinase C-
regulated pathways that promote synaptic plasticity. (Extracted from Reichardt LF et
al., 2006).

3.3. Controlled release of biological molecules

Trophic factors can be administered either systemically or locally. Although
intraperitoneal systemic administration is usually preferred for several treatments and a
few studies show some good results (Sahenk et al., 1994) on nerve regeneration, the
fact is that this type of administration is not usually used and a local delivery of the
trophic factor is chosen (Johnson et al., 2008).

On the other hand, neurotrophic factors added within the nerve lesion environment can

degrade rapidly (Ejstrup et al., 2010) or diffuse out of its site of action thus exerting
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lower effects than expected (de Boer et al., 2012). In order to have an uninterrupted
presence of the trophic factor within the axon regeneration milieu different approaches
have been used such as by using repeated injections through catheters (Mcdonald and
Zochodne, 2003), osmotic minipumps (Hontanilla et al., 2007), gene therapy (Haastert
et al., 2006), binding the factors to extracellular matrix molecules (Sakiyama-Elbert and
Hubbell, 2000; Sternel et al., 1997) or to the wall of nerve conduits (Madduri et al.,
2010). However, each of these strategies still present some difficulties to reach optimal
nerve regeneration.

In this context, strategies involving injectable biocompatible and biodegradable
microspheres (MPs) associated to selected bioactive molecules may provide a
sustained and controlled release of factors, offering valuable approaches for

overcoming those limitations.

3.3.1. Osmotic minipumps and catheters

Osmotic minipumps are devices that can be chronically implanted in patients or animal
models and consist in a reservoir for the drug solution and an adjacent or surrounding
chamber filled with an osmotically active agent that is enclosed in a semipermeable
membrane (Theeuwes and Yum, 1976). When exposed to an aqueous environment,
water penetrates into the osmolyte chamber and exerts a pressure on the reservoir that
delivers the drug solution generally at zero-order kinetics via a catheter. When used in
nerve regeneration to deliver drugs within the regeneration environment, the catheter is
directed towards the nerve conduit (NC) or nerve gap and osmotic minipumps can be
used to deliver focally different drugs at constant rates for typically up to 4 weeks
(Pfister et al., 2007). Indeed, to determine the therapeutic window of growth factors
such as BDNF and GDNF, an osmotic minipump was used after nerve section and
repairt with different nerve grafts. BDNF exhibited a bimodal dose response as high
doses (8 mg/day) inhibited motor neuron survival in a dose-dependent manner
whereas low doses (0.5-2 mg/day) had no detectable effect after immediate repair, but
reversed the negative effects of chronic axotomy 2 months prior to nerve resuture
(Boyd and Gordon, 2002). In contrast, GDNF showed no dose dependency within the
tested range (0.1-10 mg/day), but a synergistic effect in combination with BDNF was
observed (Boyd and Gordon, 2003).

However, the use of osmotic minipumps shows also some limitations. They are
particularly unwieldy and the demanding microsurgical handling for placing the catheter

may become problematic in locations where space is scarce, such as in hand surgery
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or experimental surgery in small animals. Moreover, they are not biodegradable, thus a
surgical explantation is required at the end of the therapy. Furthermore, the
maintenance of the catheter in the correct position during nerve regeneration appears

difficult (Santos et al., 1998). Therefore, their use in therapeutic applications is limited.

3.3.2. Microspheres

Polymeric biodegradable microspheres (MP) have been used for the sustained delivery
of neuronal growth factors in the context of both the implantation in the brain (Menei et
al., 2000; Péan et al.,, 2000) and the combination with nerve conduits for peripheral
nerve repair (Whitehead and Sundararaghavan, 2014). The use of MP can extend the
therapeutic window, decrease the dosing frequency and thus improve the therapeutic
compliance. Particularly, it has been observed that the immobilization GDNF
microspheres into a tube wall enhance sciatic nerve regeneration in 15 mm gaps in rats
(Kokai et al., 2011) and GDNF microspheres mixed in fibrin glue enhance nerve

regeneration (Tajdaran et al., 2015).

One of the main polymers used to synthetize MP is poly (lactic-co-glycolic acid) (PLGA)
and it is approved as biodegradable polymer for in vivo use by the US Food and Drug
Administration (FDA). Moreover, the application of a combination of different MP
containing several neurotrophic factors is also plausible. In addition, the protocol for
MP preparation can be adapted in order to modify the behaviour of the microspheres
regarding both kinetics and dosage release for different periods (Jain, 2000). Hence, a
patient individualized growth factor treatment (depending on nerve type, lesion degree,
gap length, patient’s age, etc...) could be achieved by loading the desired amount of
different trophic factors in microspheres into a nerve conduit NC and thus personalize

the treatment so as to improve the regeneration outcomes.

Moreover, in nerve conduits, MP can be loaded either into the wall or filling the lumen.
In the lumen, the MP can be filled as aqueous suspension (Xu et al., 2002) or
dispersed in a hydrogel or collagen matrix (Rosner et al., 2003). However, filling the
guide with different matrices instead of saline assures an immobilization of MP into the
lumen during the regeneration process and prevents the MPs to dilute out the lumen or

result in sub-optimal concentrations after liquid infiltration.

Thus, the use of MP as a prolonged delivery system can be a powerful tool to enhance
nerve regeneration. The lengthening of the trophic support will be of further relevance

for the repair of long gaps with nerve conduits, a situation in which the endogenous
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support is insufficient to sustain axonal regeneration, as well as for delayed repair of
nerve injuries that need a reactivation of the pro-regenerative environment along the

distal nerve.

4. Neuroprostheses and nerve interfaces

After loss of a body part, most commonly a limb, there is not only a major reduction of
motor and sensory tasks but also psychological distress produced by the missing
extremity disrupting patient’s own image and self-assurance.

In order to solve this problem, the use of prosthesis to artificially replace the amputee
limb has been a solution even in the ancient Egypt (Nerlich et al., 2000). The use of
cosmetic prostheses can help to cope with the grief and improve self-esteem of the
subject but with such devices no significant functionality and restoration of
sensorimotor lost functions can be achieved. Myoelectric prostheses can help to modify
the environment and still give some aid in the daily activities but still offer limited
actions (Micera, 2016). Thus, an ideal prosthesis should substitute the missing parts of
the body and recover its previous normal roles by resembling as much as possible the
lost extremity, being operated by the own patient and also offering the ability to perform
different complex movements and providing the patient with information sensed from

the environment (del Valle and Navarro, 2013).

With this regard, several neuroprostheses have been designed that are able to perform
different movements with multifold degrees of freedom (Kwok, 2013) and that
incorporate several sensors that are able to perceive (Raspopovic et al., 2014) and
even discriminate (Oddo et al., 2016) small variations of the environment and provide
the patient with useful sensory information. However, a critical part of the
neuroprosthesis is the electrode that interfaces the nervous system and interconnects

the human with the mechanical device.

An interface includes all the elements of a system between the machine processor and
the human tissues. Thus, an interface entails an electrode or sensor in direct contact
with the biological target and the internal wires that link the inner body with the outer
processor, the data-acquisition circuitry, and the command unit for controlling the
artifact or effector (Navarro et al 2005). Hence, in a neurosprosthesis, the electrode will
need to selectively record efferent bioelectrical activity in peripheral nerves that stems
from commands of the brain and transform these impulses into electrical signals that

activate the motors of the prosthesis. Ideally, the electrode should also be able to
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translate the signals of the sensors in the device into electrical inputs and properly
transform this information into biological activity that will provide sensory feedback
through afferent pathways to the patient (del Valle and Navarro, 2013). Furthermore,
inside electrodes several active sites (AS) placed at different points of the surface
electrode may increase the probability to stimulate/record different groups of axons and
thus provide and exert different and complementary actions. (Micera and Navarro,
2009).

Thus, nerve electrodes should bidirectionally and selectively interface different specific

motor and sensory pathways with the best possible long-term biocompatibility.

Peripheral nerve interfaces are of interest because of their reduced invasivity
compared with central neural interfaces, and the possibility of delivering an appropriate
bidirectional communication by means of a single device, since peripheral nerves
contain both motor and sensory fibers (Navarro and del Valle, 2014). Selective
electrical interfacing aims at contacting nerve fibers as selectively as possible, requiring
devices and fabrication technology in the size of micrometers (Rutten, 2002). However,
the use of many small electrodes does not always grant the expected selectivity within
the praxis. For example, nerve fibers are recruited by electrical stimulation according to
their thickness, therefore large motor fibers innervating the fast-fatigue and strong
motor units are activated earlier than the physiologically first-recruited thinner fibers
controlling slow fatigue-resistant motor units in what is called inverse recruitment with
electrical stimulation (Navarro et al., 2005). In addition, it should also be taken into
consideration that a neural interface implanted in a mixed nerve may also lead to a low
selective stimulation, as one AS could stimulate at the same time both motor and
sensory axons. However, with increasing invasiveness of the implant, higher selectivity
of interfacing individual nerve fibers may be reached, lower intensity of stimulation is
needed and better signal recording is achieved as the interposition of tissue between

the electrode and the axons is reduced (del Valle and Navarro, 2013).

Different types of electrodes have been developed to interface the PNS for different
biomedical applications (Navarro et al., 2005; Schultz and Kuiken, 2011). Nerve
electrodes can be classified into three main categories depending on nerve

invasiveness: extraneural, intraneural and regenerative. (Figure 8).
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Interface selectivity

Invasiveness/nerve damage

Figure 8. Peripheral nerve electrodes. Electrodes used to interface peripheral nerves
classified according to their invasiveness and selectivity. Images show examples of (A)
cuff electrode, (B) flat interface nerve electrode (FINE), (C) longitudinal intrafascicular
electrode (LIFE), (D) transverse intrafascicular multichannel electrode (TIME), (E)
multielectrode array (USEA), (F) sieve electrode, and (G) microchannel electrode.
(Extracted from del Valle J et al., 2013)

Extraneural electrodes, such as cuff and FINE (Fig. 8 A-B) (Micera and Navarro, 2009)
or the new design neural ribbon (Xiang et al., 2016) are implanted wrapping the nerve
with two or more electrode sites in facing the axons (Tan et al., 2014). The ensheathing
design of extraneural electrodes reduces their selectivity, thus large myelinated fibers
located at superficial locations will preferentially be interfaced (Badia et al., 2011) and
those axons located in deep fascicles will remain as if they were silent. However, the
reduced invasiveness of these electrodes makes them easier to handle and safer to

implant for different biomedical applications (del Valle and Navarro, 2013).

On the other hand, in order to improve the selectivity with respect to extraneural
electrodes, intrafascicular electrodes (Fig. 8 C-E) are invasively implanted in the nerve
and thus are in close contact with the axons of different fascicles. In fact, these
electrodes have been used in several studies in rats to stimulate different muscles and
record ENG signals elicited generated after tactile or propioceptive stimuli (Cutrone et
al., 2015). Moreover, electrodes like LIFE have been implanted in humans for control of
a distal neuroprosthesis and for sensory feed-back (Rossini et al., 2010), MEAs to pilot

a wheelchair (Warwick et al., 2003) and USEAs to command virtual robotic fingers and

32



induce sensory percepts (Davis et al., 2016) and, finally, TIMEs to govern an implanted
neurosprosthesis being it able to perform distinct movements and distinguish several
stiffness (Raspopovic et al., 2014) and even discriminate between different coarseness
of objects (Oddo et al., 2016).

Regenerative electrode

Regenerative electrodes represent a different approach to interface the PNS and are
probably the most invasive electrodes but also the ones that are envisioned to offer the
highest level of selectivity (del Valle and Navarro, 2013). Regenerative electrodes are
not designed to be implanted in an intact nerve but they are thought to be implanted
between the cut stumps of a peripheral nerve. They are envisioned to interface a high
number of nerve fibers by using an array of contacts covered by the axons as they
regrow over or within them, thus, making it possible to record action potentials from
and to stimulate small groups of axons (Navarro and del Valle, 2014). The first and
most investigated design of a regenerative electrode was the sieve electrode (Akin et
al.,, 1994) (Fig. 8F), composed of an array of via holes with electrodes built around
them and placed in the gap between stumps of a transected nerve. Thus, the axons
regenerate through the holes, and the electrodes can interface the small bunch of
axons of every single hole reaching a high level of selectivity.

The most ambitious utilization of sieve electrodes is the implantation in the sectioned
nerves of an amputee so as to interface the axons that formerly innervated the severed
limb for a bidirectional interface with the prosthetic limb. Regenerative electrodes not
only grant selective stimulation of small groups of regenerated fibers (Lago et al., 2007)
but also allow providing receptive signals from different sensory areas to the interface
(Navarro et al., 1998). Despite full nerve regeneration is not achieved due to the
obstacle of the sieve for growing axons, sieve electrodes have shown promising results
after 30 months implant in cats, as only minor electrical changes were found in
regenerated nerves and sound levels of functionality were reached (Panetsos et al.,
2008). However, extensive research done with these electrodes has raised some
questions that still need to be solved. Sieve electrodes are thought to make the axons
grow through small holes limiting the possibility to use these electrodes in acute
experiments (Navarro et al., 2005). On the other hand, long-term studies have shown
some signs of axonopathy in several regenerated fibers due to compression after 6
months in rats (Lago et al., 2005) as well as compromise nerve regeneration because

of their reduced transparency.
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Several alternative designs have been proposed for improving the amount of axonal
regeneration through non-obstructive design. One of them was a facilitating
regenerative scaffold in which, instead of growing through holes, the axons grow via
thin, narrow parallel tubes with embedded electrodes (Fig. 8G) (Lacour et al., 2009;
Srinivasan et al., 2011) or regenerative scaffold electrodes (RSE) inserted along the
tube (Clements et al., 2007). Some studies in rats reported that these new approaches
may offer a high selectivity in recording and stimulation of the regenerated axons
(Clements et al., 2013; Delivopoulos et al., 2012). However, regeneration occurred only
in a low proportion of the animals and reinnervation of distal targets is still not well
accomplished when gap defects are longer than 2 mm (Clements et al., 2013;
Fitzgerald et al., 2012; Musick et al., 2015). In addition, RSE have not still clearly
demonstrated that they are able to activate motor fibers to provide a muscular

contraction nor to register sensory activity after tactile stimuli of the distal targets.
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II. OBJECTIVES

Neuroprosthetic devices are a good approach to restore the control of different target
organs after peripheral nerve injuries. While different interfaces have been studied,
regenerative electrodes are considered to be able to interface the highest number of
nerve fibers. However, more efforts are still needed in terms of design and functionality
as selective stimulation and/or recording of neural signals from different types of axons
are difficult in nerves of high caliber containing a mixed population of motor and
sensory axons. Furthermore, implant of regenerative electrodes requires that nerve
fibers regenerate through the regenerative scaffold and different strategies can be
applied to modulate specifically motor and sensory axons regeneration in order to
improve functional selectivity.

In the mainframe of the Europeran project MERIDIAN we aimed to develop and
optimize a new design of pluricompartment conduit containing a planar multielectrode
array (Fig. 9A), and functionalize the contents of each aisle to favor preferential motor

or sensory neurons regeneration (Fig. 9B).
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_ Neural guide
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Biomatrix < " Double-aisle electrode

Figure 9. Final objective of the thesis. Double-aisle electrode scaffold into a conduit used for bridge proximal with
distal stumps after nerve transection (A). Crossview of the device with a planar electrode that divides the lumen of the
conduit in two aisles, which will be filled with specific matrix containing NTFs to attract motor or sensory regenerating

axons (B).
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For this purpose, the main objectives of this thesis are:

-To investigate new strategies to selectively promote and guide motor and

sensory axons regeneration.

-To optimize the design and functionality of double-aisle electrodes for

interfacing injured peripheral nerves.

The specific objectives of the thesis are:

- To study the regenerative potential of poly(ethylene glycol terephthalate) and
poly(butylene terephthalate) (PEOT/PBT) tubes for repairing long gap defects,
and determine if they can be used as a tube scaffold for a regenerative

electrode.

- To evaluate whether NTFs encapsulated in PLGA microspheres enhance

nerve regeneration by allowing sustained delivery to the regenerating axons.

- To study the role different NTFs at different doses have to selectively promote

regeneration of motor or sensory axons.

- To combine selected NTFs and ECM components to selectively and

synergistically enhance motor or sensory axon regeneration.

- To optimize the regeneration process in a bicompartment conduit, mimicking
the presence of the regenerative electrode, by adding within each compartment
the most effective combinations tested in order to separately guide regenerating

sensory from motor axons.

- To optimize the design and test in vivo the functionality of double-aisle

electrodes both in acute and in chronic animal models.
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Abstract

The development of new nerve guides is required for replacing autologous nerve grafts
for the repair of long gap defects after nerve injury. In this study we tested nerve guides
made of electrospun fibers of PEOT/PBT, a biocompatible copolymer composed of
alternating amorphous, hydrophilic poly(ethylene glycol terephthalate) and crystalline,
hydrophobic poly(butylene terephthalate) segments known commercially as
Polyactive™ (PA). SEM analysis of the tube reveals that the guides are porous and
that PA fibers are aligned in the longitudinal axis of the guide. In vitro studies show that
both neurites and Schwann cells grow aligned with the longitudinally oriented PA fibers.
In vivo studies reveal that, after rat sciatic nerve transection and repair with PA guides,
axons grow more dispersed and occupying a larger area compared to silicone tubes.
Moreover, after repair of a limiting (10 mm) and a critical (15 mm) nerve gap, PA
guides significantly increased the percentage of regenerated nerves, the number of
regenerated myelinated axons, and improved motor, sensory and autonomic
reinnervation in both gap lengths. Therefore, these results demonstrate that synthetic
PA is a promising biomaterial to build new nerve conduits that promote nerve

regeneration through long gaps.
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1. Introduction

After peripheral nerve transection due to injury, a gap between proximal and
distal nerve stumps is often created as a result of nerve retraction, tissue loss, or the
need to remove neuromas 2,

The capacity of the peripheral nervous system to regenerate is well known, as
evidenced by reports showing that reanastomosed nerve ends successfully undergo
axon regeneration and functional reinnervation of target organs. However, this requires
tension-free direct suturing of lacerated nerves and, therefore, cannot be applied to the
nerve defects that result from a large proportion of transection injuries Bl. The common
clinical practice to bridge a nerve defect is the use of an autologous nerve graft.
However, autograft repair presents several disadvantages, such as the use of sensory-
only nerves, mismatches in size and fascicular pattern regarding both proximal and
distal stumps, donor site morbidity, and possible requirement of a second surgical
procedure caused by painful neuroma formation or scarring *5. These drawbacks have
driven the development of alternative solutions to repair peripheral nerve
discontinuities, with a promising approach being the development of synthetic nerve
guides.

Entubulation procedures for repairing nerve lesions have already been used
clinically as an alternative to autograft using a variety of different conduits ©71. This
technique has some advantages in comparison with the autograft, such as limiting
fibroblast invasion at the repair site, avoiding donor site morbidity, neuroma and scar
formation, and facilitating the accumulation of neurotrophic factors within the tube
lumen B, Although this approach holds promise, more efforts are needed to obtain
similar or better outcomes with a nerve conduit than with autograft repair. The main
limitation of entubulation is the length of the gap. Nerve regeneration through hollow
tubes made of silicone or other synthetic materials fails if the gap is longer than 4 mm
in the mouse ©, 10 mm in the rat ['%" and 30 mm in large primates !'?. Clinically,
nerve injury often results in far-reaching gap lengths, necessitating new nerve guides
capable of promoting regeneration over these long distances.

Towards this goal, the current study evaluates a purposely designed nerve
conduit produced by electrospinning a poly(ethylene glycol terephthalate) and
poly(butylene terephthalate) (PEOT/PBT) copolymer, representing the first time this
material has been used for neural repair. Several studies have tested nerve conduits
made of different biomaterials that enhance nerve regeneration both in short and long
gaps 1314 PEOT/PBT, known commercially as Polyactive™ (PA), is a unique
biodegradable copolymer comprised of random blocks of amorphous, hydrophilic
PEOT segments and crystalline, hydrophobic PBT segments. While PEOT/PBT
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polymers have satisfactory biocompatibility, these materials can be uniquely tuned to
elicit a desired biological response by changing the copolymer ratio of PBT to PEOT
[ With limited adverse effects to the surrounding tissue and flexibility in terms of
processing methods, PEOT/PBT has been used in various strategies for repairing
different tissues, including tissue scaffolds for tympanic membrane replacement ['®! and
cartilage regeneration "1, coatings on dental and hip implants, and as bone cement
restrictor which has been approved by the US Food and Drug Administration '8 for
clinical use in humans. The composition used in this study (PEOT/PBT 300 55/45) has
been selected based on proven cell adhesive properties and long resorption time (>6
months), suitable for providing long-term support for cell growth '],

Continued advances in biofabrication have also shown that material selection
in combination with a tailored conduit design can improve nerve regeneration through
long gaps. This includes modifying the surface structure of the conduit wall to promote
cellular adhesion and guidance ' and incorporating pores within the conduit, optimally
ranging from 5 to 30 ym, to improve nutrients exchange while limiting the invasion of
inflammatory cells 2%, This current work capitalizes on the ability to electrospin the
PEOT/PBT polymer ["8'1'in order to create microfiber nerve guides that exhibit pores
that are 8 to 10 pm in diameter and incorporate topographical cues via aligned PA
microfibers; electrospinning has been previously shown to produce polymeric fibrous
meshes that can impart topographical guidance for neurite growth and glial cell
migration " and can realize tissue scaffolds with tailored porosity 22,

To our knowledge, there are no reports that studied electrospun PA nerve
guides and how they influence peripheral nerve regeneration. In this work we have
characterized the structure of a PA nerve guide, and evaluated the PA properties in
vitro to examine the role PA nerve guides exert on axonal regeneration. Moreover, we
have tested whether PA nerve guides are able to improve regeneration in comparison
with a standard silicone tube in both a limiting (10 mm) and a critical (15 mm) gap in
the rat sciatic nerve.

Our results show that PA nerve guides not only increase the proportion of regeneration
success (i.e. percentage of regenerated nerves over all the repaired nerves), but also
enhance nerve regeneration and reinnervation in both gaps at long term. The behavior
of the PA conduits to provide an internal milieu-bridge-scaffold that supports and
guides regenerating axons represents a novel advance compared with the majority of
nerve conduits tested so far. Hence, PA is a promising alternative to be used in clinics

for repair of peripheral nerve transection.
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2. Results
2.1. Characterization of the PA guides

Nerve guides were examined under SEM, confirming an inner diameter of 2 mm
(Figure 1A) and an approximate wall thickness of 75 um (Figure 1B). Closer
examination of this nerve guide cross section (Figure 1B) revealed a large porous
internal structure (Figure 1C) with an estimated porosity of 62.7 + 1.3%. Measured pore
diameters on the inner and outer surfaces ranged from 2 to 24 ym, with respective
average values of 8.02 £ 3.35 ym (Figure 1E) and 10.22 + 3.8 ym (not shown). SEM

examination under higher magnification (Figure 1D) revealed that the electrospun
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Figure 1. Scanning electron micrographs of PA nerve guides produced with an inner
diameter of 2 mm (A) and a wall thickness of 75 ym (B). Image analysis of the wall
cross-section (C) indicated nerve guides had a void space, or volume porosity, of 67%.
Cutting the nerve guides in half (D) exposed well-formed fibers with a general
orientation in the direction of the longitudinal axis and average pore diameter of 8.02
3.35 uym (E). Closer inspection also revealed that fibers were merged at specific
locations (F), enhancing the overall physical stability of the fibrous conduit. Plots with
the distribution of fiber diameters (G) and angle deviation from the longitudinal axis (H)
forming the wall of the PA tube.
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nanofibers were consistently well formed and had a smooth morphology (Figure 1E-F)
with a range of diameters from 1 to 2 ym and an average diameter of 1.44 + 0.29 pym
(Figure 1G). Fibers showed a general orientation of 1.4 + 0.37 degrees (Figure 1H)
from the longitudinal axis of the nerve guide, creating topographical guidance cues for
guiding cell growth in the direction of regeneration. Also observed under SEM were
distinct locations where overlapping fibers had slightly fused with one another (Figure
1F). Fiber fusion could be attributed to the retention of small amounts of solvent that
allowed fibers to merge when coming in contact during deposition and form physical

crosslinks after complete evaporation of the solvent.

2.2. In vitro neurite growth results

Over a 5 day period, in vitro studies of explanted DRG maintained on nerve
guides showed directed neurite outgrowth (Figure 2B) as well as Schwann cell
migration (Figure 2C). Figure 2D shows the calculated neurite growth distribution
around the explanted DRG, with the average neurite distribution of three samples
shown in Figure 2F. The mean neurite distance was 290 £ 38 um. The neurite length

on laminin-coated glass surface (Figure 2A) was not significantly different from the

nerve guide substrate, with a mean neurite length of 487 £+ 219 ym (p = 0.26; Figure
2E).

Figure 2. Outgrowth of an explanted DRG on a flat glass substrate (A) and on the
inside surface of a PA nerve guide (B). The nerve guide also supports Schwann cell
migration (C). Neurite growth was evaluated by applying spatial bins in a radial fashion
from the center of the DRG, as shown in (D). The angular frequency of the bins was 2
degrees with a fixed bin area of 50 um?. Images of DRG outgrowth were measured for
both flat glass substrates and nerve guide substrates (n = 3), with the resulting binned
values averaged over each sample for an indication of mean growth.
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Further examination showed that the general direction of neurite growth on PA
(Figure 2B) differs from the underlying fiber orientation by an average of only 2.67 +
3.61 degrees. In contrast, no discernable orientation was observed for neurite growth
on glass substrate. To quantify the overall pattern of neurite extension, the relative
dispersion of neurite extension from a radial axis was calculated to produce a value
between 0 and 1; a value of 1 indicates growth that has maximal deviation (90°) from
the chosen axis, while growth which overlaps with the axis results in a 0 value. The
longitudinal axis of the nerve guide was used to calculate an average dispersion of
0.173 £ 0.034, indicating highly oriented growth (Figure 2B, F). By comparison, neurite
growth on glass substrate (Figure 2A, E) exhibits an average dispersion of 0.594 *

0.05, indicating no directionality.

2.3. Morphological results of short term regenerated nerves

The first in vivo studies were conducted on 6 mm nerve defects, as it has been
reported that all nerves regenerate through a silicone guide in such relatively short gap
[0.231 This was performed to establish that PA guides produced similar or better
outcomes in terms of nerve regeneration compared to silicone tubulation, before
investigating the more challenging conditions of critical nerve gaps. Two weeks after
repairing a 6mm sciatic nerve gap with silicone or PA tubes, a regenerating cable was
found in all the animals. Surprisingly, in contrast to the classical thin nerve cable
formed in the center of the standard silicone tubes (Figure 3A) 'l a distinct
regenerated nerve was observed in the PA guides, which showed a cellularized
structure occupying all the internal lumen of the tube (Figure 3B).

Immunohistochemical labeling showed that as early as two weeks after repair
a high number of dot-shaped and densely packed axons can be seen in the nerves
repaired with silicone tubes (Figure 3A) whereas axons in PA tubes appeared more
dispersed (Figure 3B). Similarly, four weeks after repair, nerves regenerated inside
silicone tubes showed an organized structure with an outer layer of cells and small
axons with a dotted shape in the core of the nerve cable (Figure 3C) and axons in PA
guides were spread over the whole lumen of the conduit (Figure 3D). Moreover, axons
were ensheathed by Schwann cells without difference in both groups indicating similar
progression of axonal regeneration and remyelination (Figure 3E, F). Measurement of
the transverse area of the regenerated cable at 2 and 4 weeks indicated that PA guides

supported a larger regenerating area compared to silicone tubes (Figure 3G, H).
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Figure 3. Representative cross section images of the regenerated nerve taken 3 mm
distal to the proximal stump of nerves regenerated through a 6 mm gap in silicone (A,
C) or PA (B, D) guides 2 (A, B) and 4 (C, D) weeks after repair. Axons are stained with
BllI-tubulin (green) and nuclei with DAPI (blue). E-F: Close view of C (G) and D (F) with
Schwann cells stained with S100 (red). G-H: Area of the regenerated nerve at the mid
tube (3 mm from the proximal stump) in silicone and PA groups after 2 (G) and 4 (H)
weeks of regeneration. Data presented as mean + SEM, **p<0.01 vs silicone group.
Scale bar 200 ym (A-D) and 10 ym (E-F).
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2.4. Target reinnervation in long term regeneration studies

Nerve conduction tests performed 1 week after sciatic nerve injury
demonstrated complete denervation of the hind limb muscles. At 60 dpo all PA10
animals showed evidence of reinnervation with recordable CMAPs in TA and GM
muscles whereas only 37.5% of S10 animals showed positive values. In animals with
15 mm gap defect, CMAPs in TA and GM muscles were recorded in half of the PA15
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Figure 4. Mean amplitude of the compound muscle action potential (CMAP) of tibialis
anterior (A, B), gastrocnemius (C, D) and plantar interossei (E, F) muscles in rats with
10 (A, C, E) and 15 (B, D, F) mm gap defect during 4 months after sciatic nerve lesion
and repair with silicone or PA tubes. Data presented as mean + SEM. *p<0.05,
**p<0.01 vs S10 and S15 groups.
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animals but in none of S15 animals. At 90 dpo, although non-significant, the differences
in CMAP amplitude between the PA10 and S10 groups increased and still no signs of
regeneration for the S15 rats appeared. At the end of the follow up (120 dpo) the mean
CMAP amplitude of the TA (15.2 + 2.4 mV) and the GM (17.7 + 4.1 mV) muscles in the
PA10 group were significantly higher than in the S10 group (6.4 +4.4 mVand 7.6 £ 5.1
mV respectively) (Figure 4 A, C), while no statistical difference was found for the PL
muscle (Figure 4E). On the other hand, the PA15 group had significantly higher CMAP
amplitudes in all the three tested muscles (Figure 4B, D, F) (6.1 £ 2.2 mV for TA, 6.0 =
2.6 mV for GM and 0.14 + 0.10 mV for PL muscles) compared to the S15 group (1.2
1.2mV, 0.7 £ 0.7 mV and 0 mV, respectively; p < 0.05).

2.5. Histological results

Macroscopic evaluation of the regenerated nerves at 4 months after injury and
repair (Figure 5) demonstrated that three of eight animals (37.5%) in group S10
presented a regenerative cable at the center of the tube (Figure 5B), whereas only one

regenerated nerve (16.6%) was found in group S15 (Figure 6l).

Figure 5. Representative images of silicone (A, C) and PA (B, D) tubes before (A, B)
and after (C, D) 120 days of regeneration. Scale bar 2 mm.

The PA tubes were partially degraded at this time but still opaque (Figure 5D),
SO macroscopic visualization of the regenerated tissue was not possible. All the tubes
showed a thick structure filling the lumen. Histological evaluation at the midpoint of the
PA tubes indicated that all the animals presented a regenerated nerve in group PA10
(100%) and five of nine animals in group PA15 (55.5%) (Figure 6l).
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Figure 6. Representative semithin transverse sections of S10 (A) and PA15 (B)
regenerated nerves, the contour of the silicone tube is drawn as a dotted line in A. C-F:
Representative micrographs at higher magnification of transverse sections of S10 (C),
PA10 (D), S15 (E) and PA15 (F) groups 120 days after repair. G-H: Representative
images of myelinated axons growing close to the wall in PA10 (G) and PA15 (H) rats. I-
L: Plots comparing success of nerve regeneration (I), endoneurial area (J), axon
density (K) and number of regenerated myelinated fibers at the mid-tube (L) in groups
with 10 and 15 mm gap repaired with silicone or PA tubes. All images were taken 5 and
7.5 mm distal to proximal stump for the 10 and 15 mm gap groups respectively. Data
presented as mean £ SEM. *p<0.05 vs S10 and S15 groups; **p<0.01 vs S10 group.
Scale bar 500 ym (A, B), 25 ym (C-F) and 50 pm (G-H).

Nerves that regenerated in S10 rats showed a centered cable containing a
dense core of tissue with numerous small blood vessels and regenerative units with
myelinated axons (Figure 6A, C), whereas the only regenerated nerve in S15 rats had
fewer myelinated fibers than in S10 nerves (Figure 6E). On the other hand, PA tubes
showed a thick wall and the inner area of regeneration occupied by axons, extracellular

matrix and non-neuronal cells (Figure 6B, D, F). Axons can be seen in direct contact
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with the inner surface of the PA tubes (Figure 6G, H) indicating that the PA conduits
also provide a guiding longitudinal structure to the regenerating axons. Morphometrical
analysis demonstrated that the mean value of endoneurial area (Figure 6J), axon
density (Figure 6K) and number of myelinated axons (Figure 6L) at the midpoint of the

tubes was higher in both PA groups in comparison with silicone tube repaired animals.

2.6. Cutaneous reinnervation of plantar pads

Immunostaining of intact plantar pads with anti-PGP antibody reveal a
complex network of nerve trunks that penetrate the skin and are divided into several
bundles of fibers that form subepidermal nerve plexuses (SNP), create central bundles
that innervate the epidermis (Figure 7A-B) and also innervate the sweat glands (SGs)
(Figure 7C-D) 24, In animals with a 10 mm gap lesion there was reduced innervation of
the dermis, epidermis and the SGs in comparison with intact animals. In animals with a
15 mm gap defect, no innervation was found in S15 group whereas PA15 animals
showed some nerve bundles in the SNP, and spare innervation of the epidermis.

Quantitative analysis indicated that the number of intraepidermal nerve fibers
(IENF) and innervated SGs were higher in the PA10 group in comparison with the S10
group (Figure 7E, F), although not significantly due to the large variability. The PA15

showed significantly higher reinnervation of the epidermis and the SGs compared with

the S15 group that was completely denervated.
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Figure 7. Representative images of footpads stained with PGP showing the innervation
of epidermis (A, B) and of sweat glands (C, D) of intact (A, C) and PA15 (B, D)
samples. E: Percentage of reinnervated IENF with respect to control values. F:
Percentage of reinnervated SGs with respect to control values. Data presented as
mean + SEM. *p<0.05 vs S15 group. Scale bar 100 pm.
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3. Discussion

After peripheral nerve injury, coaptation of nerve stumps to promote axonal
regeneration is not always possible because of nerve retraction or tissue loss. Tube
repair is an accepted approach to solve this issue; however, more efforts are needed to
improve regeneration through nerve conduits in order to match the performance of
autografts. Since the first attempts with tube repair 12, different strategies have been
tested to enhance regeneration in long gaps including the use of different materials in
tube manufacturing!™!, addition of extracellular matrix filling the tube ?® or application of
neurotrophic factors 71,

Fibrous nerve conduits produced via electrospinning represent a promising
biofabrication approach to achieve this aim, with initial studies reporting moderate
success 829 QOne of the major benefits of this technique is the flexibility over the
design and composition that can be obtained. Electrospun nerve guides have been
created from synthetic polymers @839 natural proteins B or a synthetic/natural
blend®®, which allows for the tuning of surface chemistry, bioactivity, and degradation
properties. Electrospun fibers can also incorporate neurotrophic growth factors, either
via controlled release %3233 or conjugated to the fiber surface B'. Nerve guides
incorporating Schwann cells is another strategy employed to enhance axonal growth®*,
and since the first studies reporting the integration of living cells in the electrospinning
process 9 this technique has been widely used for the fabrication of a wide range of
living scaffolds 13637],

Current regulations restrict the immediate clinical application of incorporated
biological components B4, which has motivated the development of electrospun nerve
guides that intrinsically improve nerve growth through optimal material selection and
construct design. To this end, fibrous nerve guides have been created with pores
ranging from 5 to 30 uym in diameter 2838l this is considered optimal for the influx of
nutrients while providing a sufficient barrier to minimize the invasion of detrimental
inflammatory cells ?%. Electrospun constructs with oriented fibers have also been
shown to enhance in vitro neurite elongation and Schwann cells migration®. Similarly,
aligned fibers have been incorporated within nerve guides®24% and have been shown
to promote nerve regeneration in vivo 34142 However, alignment and the subsequent
packing density of the oriented fibers can also reduce the pore size below the
recommended diameter 8. Evidence also suggests that smaller nanofibers exhibit
higher packing densities that restrict cell infiltration, limiting Schwann cell migration and
neurite extension; fibers 1.5 ym in diameter are reported to provide optimal guidance of

sensory neurons 3,
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In the present study, we characterized a novel nerve guide fabricated from PA
through an optimized electrospinning process that realizes an ideal combination of fiber
size, fiber alignment, and porosity. To the best of our knowledge, this is the first study
to determine the efficacy of electrospun nerve guides in the repair of the rat sciatic
nerve with a critical nerve gap greater than 10 mm. PA belongs to a family of
biocompatible copolyethers which have been used to realize a variety of implantable
biomedical devices approved by the FDA "8l The polymer used in this study
(PEOT/PBT 300 55/45) was selected because it promotes cell adhesion and can be
readily processed by electrospinning. SEM analysis of the resulting nerve guides
revealed well-formed fibers with an average diameter of 1.44 ym and a generally
aligned, longitudinal orientation. In vitro studies (Figure 2) confirmed that both neurites
and Schwann cells were able to adhere on the surface of the nerve guide and that the
aligned fibers of the nerve guide resulted in highly oriented neurite extension, similar to
other studies with electrospun fibers loaded with trophic factors ®2. The nerve guides
produced in this study had an estimated void space, or volume porosity, of 62% and an
average pore diameter between 8 and 10 ym, which is within the recommended range
[20].

Closer inspection revealed that microfibers slightly fused with one another
during the fabrication process, where such physical crosslinks are known to improve
mechanical properties of electrospun constructs ¥4, This likely correlates with the
observed physical stability of this nerve guide, which was able to maintain integrity
despite having compliant walls with an approximate thickness of 75 ym and a high
degree of porosity for nutrient diffusion. The fibrous network was able to easily
accommodate suturing as well as retain the 10-0 suture for up to 120 days. Reports
have shown that highly porous nerve guides can also be degraded too rapidly to be
effective for long nerve defects?. Polymer degradation often occurs via surface-
mediated bulk fragmentation and, therefore, the greater surface area of a porous nerve
guide can result in proportionally faster degradation compared to a solid nerve guide of
the same material. However, the PA nerve guides in this current study were observed
to be mostly intact when explanted; this is in line with previous reports on the
degradation of this polymer, which also showed that degradation products are not
cytotoxic ['54€l. The relatively slow rate of PA absorption allows these electrospun nerve
guides to be highly porous while remaining physically intact, leading to a balance
between nutrient influx and sustained directed growth for overall improved nerve
regeneration.

Although the nerve guides remained relatively intact at 4 months after

implantation, we also observed that fibers began to progressively invade the luminal
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cavity and appeared to provide an unexpected benefit to the regenerative process. This
is attributable to the erosion of physical crosslinks between fibers, allowing fibers to serve
as additional ECM-like guidance structure for Schwann cell migration and neurite
extension. The benefits of explicitly including an intraluminal structure to improve
neural regeneration have been widely explored, with a number of strategies
incorporating fibrous elements to improve growth 1334748 However, this strategy often
necessitates increased manufacturing complexity!'® and intralumen structures can also
obstruct regenerative growth, reducing effectiveness #7491, In the current study, the
appearance of an internal structure is an intrinsic property of the PA nerve guide and is
limited to the periphery of the lumen, where it provides additional support for cell
adhesion while not obstructing growth through the guide. Furthermore, this partial
degradation over time also suggests that this nerve guide becomes progressively more
accommodating to maturing neural tissue, thus circumventing the risk of compression
of the regenerated nerve that has been observed within traditional solid nerve guides
[19,50]_

With regard to characterization of the regenerative process, across a short 6
mm gap at two or four weeks, axons were present in both tubes, but, in contrast to the
usual regenerated nerve centered in the silicone tube, the PA guides showed axons
spread throughout the internal lumen and also in contact with the wall (see Figure 4).
This is a novel observation regarding tube repair of nerve defects. We can hypothesize
that the permeability of the PA wall and the longitudinal cues offered by PA fibers
account for the larger regenerative scaffold inside the PA guide. The formation of a
connective cable that connects both nerve stumps over which fibroblasts and Schwann
cells migrate to form a new nerve structure that provides support for axonal elongation,
are the first steps in the regeneration process in nerve conduits '". Axonal
regeneration fails to occur in long gaps, over a critical length, because the regenerative
capabilities of the nerve stumps are exceeded and the initial cable is not formed. In this
situation, the inflow through the porous tube wall of extraneural diffusible factors or of
repairing cells may represent an additional support "2, The nerve growth observed in
contact with the PA wall indicates that PA guides may serve not only as a tube
concentrating the regenerative microenvironment but also as a bridge enhancing the
first step of nerve regeneration and facilitating cell migration along and within the tube.

Concerning the more challenging 10 and 15 mm nerve gaps in the rat sciatic
nerve, a separation of 10 mm has been reviewed to account for about 50% of
regeneration success with silicone and other plastic tubes, whereas a 15 mm gap is
considered critical since no regeneration occurs in those tubes 2. In this study, PA

guides allowed for a significantly higher success of regeneration compared to silicone
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tubes; all the animals regenerated in group PA10, and 55% in group PA15 (Figure 6l),
demonstrating that PA guides are adequate to bridge critical gaps and ensure
improved outcome of nerve regeneration. Functional and histological evaluations
showed that PA guides had more myelinated axons in comparison with silicone tubes,
and allowed higher motor, sensory and autonomic reinnervation, demonstrating that PA
guides enhance nerve regeneration in both limiting and critical long gaps. Although our
results are still far from those obtained with autograft repair in a 15mm critical gap in
the same animal model 3, it should be taken into account that the length of the gap in
the autograft repair has not the same influence as it has in regeneration with tube
repair. While regeneration is limited in tube repair over critical gaps (e.g. 6 mm in mice,
15 mm in rats) when using silicone or other synthetic tubes 3, similar levels of
regeneration take place irrespective of permissive or critical gap lengths after autograft
repair 5%, The present results are comparable with studies that used other advanced
hollow synthetic nerve guides to repair a 15 mm nerve defect in the rat, such as poly-L-
lactide-e-caprolactone 8, poly D,L-lactic acid ®" or chitosan 5° tubes, that obtained
acceptable outcomes of nerve regeneration but still below to autograft. However, PA
guides act both as a tube and as a scaffold that is able to bridge long gaps without the
need to use an exogenous matrix, providing a promising platform for further
development. A multifactorial approach has been claimed to be necessary to bridge
long gaps providing a real alternative to the nerve autograft ®. The flexibility of the
electrospinning technology used to fabricate PA guides makes it possible to not only
realize topographical cues, but also to improve guide design by incorporating adhesive
and encapsulated chemical signals %% as well as living cells B7, opening an

opportunity to take peripheral nerve regeneration a step further.

4. Conclusions

PEOT/PBT emerge as a new biomaterial in the field of peripheral nerve
regeneration with high perspectives because of their intrinsic properties that include
biocompatibility, bioresorption, cell adherence and cell viability. Our results
demonstrate that the PA guide is a promising synthetic conduit to promote nerve

regeneration through critical length defects in the injured peripheral nerve.

5. Materials and methods
5.1. PEOT/PBT conduit preparation

PA nerve guides were prepared using a custom electrospinning apparatus,
supporting XY translation of the spinneret needle over a collector and maintaining

humidity at 30% and temperature at 25°C. Polymer solution preparations
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300PEOT55PBT45, known commercially as Polyactive™ 30055/45, were provided by
PolyVation B.V. (Groningen, Netherlands). The chemical composition is represented by
the notation aPEOTbPBTc, where a is the molecular weight, in g/mol, of the starting
PEG segments used in the polymerization process, whilst b and c are the weight ratio
between PEOT and PBT blocks, respectively. PA was prepared as a 25% w/v solution
dissolved overnight in a mixture of chloroform (CHCIs, Sigma Aldrich) and 1,1,1,3,3,3-
hexafluoro-2-propanol (HFIP, Biosolve, Netherlands) at a volume ratio of 7:3.

A PA nerve guide formulation with thin, porous walls was produced. For the
electrospinning of the PA guide a 2 mm diameter, 3 cm long brass mandrel collector
was used, rotated at a speed of 50 rpm. A 0.8 mm diameter spinneret was mounted
onto a charge parallel plate suspended above the mandrel, held at a working distance
of 13.5 cm and programmed to translate along the axis of the mandrel (120 mm/min) to
ensure even distribution of fiber deposition. A polymer solution flow rate of 1 mi/h was
maintained using a KD Scientific syringe pump. A voltage of 20 kV was applied using a
DC high voltage supply (Gamma High Voltage Research, USA). Fibers were deposited
onto the mandrel for 10 minutes. After deposition, the mandrel was placed in 70%
ethanol to ease removal of the nerve guides, and they were left to air dry. Nerve guides
were gold sputter-coated with a Polaron E5600 sputter-coater and examined with a XL
30 ESEM-FEG (Phillips) operating at 10 kV (Figure 1A). The resulting images were
used within Imaged (NIH, Bethesda, MD) to assess approximately 100 fibers,
measuring the fiber diameter and fiber orientation angle with respect to the nerve guide
longitudinal axis. The pore diameters on the inner and outer guide surfaces were
similarly evaluated. To analyze the void space, or volume porosity, of the nerve guide
wall, samples were placed in liquid nitrogen and cut with a scalpel for a precise ‘snap
freeze' section (Figure 1B). Subsequent SEM images of the cross-section were
processed using the default ImagedJ threshold method, producing a binary image
(Figure 1C) with the fiber area shown in black and void space shown in white. The

ratio of the void space to the overall area was calculated as a measure of porosity.

5.2 In vitro studies

In vitro assessment of the neurite outgrowth on the internal surface of the PA
nerve guides was first performed. The PA tubes were longitudinally cut and opened to
create flat sheets. These were placed in a 24 well plate with the internal surface of the
guide facing up and held in place with the help of appropriately sized Viton o-rings
(Eriks). Dorsal root ganglia (DRG) were excised from 2-day-old Wistar rat pups;
following a procedure approved by the Utrecht Animal Use Committee (DEC) according

to Dutch law (as stated in the “Wet op de dierproeven”). DRG were cut in half and
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placed on the nerve guide. DRG cultures were maintained in Neural Basal Medium
(Invitrogen) with B27 supplement, 0.2 mM glutamine, penicillin/streptomycin and 50
ng/ml of recombinant human NGF-B (Sigma Aldrich). As a control, DRG were also
seeded on glass coverslips (VWR) previously coated with 20 pg/ml of poly-d-lysine
(Sigma Aldrich) and 10 ug/ml of laminin (Sigma Aldrich) ©%. Medium was refreshed
every 2 to 3 days and cultures were maintained for a total of 5 days. Cultures were
then fixed in 4% paraformaldehyde for 20 min at 4°C, followed by permeabilitization
with  0.1% TritonX (Sigma Aldrich) for 15 min at room temperature.
Immunofluorescence was employed to visualize DRG neurite outgrowth. First, a
blocking solution of 5% goat serum was applied for 1 h at room temperature, followed
by 12 h incubation at 4°C with primary antibodies mouse anti-Blll-tubulin antibody
(1:1000; Sigma Aldrich) and rabbit anti-S100 antibody (1:500; Sigma Aldrich), and a
secondary 1 h incubation at room temperature with anti-mouse Atto 647N antibody
(Sigma Aldrich) and anti-rabbit Alexa 488 antibody produced in Goat (Invitrogen).
Imaging was performed with either a Nikon A1 confocal or a BD Pathway 435 Imager,
with the resulting collection of overlapping images finally stitched to form a large image
using the ImageJ Grid Stitching Plug-in ©". To evaluate pattern of neurite outgrowth, a
polar histogram was created that represents the associated distribution of fluorescence
intensity centered around the DRG. The average intensity of neurite
immunofluorescence was measured per histogram bin with an angular ‘width’ of 2
degrees and a fixed area of 500 ym per bin (Figure 2D). To determine the orientation
of neurite growth on nerve guides, the intensity of neurite immunofluorescence was
evaluated to produce a ‘center of mass’ of the neurite growth per radius. Calculating
this point for every radius resulted in a line emanating from the DRG, with the
orientation of neurite growth calculated as the average angle of this resulting line. This
orientation was compared to the visually assessed orientation of the underlying nerve

guide fibers.

5.3. In vivo studies

Adult female Sprague Dawley rats (250-300 g) were used in this study. All
animals were kept on standard laboratory conditions with a light-dark cycle of 12:12 h
and ad libitum access to food and tap water. The experimental procedures were
approved by the ethical committee of the Universitat Autonoma de Barcelona in
accordance with the European Directive 2010/63/EU on the use of animals for scientific
purposes. All efforts were made to minimize pain and animal discomfort during surgery

and treatments.
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Animals were anaesthetized with an i.p. injection of sodium pentobarbital (40
mg/kg), the right sciatic nerve was then exposed at the midthigh and sectioned 92 mm
from the tip of the third toe, and a distal nerve segment resected. Before implantation,
nerves guides were sterilized in 70% ethanol and washed in sterile water. In order to
assess whether PEOT/PBT could be a good material to sustain peripheral nerve
regeneration, a short term study (15 and 30 days after repair) was conducted with
silicone or PA nerve guides that were sutured with 10-0 monofilament sutures (Alcon)
to the nerve stumps leaving a 6 mm gap between both nerve ends (n=4 per group).
Once the proof of concept was set, a long term reinnervation study (120 days after
repair) was conducted in different groups of rats with the aim to repair either a limiting
gap of 10 mm with silicone (S10, n=8) or PA (PA10, n=9) guides or a longer 15 mm
critical gap with silicone (S15, n=6) or PA (PA15, n=9) guides (see Figure 3A, C). After
implanting the tubes, the wound was closed by planes with silk sutures and animals

were left to recover from the anesthesia on a warming pad before being housed again.

5.4. Morphological evaluation of nerve regeneration

After 15, 30 or 120 days post operation (dpo) animals were deeply
anesthetized and perfused with 4% paraformaldehyde in PBS. Before nerve
processing, silicone tubes were carefully removed and only the regenerated cable was
processed, whereas in PA groups the regenerated nerve and tube were processed
together because the strong adherence between them. The regenerated sciatic nerves
were divided in two halves, proximal sections were post-fixed in the same perfusion
solution for 4 h and then cryoprotected in PBS-sucrose 30% with azide 0.1% at 4°C
before cryosectioning. The distal parts were post-fixed with 3% glutaraldehyde—3%
paraformaldehyde in cacodylate-buffer solution (0.1 M, pH 7.4) before their processing
for morphological evaluation.

For immunostaining, the regenerated nerves were serially cut into 15um thick
sections on a cryostat (Leica Microsystems, Germany) and collected on gelatin-coated
slides. The sections were blocked and permeabilized with 0.3% Triton-X100 and 5%
normal donkey or goat serum for 30 min. Then, slides were incubated with rabbit anti-
Blll-tubulin  (1:500, Covance) to stain all axons and rabbit anti-S100 (1:200,
Immunostar) to stain Schwann cells overnight at 4°C in 0.1% Triton-PBS. After washes
in PBS, slides were incubated with Alexa 488 or Alexa 594-conjugated secondary
antibodies (1:200; Life Sciences) for 1h. For S100 biotin amplification, samples were
incubated with biotinylated anti-rabbit antibody (1:200, Vector) and, after washes, with

Alexa Fluor 488 streptavidin (1:200; Life Sciences). The sections were coverslipped
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with Mowiol containing DAPI (0.1 pg/ml, Sigma). Image acquisition was performed with
an epifluorescence microscope BX51 (Olympus) and a DP73 digital camera (Olympus).

For light microscopy analysis, nerves were postfixed in OsO4 (2%, 2h) and
dehydrated through ethanol series prior to embedding in Epon resin. Semithin sections
(0.5 um thick) taken at the mid tube level were stained with toluidine blue and
examined by light microscopy. Images of the whole sciatic nerve were acquired with an
Olympus DP50 camera attached to computer. Sets of images for analysis obtained at
100X were chosen by systematic sampling of squares representing at least 30% of the
nerve cross-sectional area. Measurements of cross-sectional area of the whole nerve
and counts of the number of myelinated nerve fibers were carried out using ImageJ

software.

5.5. Evaluation of distal target reinnervation

In the long term study, noninvasive nerve conduction tests of the sciatic nerve
were performed at 60, 90 and 120 dpo to assess functional reinnervation of distal
muscles. Briefly, animals were anesthetized, placed on a warm plate and the sciatic
nerve was stimulated percutaneously through a pair of monopolar needle electrodes at
the sciatic notch with single electrical pulses at supramaximal intensity. The compound
muscle action potentials (CMAP) were recorded from the tibialis anterior (TA),
gastrocnemius medialis (GM) and plantar interossei (PL) muscles with small needle
electrodes placed into the muscle belly P, The tests were performed using an
electromyograph (Sapphire 4M, Medelec Vickers). Control values for each rat were
obtained from the intact left hind limb.

At the end of follow-up, footpads were harvested and processed as indicated
above (2.4), but with primary antibody against protein gene product 9.5, (PGP, 1:500,
ABD Serotec) a cytoplasmic peptide selectively found in practically all neurons to stain
axons innervating the skin 4. For analysis, images of three sections of each sample
were collected with an Olympus DP50 digital camera to count the number of IENF per

mm skin and the number of reinnervated SGs in the pad.

5.6. Data analysis

Data are presented as mean + SEM unless otherwise stated. Analysis of
statistical significance was performed using GraphPad Prism (GraphPad Software
version 6.0, USA) software. Student's t-test, two-way ANOVA followed by Bonferroni’s
post hoc test or chi-square test for comparisons between groups were used when

appropriate. Statistical significance was considered when P value was <0.05.
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1. Introduction

Peripheral neurons are able to regenerate their axons after nerve
injuries and reinnervate end organs, although functional recov-
ery is often poor. After nerve transection, surgical repair is
mandatory to rejoin the nerve stumps allowing axons to find
an adequate substrate to grow distally. Direct suture of the two
stumps or interposition of an autologous graft when the inter-
stump defect is long are considered the standard option for
repairing a nerve transection. The use of nerve conduits to
bridge short or mid length gaps is a good altemative to auto-
grafts (Arslantunali et al., 2014), although regeneration is slowed
during the initial phase compared to autograft (Boeckstyns et al.,
2013). Several parameters affect the rate of axonal regeneration,
including the distance between stumps (Scherman et al., 2001),
the age of the subject (Kang and Lichtman, 2013; Painter et al.,
2014; Verdu et al,, 2008), the time after repair and the distance
between the lesion site and end organ (Gordon et al.,, 2003).
Indeed, the time from injury to target reinnervation is the most
important predictor of the degree of functional recovery (Krarup
et al., 2002), emphasizing that factors that control early axonal
outgrowth influence the final level of recovery attained even
years later. Therefore, strategies to accelerate the rate of axonal
growth could be useful to stimulate nerve regeneration through
longer distances and improve the recovery outcome. In fact,
different strategies have already been developed to solve this
problem including the use of different neurotrophic factors
(NTFs) (Allodi et al., 2012).

After nerve injury, NTFs are synthesized and secreted not
only at the spinal cord (SC) and the dorsal root ganglia (DRG)
where the somas of the injured neurons are located, but
mainly at the site of the lesion by reactive Schwann cells.
NTFs have been long studied for their positive effects on
nerve regeneration, including their ability to promote neuro-
nal survival, to increase axonal outgrowth and to improve
target reinnervation. Different NTFs have been tested in vitro
and in vivo to improve peripheral nerve regeneration, such as
nerve growth factor (NGF) (Kemp et al., 2011; Lee et al., 2003),
brain-derived neurotrophic factor (BDNF) (Vogelin et al,
2006), neurotrophin-3 (NT-3) (Sternel et al., 1997), glial cell-
derived neurotrophic factor (GDNF) (Moore et al., 2010),
fibroblast growth factors (FGF1, FGF2) (Midha et al., 2003;
Allodi et al., 2013) or insulin like growth factors (IGF1, IGF2)
(Ishi et al., 1993; Kanje et al., 1989).

The induction of an increased production of NTFs at the
site of the lesion will stimulate axonal regeneration when the
local environment is poor. Thus, the combination of a nerve
conduit with NTFs appears as a good option to enhance nerve
regeneration. However, NTFs added within a nerve conduit
can be rapidly degraded (Ejstrup et al., 2010; Tria et al., 1994),
diffuse outside the conduit or get diluted after liquid infiltra-
tion resulting in sub-optimal concentrations, and thus poor
regeneration outcome (De Boer et al., 2012; Wood et al., 2013).
Hence, a better way to apply NTFs and prolong their presence
in close contact with regenerating axons and Schwann cells is
still needed to optimize the effects of NTFs on regeneration.
In attempts to increase the NTF availability at the site of
injury over time, different approaches have been utilized by
using repeated injections through catheters (Mcdonald and

Zochodne, 2003), osmotic minipumps (Hontanilla et al., 2007),
binding to extracellular matrix molecules (Sternel et al., 1997,
Sakiyama-Elbert and Hubbell, 2000; Lee et al., 2003) or to the
wall of nerve conduits (Madduri et al., 2010; Piquilloud et al.,
2007) and gene therapy (Allodi et al., 2014; Eggers et al., 2013;
Haastert et al., 2006). However, these strategies still present
some (Fig. 1) difficulties to reach optimal nerve regeneration.

In (Fig. 2) this context, strategies involving biocompatible
and biodegradable microspheres (MPs) associated to selected
bioactive molecules may provide a sustained and controlled
release of factors, offering valuable approaches for overcom-
ing those limitations. Nanotechnology-based carrier technol-
ogies offer indeed a customizable approach for locally
controlled delivery, by coupling the drug or molecule of
interest to carrier particles such as MPs (Tam et al., 2014),
nanoparticles, liposomes or dendrimers (Mura et al., 2013).
Thanks to relatively simple fabrication protocols and fair
requests in terms of equipment, such technologies have been
extensively explored in the last decade, and applied in
different fields, spanning from cancer research to nutritional
sciences (Mozafari et al., 2008; Peer et al., 2007). The char-
acteristics of carrier technologies have been developed to
overcome hindrances arisen in the field of drug administra-
tion, thus to improve the selectivity of targeting, to increase
the capability to control drug release via chemistry tailoring,
and to obtain an increase of stability of otherwise labile
payloads. Despite the myriad different chemistries and pay-
loads, the recurring goal has been definitely to exert an
otherwise difficult control of drug release and stability at
the local level. Among polymer-based microsphere carrier
systems that take advantage of the biocompatible character
of bio-derived substances, such alginate, chitosan and silk
fibroin, PLGA (Poly-lactic Co-Glycolic acid, a synthetic biode-
gradable polymer) based MPs (Makadia and Steven, 2011) are
particularly attractive for neural regeneration applications,
given their favorable biocompatible behavior in physiological
environments, low immunogenicity and toxicity, the possi-
bility of size control and predictable, highly tailorable degra-
dation kinetics, not mentioning the fact that they are FDA
approved for drug delivery use (Jain, 2000).

Finally, the chaotic reinnervation of distal targets due to
misdirection of regenerating axons is the main factor that
results in poor functional recovery after nerve transection and
tube repair (Valero-Cabré and Navarro, 2002), thus study of
strategies to improve motor and/or sensory specific reinnerva-
tion are still needed. Therefore, the objective of the present
study was the initial evaluation of the potential advantages of
sustained release from MPs versus acute supply of several
neurotrophic factors and their possible selective effects on the
regeneration of motor and sensory axons.

2. Results
2.1.  MBPs fabrication and characterization

To test the correct encapsulation of molecules during the MP
fabrication process, fluorescent FITC-BSA was used as track-
ing dye and its fluorescence in the MP was checked by
fluorescence microscopy (Fig. 3). These fluorescent MPs were
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|
0 . 40
Count: 6823 Min: 1.52 ym
Mean: 5.90 um Max: 17.20 ym
StdDev: 2.16 ym Mode: 5 pm (1273)
Bins: 40 ym Bin Width: 1 pm D

Fig. 1 - A, B: steps in image treatment for automated microspheres counting. A: starting, as-is, captured image of
microspheres suspension in visible light; B: same image after normalization, thresholding, binarization and automatic
recognition for counting. C: sample SEM micrograph of PLGA MPs showing regular surface roughness. D: statistical data
distribution for MPs counted with the automated procedure from A, B.

30

20

cumulative % release

10

0 5 10 15 20 25 30 35
days

Fig. 2 - Gumulative release of NGF from PLGA MPs,
measured by ELISA and expressed as percentage of an

estimated starting total concentration of 50 ng/ml of
neurotrophin. Data expressed as mean + SEM.

also used as negative control to initially test their biocompat-
ibility in the organotypic explant experiments (see 3.2).

SEM imaging of MPs showed a fairly rough surface (Fig. 1C)
and was used also as a tool for rapid assessment of particle
dispersion, allowing quick modifications of the synthesis
protocol to obtain narrowly distributed microsphere size by
protocol adjustment. A consistent change was observed using
non-hydrolyzed PVA instead of hydrolyzed PVA as dispersant
of the second emulsification stage in the fabrication protocol.
Non-hydrolyzed PVA has higher viscosity and reasonably
hampers coalescing of the microdroplets formed during the

first homogenization phase, thus permitting smaller and
narrowly distributed MP sizes.

To assess the mean MP size, as Dynamic Light Scattering
(DLS) was not feasible due the micrometric size of the particles,
an optical microscopy-based method was implemented as
described. Fig. 1 shows the sequential steps of the software
pipeline, from the starting image taken in visible light (Fig. 14),
proceeding through normalization, thresholding binarization,
particle recognition and counting (Fig. 1B), with final summar-
ization of statistical distribution of the measured diameters
(expressed as Feret's diameter) of the MP (Fig. 1D). The particles
produced by this protocol have a narrow size distribution with a
mean size of 5.942.1 pym (n=6823). This is a desirable size range,
as nanometer-sized MPs would likely be endocytosed by cells,
while bigger ones would be difficult to handle due to quick
precipitation after resuspension.

The encapsulation efficiency was calculated as the actual
fraction of a theoretical 100% efficiency. By ELISA tests the
estimated encapsulation efficiency resulted to be 64.1+0.02%,
that, while being lower than otherwise reachable high reported
efficiencies (Péan et al, 1998), also in view of smaller mean
particle size, compares with previous work with similar applica-
tions (De Boer et al., 2011). This estimate was used to calculate
the mass of MP to use when assessing the release profile of NGF.
Quantification of the released NGF was performed by ELISA,
starting with an estimated 50 ng NGF-containing MP mass
(equivalent to 62.5 pg) and measuring the NGF quantity in the
supernatant of a suspension of MPs kept in cell culture-like
conditions (37 °C, 5% CO, atmosphere) over one month. The
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Fig. 3 - Neurite outgrowth stained with RT97 (red) from DRG (A) and SC (B) organotypic cultures in a collagen matrix filled with

fluorescent MPs (green). Scale bar: 100 pm.

resulting data (shown in Fig. 2 as percentage quantity of the total
initial estimated NGF) showed an initial small burst at day 0
(sampling was performed at the end of each considered day) and
increasing release over the first 810 days of suspension,
followed by sustained release until the end of the observation
period.

2.2.  Invitro effects of NTF loaded MP on neurite outgrowth

Although PLGA has been widely described to be biocompatible
and biodegradable (Makadia and Steven, 2011), there are studies
reporting some cell toxicity in culture (Grabowski et al., 2013).
Thus, we first evaluated if PLGA MPs could affect neurite outg-
rowth by loading FITC-BSA in the MPs and embedding them
within the collagen matrix surrounding DRG and SC cultures. In
both cases neurites grew from the explants and were present in
close proximity to the MPs (Fig. 3A, B), indicating no adverse
effects caused by PLGA or PLGA degradation products that could
interact with neurite outgrowth.

Organotypic cultures of DRG (Fig. 4A-F) and SC (Fig. 5A-F)
were performed to test whether MPs loaded with NGF (MP-NGF)
and with BDNF (MP-BDNF) increased neurite outgrowth in
comparison with the same NTF placed as free protein in the
collagen matrix. Without conditioning the collagen matrix, both
free and encapsulated NTF increased the amount of neurites
that grew from the explant in comparison with cultures without
NTF (Figs. 4G and 5G), indicating that MPs released NTF. The
longest neurite measured was significantly longer in DRG
cultures with free NGF but not in cultures with MP-NGF than
in control cultures (Fig. 4H). In SC cultures both free BDNF and
MP-BDNF increased the maximal length of neurites with respect
to control cultures (Fig. SH).

After 1 week of conditioning the collagen matrix with no NTF,
free NTF or encapsulated NTF, only the explants cultured with
MPs increased the amount of neurites in comparison with the
control and also free NTF (Figs. 41 and 5I), indicating that after
1 week there was still NTF within the matrix of the MP cond-
itions being able to promote axon outgrowth but not in the free
NTF cultures. Similarly, both MP-NGF (Fig. 4]) and MP-BDNF
(Fig. 5J) cultures showed increase in the longest neurite measures
with respect to control values, while no differences were seen
between the free NTF and control conditions.

2.3. NTFs enhance axon outgrowth of motor and sensory
neurons in vivo

All the rats showed evidence of axonal regeneration after
section of the sciatic nerve and tube repair, as judged by the
retrograde labeling of motor and sensory regenerated neu-
rons with FG (Fig. 6). No differences were found between
groups treated with collagen alone and with MP-PBS (Fig. 7A,
B) indicating again lack of interaction of PLGA MPs with axon
outgrowth.

GDNF and BDNF applied as free factor in the nerve conduit
were the only NTFs that enhanced motor axon regeneration
in comparison with the control group, whereas NT-3, FGF and
NGF did not show differences (Fig. 7A). Similarly, free GDNF,
BDNF and also FGF yielded significant differences in compar-
ison with animals treated with MP-PBS. On the other hand, all
the groups with NTFs encapsulated in MPs had higher
number of regenerated motor neurons than the control
group. Particularly, groups treated with MP-GDNF and MP-
BDNF showed the highest increase in the number of regen-
erated motor axons. Concerning sensory neurons regenera-
tion, only free NGF showed differences with the two control
groups without NTF (Fig. 7B). In contrast, MP-NGF, MP-GDNF
and MP-BDNF enhanced sensory axon growth with respect to
control and MP-PBS groups.

With regard to the performance of MPs, a comparison of free
NTF (dotted line, taken as 100%) with the same factor encapsu-
lated in MPs is shown in Fig. 7C,D. For motor neurons, all the MP
groups had higher numbers of neurons with regenerated axons
in comparison with free NTF with the exception of FGF (Fig. 7C).
For sensory neurons, all the MP groups had increased axon
regeneration in comparison with free NTF, except for NGF and
BDNF (Fig. 7D). These results indicate that the slow release of
NTFs from MPs promoted nerve regeneration in vivo.

Finally, histologic quantification of MF inside the regenerating
tube was performed. The biocompatibility of the PLGA MPs used
in this study was confirmed, as MPs were in close proximity with
regenerated myelinated and unmyelinated axons (Fig. 8D,F). The
regenerated nerve inside the tube had a thin external layer of
fibrous tissue and a central region with axons forming the typ-
ical morphology of a regenerated nerve inside a tube (Gomez
et al., 1996; Lago and Navarro, 2006) in all the groups (Fig. 8A-C).
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Fig. 4 - A-C: neurites stained with RT97 from DRG neurons cultured within non-conditioned collagen alone (A), with added
free NGF (B), and MP-NGF (C). D-F: neurite outgrowth from DRG neurons cultured within 1 week-conditioned collagen matrix
alone (D), with added free NGF (E), and MP-NGF (F). G, I: plot of the number of neurites grown at increasing distance from the
DRG body in a collagen matrix non-conditioned (G) and after 1 week conditioning with free NGF or MP-NGF (I). H, J:
measurement of the longest neurite in non-conditioned (H) and after 1 week conditioning with free NGF or MP-NGF

(). *p<0.05 vs Col; $p <0.05 vs MP-NGF; #p <0.05 vs free NGF, &p <0.05 vs free NGF and MPNGF. Data expressed as

mean + SEM. Scale bar: 250 ym.

With regard to the number of MFs, control and MP-PBS groups
showed similar values. On the other hand, only NGF and MP-NGF
treated groups showed higher number of MFs than controls,
whereas the other treated groups had similar values with no
differences compared to the control groups (Fig. 8G).

Discussion

The results of this study demonstrate that different NTFs
encapsulated in PLGA MPs enhance motor and sensory axons
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Fig. 5 - A-C: neurites stained with RT97 from SC neurons cultured within non-conditioned collagen alone (A), with added free
BDNF (B), and MP-BDNF (C). D-F: neurite outgrowth from SC neurons cultured within 1 week-conditioned collagen matrix
alone (D), with added free BDNF (E), and MP-BDNF. G, I: plot of the number of neurites grown at increasing distance from the
SC body in a collagen matrix non-conditioned (G) and after 1 week conditioning with free BDNF or MP-BDNF (). H, J:
measurement of the longest neurite in non-conditioned (H) and after 1 week conditioning with free BDNF or MP-BDNF

(). *p<0.05 vs Col; $p<0.05 vs MP-BDNF, #p <0.05 vs free BDNF, &p<0.05 vs free BDNF and MP-BDNF. Data expressed as
mean + SEM. Scale bar: 250 pm.
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Fig. 6 - Representative micrographs of neurons retrolabeled with FG in the lumbar SC of rats after sciatic nerve section and
repair with a nerve conduit filled with collagen plus MP-BDNF (A, left) and with collagen alone (A, right). Representative
micrographs of neurons retrolabeled with FG in the lumbar DRG of rats after sciatic nerve section and repair with a nerve
conduit filled with collagen alone (B) and with collagen plus MP-NGF (C). Scale bar: 500 ym.

regeneration both in vitro and in vivo in comparison with the
same NTFs administered as free molecules without encapsu-
lation. The encapsulation in controlled release systems has
the advantage to allow a slow and sustained release of
desired NTFs focally at selected areas of the nervous system
as a therapeutical approach for neurodegenerative diseases
and neural injuries (Benoit et al., 2000; Catrina et al., 2013).
Due to their small size, MPs can be easily implanted in well
localized areas without affecting the surrounding tissues
(Figs. 3 and 8), thus avoiding also secondary effects. The
controllable delivery of molecules from the MPs is advanta-
geous as compared to a burst supply by direct injection and
allows to overcome the limited therapeutic protein stability.
Advantages of MPs (and conduits) as carriers for local,
prolonged delivery of NTFs include that they are biocompa-
tible and biodegradable, minimizing the foreign-body reac-
tion, they avoid the implantation of catheters and external
devices needed with injection ports and osmotic pumps, or
the grafting of engineered cells with immunogenicity issues.

First, a characterization of the PLGA MPs was made before
their in vitro and in vivo use. ELISA results demonstrate that 10
days after MP fabrication, 30% of the encapsulated NTF has been
already released, and that slow release is maintained for more
than a month. This releasing profile seems adequate for enhan-
cing nerve regeneration, since the expression of different NTF
receptors remains upregulated during the firsts months after
injury (Boyd and Gordon, 2003a). Despite previous studies have
used PLGA MPs to deliver NTFs, mechanical and chemical
stresses during MP manufacturing may affect the structure and
the stability of the encapsulated protein (Yeo and Park, 2004;
Pfister et al., 2007). To address this issue, we first used organo-
typic cultures of DRG (Fig. 4) and SC (Fig. 5) to assess the
bioactivity of NTFs released from the prepared MPs. The
obtained results showed that the NTFs tested, NGF and BDNF,
are released in effective concentration beyond one week, and
after this period still keep bioactivity to promote neurite out-
growth in comparison with the application of free NTFs. The
neurite growth observed in cultures without preconditioning (i.e.

immediate use) was similarly enhanced by free NTFs and by
NTFs loaded in MPs added within the collagen matrix, which can
be explained by the initial burst release of enough amount of the
NTFs (Fig. 2). However, after 1 week of preconditioning the
medium, only NTFs encapsulated in MPs produced an increase
in neurite outgrowth in comparison with control cultures,
indicating that MPs were still releasing NTFs at a concentration
high enough to stimulate the growing response. Thus, rather
than an increased effect of encapsulated NTFs over free NTFs, it
seems that the elution of the free NTFs outside the matrix or the
loss of their activity is responsible of the low effect in the
conditioned setting, while the NTFs continuously released from
the MPs were still able to enhance neurite outgrowth to similar
levels than in the non-conditioned matrix.

Second, after testing that the manufactured MPs did not
interact with growing neurites and improved regeneration
in vitro, the same preparations were applied in vivo. A silicone
tube filled with a collagen gel containing either free or MPs
encapsulated NTFs was implanted to repair a nerve gap. The
NTFs applied were expected to act during the period of axonal
regeneration across the tube, i.e. 2-3 weeks (Williams et al., 1983;
Mcdonald and Zochodne, 2003). As the MP encapsulation
increased the therapeutic window of NTFs delivery in vitro, its
effects were presumed to be also higher in vivo than those of
free NTFs. Thus, both retrotracer and histological analyses were
conducted to test whether application of encapsulated NTF
improved nerve regeneration in vivo.

The number of regenerated neurons (Fig. 7A-B) and MFs
(Fig. 8G) in both control groups was similar, indicating that the
presence of PLGA MPs did not interfere in the regeneration
process. On the other hand, while retrotracer analysis demon-
strates an enhancement of regeneration in all the groups with
NTFs, this improvement is not seen in the histological analysis
where only groups treated with NGF showed differences com-
pared to control. Moreover, we found less regenerating neurons
in the retrotracer study than MFs in the histology. Although this
results could seem contradictory, it has been reported that
neurons initially generate several axonal sprouts after axotomy
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Fig. 7 - Histograms of the number of motor neurons in the SC (A) and of sensory neurons in the DRG (B) retrolabeled with FG
after sciatic nerve section and conduit repair counted in the different groups compared, with and without NFs in free and in
MP preparations. Percentage of retrolabeled motor (C) and sensory (D) neurons counted in rats with NTF loaded MPs with

respect to rats with the same NTF applied as free factor in the collagen gel. Data expressed as mean +SEM. *p <0.05 vs Col;

#p <0.05 vs MP-PBS.

(Mackinnon et al., 1991), and even at long term each neuron may
maintain more than a single regenerated axonal branch (Gémez
et al, 1996; Jenq and Coggeshall, 1985). Furthermore, more
regenerated axons (sprouts) do not necessarily indicate more
neurons regenerating (Piquilloud et al., 2007) and may be also
considered deleterious in terms of functional recovery
(Guntinas-Lichius et al., 2005). Hence, the increase of MF in the
NGF groups would be in accordance with other studies that
describe an important role of NGF on axonal sprouting (Diamond
et al.,, 1987; Gloster et al., 1992; Ruiz et al., 2004). Thus, histological
quantification of MFs may result in an overestimation of the
number of regenerated neurons (Navarro, 2015) and only the ret-
rotracer study provides reliable information on the number of
regenerating neurons. For these reasons, in our study the
positive effects of the NTFs loaded MPs were indicated by the
effective growth of axons that were able to capture the retro-
tracer placed distal to the nerve conduit.

The results found in this work indicate that an increased
number of motor and sensory neurons regenerate distally to the
nerve conduit in the groups with MP-encapsulated NTFs. This
can be explained by an acceleration of axonal regeneration, as
well as by an indirect effect inducing endogenous Schwann cells
to a proregenerative state (Gordon et al., 2003). After nerve lesion
reactive Schwann cells highly induce the expression of several
NTFs, including NGF, BDNF, GDNF, and their receptors (Boyd and
Gordon, 2003a; Allodi et al., 2012). The increased neurotrophic

secretion peaks at about 1 week postaxotomy and declines with
time. Our results give further support to the view that additional
exogenous supply of NTFs may enhance the regenerative
response of peripheral neurons. Nevertheless, the concentration
and time window of the NTFs applied at the site of nerve injury,
such as within a nerve conduit, need to be carefully investigated.
Indeed, a small supply of a NTF at the site of injury does not
always have beneficial effects, and on the opposite an excessive
concentration may even hinder axonal growth. Thus, exogenous
application of NGF to axotomized sensory neurons may interfere
with the regenerative response and delay axonal regrowth (Gold
et al.,, 1997; Mohiuddin et al., 1999). An increased supply of GDNF
at the focal site has been shown to stimulate axonal sprouting,
thus multiplying the number of regenerating fibers within a
nerve conduit, but did not result in positive outcomes in terms of
distal regeneration and return of motor function (Piquilloud
et al.,, 2007). A further problem was reported after the injection
in the injured nerve of viral vectors transducing the over-
expression of NTFs. The high amount of GDNF secreted created
a “candy-store” effect (Tannemaat et al., 2008), in which regen-
erating axons stay in areas with high GDNF concentration and
fail to grow distally towards the target organs. Therefore, our
results sustain that prolonged, controlled release of NTFs is
beneficial to improve nerve regeneration.

Third, after fluorogold retrolabeling and quantification of
regenerated neurons in DRG and SC (Fig. 7), we were able to
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Fig. 8 - A-F: representative microphotographs of semithin transverse sections of the regenerated nerves in groups MP-PBS (A,
D), NGF (B, E) and MP-NGF (C, F). G: histogram of myelinated fibers number in the different groups compared. Data expressed
as mean+ SEM. *p<0.05 vs Col; #p<0.05 vs MP-PBS. Scale bar 100 ym in A-C and 10 pm in D-F.

distinguish if different NTFs exerted a selective effect on the
axonal regeneration of motor or sensory neurons in vivo, an
information that is not provided by standard microscopy
methods. The in vivo results corroborated some results
previously reported using the organotypic cultures in vitro.
Thus, in cultures with NTFs added directly to the collagen
matrix, NGF had a positive effect only on sensory neur-
ons, BDNF mainly enhanced motoneurons growth, GDNF
promoted neurite outgrowth in both types of neurons,
whereas NT-3 did not have a noticeable effect (Allodi et al.,
2011), similarly to our results in vivo with free NTFs. Never-
theless, we found that when applied encapsulated in MPs, the
same NTFs had stronger effects on axonal regeneration of
both populations of peripheral neurons, although the differ-
ential effects were maintained.

Previous studies demonstrated that an additional supply of
GDNF and of BDNF exerts beneficial effects on motoneuron
survival and regeneration (Boyd and Gordon, 2003b; Pajenda
et al., 2014), but no positive effects were found for sensory neur-
ons (Tannemaat et al., 2008). In agreement with those reports,
we observed improved motor but not sensory neuron regenera-
tion when BDNF and GDNF were embedded as free factors in the

collagen filling the silicone tube. However, when they were
encapsulated in MPs, regeneration was enhanced in both motor
and sensory neurons. Although sensory neurons and Schwann
cells express both BDNF and GDNF receptors (Boyd and Gordon,
2003a), it is likely that a single administration immediately after
nerve injury is not enough to exert a significant effect on sensory
regeneration.

FGF-2 is expressed in three isoforms that are upregulated
after nerve injury (Klimaschewski et al, 2013). FGF-2 18 KDa
isoform mainly enhances motor functional recovery with some
effects on sensory functional recovery (Allodi et al, 2014;
Haastert et al.,, 2006; Meyer et al., 2015). In accordance with these
studies, we found an enhancement only of motor axon regen-
eration compared to both controls in the MP group.

On the other hand, as motoneurons do not express TrkA
receptor and after sciatic nerve axotomy TrkC receptor levels
remain relatively unchanged (Boyd and Gordon, 2003a), signifi-
cant effects on motoneurons regeneration with the application
of NGF and NT-3 were not expected. However, when encapsu-
lated in MPs both NGF and NT-3 produced significant increase in
the number of motoneurons that regenerated their axons dis-
tal to the conduit. A previous study described improvement of
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motor regeneration with NGF administration in a fibrin depot
(jubran and Widenfalk, 2003). It may be hypothesized that the
prolonged supply by the MPs might indirectly enhance axonal
regeneration by stimulating Schwann cell proliferation and
reactivity. Furthermore, a possible inhibition of NGF or NT-3
via p75 receptor activation (Boyd and Gordon, 2002) could also be
compensated by the upregulation of other NTFs such as BDNF
secreted by stimulated Schwann cells or fibroblasts (Acheson
et al,, 1991; Klein et al., 1991).

In conclusion, the results of this study indicate that the use of
PLGA MPs as a prolonged delivery system within a nerve conduit
is a good approach to enhance nerve regeneration in comparison
with a single application of NTFs that have a limited effect due to
degradation, leakage outside the conduit or dilution resulting in
sub-optimal concentration. Despite some NTFs are able to
enhance axonal regeneration when directly applied to the
injured nerve, our in vitro and in vivo results support that the
therapeutic effect in terms of increasing axon growth is sig-
nificantly increased by a sustained release from PLGA MPs. The
lengthening of trophic support will be of further relevance for the
repair of long gaps with nerve conduits, a situation in which the
endogenous support is insufficient to sustain axonal regenera-
tion, as well as for delayed repair of nerve injuries (Wood et al.,
2013) that need a reactivation of the pro-regenerative environ-
ment along the distal nerve. Further research to refine the MPs
supply of NTFs should address on tuning the time-concentration
rate of delivery, as well as the potential contribution of several
factors simultaneously or sequentially.

4. Experimental procedure
4.1.  Microsphere fabrication and characterization

The chosen material was Poly-lactic Co-Glycolic acid (PLGA,
Sigma-Aldrich Co. LLC, cat# 719870), a synthetic biocompatible
and biodegradable co-polymer widely used for controlled release
applications (Makadia and Steven, 2011). Low molecular weight
PLGA (M, 24,000-38,000) was used because of its encapsulation
efficiency (Blanco and Alonso, 1998) and a water-in-oil-in-water
(WoW) protocol was followed, as already described (Ghaderi
et al, 1996), with modifications to adapt to the application.
Briefly, 30-35 mg of PLGA (50:50) were dissolved in 1 ml DCM.
The first emulsion was created with 200 ul aqueous solution of
the desired trophic factor (NGF, BDNF, GDNF, FGF-2 18 KDa, or
NT-3, Peprotech, USA) with an immersion homogenizer. This
water-in-oil emulsion was then poured in 7 ml PVA 5% aqueous
solution to create the second emulsion. After 45min in the
magnetic stirrer the double emulsion was poured in 40 ml PVA
0.1% aqueous solution to allow for solidification and solvent
evaporation over 16 h in the magnetic stirrer at RT. The MPs
were washed with distilled water twice by centrifugation at 4650
RCF at 4 °C, finally resuspended in an aqueous solution with
penicillin/streptomycin, to control possible downstream bacterial
contamination and sent forth for in vitro/in vivo experiments.
MP surface and size distribution assessment was performed
by SEM (EVO™MA10 Scanning Electron Microscope, Zeiss, Ger-
many). Briefly, 1-3ul of particles dispersion were spotted on
silicone stubs, metallized with a sputter coater (Quorum Q150R
ES, Quorum technologies, UK) and imaged with an acceleration

voltage of 10kV. Size distribution characterization was per-
formed by means of an inverted microscope (Eclipse Ti; Nikon
Instruments, Japan) equipped with a cooled CCD camera (DS-
Fi1C; Nikon Instruments, Japan). MPs were imaged immediately
after synthesis in 5pl distilled water spotted on a clean glass
coverslip, and snapshots of random fields were taken in visible
light. Particle size was evaluated via image analysis with the Fiji
software (Schindelin et al, 2013). Assessment of fluorescent
proteins encapsulation and tracking was performed with same
apparatus equipped with suitable fluorescent filters.

NGF was chosen to further characterize the performance
of the microspheres system. NGF encapsulation efficiency of
the fabrication protocol was calculated as the fraction
between experimental load versus theoretical load. For effi-
ciency testing, 4 pg of NGF were encapsulated in 30 mg PLGA
MPs, following the above described protocol. The MPs were
washed and dissolved by incubation overnight in 2 ml dis-
solution buffer (5% SDS, 0.1 N NaOH) at RT. Following micro-
sphere dissolution, the released NGF was quantified with an
ELISA test kit (Human beta-NGF ELISA kit, Sigma-Aldrich,
USA), following the manufacturer's protocol.

For NGF release assessment, a tube containing 1ml of
phosphate buffered saline (PBS) was loaded with 62.5 pg of MPs
coming from batches of 30mg total mass, equivalent to an
estimated 50 ng encapsulated NGF (based on previously calcu-
lated load efficiency). The tube was incubated at 37 °C and at
specific time points (0, 1, 2, 3, 5, 6, 7, 8, 15, 20, 25, and 33 days), the
mixture was centrifuged at 4650 RCF at 4 °C, the supernatant was
collected and fresh PBS was then added to replace the with-
drawn supernatant; the MPs were resuspended again and retu-
med to 37 °C. Supernatants were frozen for subsequent quanti-
fication. Assessment of quantity of the released NGF in each
supernatant at different time points was also performed by an
ELISA kit (Human beta-NGF ELISA kit SIGMA-Aldrich, USA),
following the manufacturer's protocol. Release experiments were
all performed in duplicate.

4.2.  In vitro study on organotypic cultures

The in vitro procedures were approved by the ethical com-
mittee of the Universitat Autonoma de Barcelona in accor-
dance with the European Communities Council Directive
2010/63/EU. Organotypic cultures were prepared as previously
described (Allodi et al.,, 2011). A volume of 392 ul of rat tail
collagen type I solution (#354236, Corning) at a concentration
of 3.83 mg/ml was mixed with 50ul of 10 x basal Eagle's
medium (Gibco) and 2 pl of 7.5% sodium bicarbonate solution.
Moreover, 56 ul of PBS with MPs containing FITC-BSA for
biocompatibility assessment or 56 pl of PBS with free or MP
encapsulated NGF or BDNF for bioactivity experiments were
added to the collagen solution. The same volume of MPs with
PBS vehicle was used for the control group (Col). The final
concentration of the NTF was 10 ng/ml of within a 3.0 mg/ml
collagen gel.

Single drops of 30 pl were deposited on poly-p-lysine (PL, 1 g/
ml, Sigma) coated coverslips, which were placed in Petri dishes
or 24-well multidishes (Iwaki, Asahi Technoglass, Chiba, Japan)
and kept in the incubator at 37 °C and 5% CO, for two hours to
induce collagen gel formation. Three different sets of collagen-
based matrices (containing MPs loaded with PBS, NTFs or free
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NTFs) were prepared and used immediately or maintained for
1 week (conditioning) in the incubator to test if MPs released the
factors over time and if the NTF was accumulated or eluted with
time in each condition.

P7 rats were euthanised by cervical dislocation following
AVMA Guidelines on Euthanasia (Leary et al., 2013), and
spinal cord (SC, n=6-8/group) lumbar segments and lumbar
DRG (n=14-24/group) were harvested, placed in cold Gey's
balanced salt solution (Sigma) enriched with 6 mg/ml glucose
and cleaned from blood and meningeal debris. SCs were cut
with a Mcllwain Tissue Chopper in 350 um thick slices. SC
slices and DRG explants were then placed on the gelled
collagen droplets, prepared as indicated above, and covered
by a second drop of 30pl collagen matrix. The embedded
samples were placed again in the incubator for 45 min before
adding Neurobasal medium (NB, Invitrogen), supplemented
with B27 (Invitrogen), glutamine and penicillin/streptomycin
(Sigma). The medium volume delivered into Petri dishes and
wells was 1.5 ml for SC slices and 0.5 ml for DRG. After one
day in culture, the medium of SC cultures was removed and
changed by a penicillin/streptomycin free medium. DRG
explants were cultured for 2 days, and SC slices for 4 days.

SC and DRG cultures were fixed with 4% paraformaldehyde in
PBS for 30 min. Afterwards, SC and DRG samples were incubated
for 48 h with primary antibody mouse RT97 (1:200, Develop-
mental Studies Hybridoma Bank) at 4°C. After three hours
washing, the sections were incubated with secondary antibodies
AF594 conjugated donkey anti-mouse (1:200, Jackson IR) over-
night at 4 °C. After two washes samples were mounted on slides
with Mowiol containing DAPI (1:10,000, Sigma) nuclear counter-
stain. Cultures were visualized with an Olympus BX51 fluores-
cence microscope, images of different areas were taken with Cell
A software (Olympus) and merged using Adobe Photoshop CS3
(Adobe System). Confocal images were obtained using a ZEISS
LSM 700 microscope and the ZEN ZEISS software. Whole culture
images were analyzed with the Neurite-] plug-in (Torres-Espin
et al., 2014) for ImageJ software (NIH, available at http://rsb.info.
nih.gov/ij/) and the number of neurites grown at different
distances from the explant was compared between sets of
cultures.

4.3.  In vivo study of peripheral nerve regeneration

Female Sprague-Dawley rats (250-300 g) were used for the in vivo
studies. They were kept on standard laboratory conditions with a
light-dark cycle of 12:12 h and ad libitum access to food and tap
water. All efforts were made to minimize pain and animal
discomfort during surgery and treatments.

Animals were anaesthetized with pentobarbital sodium
(40 mg/kg i.p.),, the sciatic nerve was exposed at the midthigh
and sectioned 90 mm from the tip of the third toe, and a 6 mm
nerve portion distal to the section was resected. A silicone tube
was then sutured with 10-0 monofilament sutures to each nerve
stump leaving a 6 mm gap between both nerve ends. Animals
were kept for 20 days post-operation (dpo) to allow axonal
regeneration before testing.

NGF, NT-3, GDNF and BDNF free or encapsulated in MPs were
added to a collagen solution to reach a final concentration of
2 ng/ml; FGF free and encapsulated was used at 10 ug/ml. Each
preparation of NTF was mixed with 50 pl of 10 x basal Eagle's

medium (Gibco), 2 ul of 7.5% sodium bicarbonate and 187 ul of
PBS, and then kindly mixed with 261 ul of collagen type I solution
at 3.83 mg/ml to a reach a final collagen concentration of 2 mg/
ml. Silicone tubes 8 mm long with an external diameter of 3 mm
and an internal diameter of 2 mm were filled with one of the
collagen mixtures containing free or encapsulated NTFs. In order
to promote fibril alignment, the collagen was left to gel vertically
for 12 h before surgery (Verdu et al., 2002). Therefore, there were
10 experimental groups (n=5-6 per group), one for each NTF free
and encapsulated in MPs. In addition, two control groups were
implanted with tubes containing collagen alone or collagen with
MPs containing only PBS. All in vivo procedures were appro-
ved by the ethical committee of the Universitat Autonoma de
Barcelona in accordance with the European Communities Coun-
cil Directive 2010/63/EU.

4.4.  Retrograde labeling and neuronal counting

To quantify regenerated motor and sensory neurons, rats were
anaesthetized at 20 days after lesion with pentobarbital sodium,
the sciatic nerve was exposed and transected 8 mm distal to the
distal end of the silicone tube. The tip of the severed nerve was
soaked into 5 pl of Fluorogold (FG; 5%; Fluorochrome Inc.) for 1h
in a vaseline well. After retrieval of the well, the area was rinsed
with saline to clean remnants of the tracer, and the wound
sutured in planes. Animals were allowed to survive for 7 days to
allow accumulation of the tracer in the soma of the spi-
nal motoneurons and the DRG sensory neurons. Then, rats
were deeply anesthetized with pentobarbital sodium overdose
(200 mg/kg i.p.) following AVMA Guidelines on Euthanasia (Leary
et al,, 2013) and transcardially perfused with 4% paraformalde-
hyde in PBS. The lumbar segment (L3-L6) of the SC and L4 and L5
DRG were removed, postfixed in the same fixative solution for
1h and transferred to 30% sucrose in PBS. The SC and DRG were
cut longitudinally in 40 and 20 pm thick sections, respectively, in
a cryostat and mounted on slides. Sections were observed with
an Olympus BX51 fluorescence microscope under UV light and
the number of labeled neurons were counted in every third
section following the fractionation principle (Gundersen, 1986).

4.5.  Nerve histology

After perfusion, the regenerated nerves inside the tubes were
also harvested and fixed in glutaraldehyde-paraformaldehyde
(3%/3%) in cacodylate-buffer solution (0.1 M, pH 7.4) overnight at
4°C. Then, nerves were postfixed with osmium tetroxide (2%,
2 h) and dehydrated through ethanol series prior to embedding
samples in epon resin. Semithin sections (0.5 pum thick) taken
3mm distal from the proximal stump were stained with
toluidine blue and examined by light microscopy. Images of
the whole sciatic nerve were acquired at 10 x with an Olympus
DP73 camera attached to a computer. Sets of images for analysis
obtained at 100 x magnification were chosen by systematic
random sampling of squares representing at least 30% of the
nerve cross-sectional area and measurements of cross-sectional
area of the whole nerve and counts of the number of myelinated
nerve fibers (MF) were conducted.
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4.6.  Data analysis and statistics

Data are presented as mean+SEM. Results were statistically
analyzed by using GraphPad Prism (GraphPad Software, USA).
One- or two-way ANOVA followed by Bonferroni's multiple
comparison test was used in the in vitro studies for compar-
ison between groups. Student's t-test or one-way ANOVA
followed by post hoc Fisher's exact test were applied in the
in vivo studies. Statistical significance was considered when P
value was <0.05.
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Abstract

Although axons can regenerate after peripheral nerve transection and repair, functional
recovery is usually poor because misdirected regenerating axons lead to inaccurate
reinnervation. Neurotrophic factors promote and offer directional guidance to
regenerating axons and their selective application may help to improve functional
recovery. Hence, we have characterized in organotypic cultures of spinal cord and
dorsal root ganglia (DRG) the effect of GDNF, FGF-2, NGF, NT-3 and BDNF at
different concentrations on motor and sensory neurite outgrowth. In vitro results show
that GDNF and FGF-2 enhanced both motor and sensory neurite outgrowth, NGF and
NT-3 were the most selective to enhance sensory neurite outgrowth and high doses of
BDNF selectively enhanced motor neurite outgrowth. Then, different doses of NGF,
NT-3 and BDNF selected as the most selective factors were delivered in a collagen
matrix within a silicone tube to repair the severed sciatic nerve of rats. Fluorogold was
applied to the regenerated nerve to quantify the number of motor and sensory neurons
in the spinal cord and DRG respectively. In vivo, NGF and NT-3 did not show
preferential effect on sensory regeneration whereas BDNF preferentially promoted
motor axons regeneration. Therefore, our results indicate that the selective effect of
NGF and NT-3 shown in vitro is lost when they are applied in vivo, but a high dose of
BDNF is able to selectively enhance motor neuron regeneration both in vitro and in

vivo.
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1. Introduction

After peripheral nerve injury transected axons can regenerate and reinnervate target
organs. However, reinnervation of distal organs and functional recovery is often
deficient because random regeneration of axons results in aberrant target reinnervation
(Valero-Cabré and Navarro, 2002). Thus, specificity of reinnervation is a key issue to

improve functional recovery after peripheral nerve injuries.

Although some studies described that motor axons preferentially reinnervate muscular
pathways (Brushart, 1988), this accuracy is compromised when optimal conditions
such as pure muscular and cutaneous branches, matching distal nerve caliber, and
short separation between nerve stumps are not met (Madison et al., 1996; Robinson
and Madison, 2004). Actually, it has been suggested that although motor or sensory
neurons tend to regenerate through its original pathway, axons sense the levels of
trophic factors in distal branches and then grow towards the target that offers more
trophic support (Robinson and Madison, 2005). In fact, some authors argue that the
key point for preferential attraction of axons to their adequate targets is the expression
of trophic factors by the own target organ and the distal stump (Brushart, 1988;
Madison et al., 1996).

After nerve injury, in order to support neuronal survival and enhance regeneration,
motoneurons in spinal cord (SC) and sensory neurons in dorsal root ganglia (DRG)
synthesize and secrete neurotrophic factors (NTF). Furthermore, within the proximal
and the distal nerve stumps, denervated Schwann cells become growth supportive and
secrete several NTF and citokines that follow different patterns of expression, with an
initial up-regulation of NGF, BDNF and GDNF, whereas others, such as NT-3 or CNTF,
are down-regulated (Allodi et al., 2012). However, changes in NTF levels are several
fold higher at the lesion area than in the SC or the DRG where the somata of the
axotomized neurons are located (Boyd and Gordon, 2003). Moreover, it has been
described that some NTF may influence the direction of regenerating axons on certain
models of regeneration (Markus et al., 2002). Thus, modifying the regenerative
microenvironment is a promising approach to modulate and selectively enhance

sensory and motor regeneration.

However, high levels of NTF or a prolonged delivery over time can in fact induce no
improvement or even result deleterious in terms of regeneration (Boyd and Gordon,
2002; Piquilloud et al., 2007; Tannemaat et al., 2008), inducing neurotoxicity (Kim et
al., 2003), endoneurial sprouting and hyperalgesia (Ruiz et al., 2004). Therefore, as

low levels of NTF may not reach therapeutical action and high levels may disrupt
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regeneration, a comparative study of the concentrations and delivery of NTF to
specifically improve regeneration of motor or sensory neurons was undertaken. We
have analysed the effect of GDNF, FGF-2, NGF, NT-3 and BDNF at different
concentrations on motor and sensory axonal regeneration using in vitro and in vivo

models.
2. Materials and methods
2.1. Ethical guidelines

Both in vitro and in vivo experimental procedures were approved by the ethical
committee of the Universitat Autonoma de Barcelona in accordance with the European
Communities Council Directive 2010/63/EU. Adult rats were anaesthetized with
pentobarbital sodium (40 mg/kg i.p.). P7 and adult rats were euthanized by
pentobarbital sodium overdose (200 mg/kg i.p.).

2.2. DRG and SC organotypic cultures

Organotypic cultures were prepared as previously described (Santos et al., 2016).
Briefly, collagen | (rat tail, #354236, Corning) diluted in basal Eagle’s medium (Gibco)
and sodium bicarbonate at 0.3 mg/mL was prepared as control condition., NGF, NT-3,
GDNF and BDNF (Peprotech) were added to achieve concentrations of 5, 10, 50 or
100 ng/ml. As FGF-2 has been reported to work at higher concentrations (Allodi et al.,
2013), FGF-2 18 kDa (Peprotech) was prepared at 25, 50, 250 and 500 ng/ml. Finally,
30 pl single drops of the prepared matrices were deposited on poly-d-lysine (1 g/ml,
Sigma) coated 24-well multidishes (lwaki, Asahi Technoglass, Chiba, Japan) and were
left to gel for 2h at 37°C and 5% CO: in the incubator.

SC lumbar segments and lumbar DRG were harvested from 7 days old Sprague—
Dawley rats, placed in 4°C Gey'’s balanced salt solution (Sigma) enriched with 6 mg/mi
glucose and cleaned from blood and meningeal debris. SCs were cut with a Mcllwain
Tissue Chopper in 350 um thick slices. SC slices and DRG explants were placed on
top of the collagen matrix and covered by a second 30 pl drop of the same solution.
After 45 min in the incubator, samples were embedded with 0.5 ml of Neurobasal
medium (Life Technologies), supplemented with B27 (Life Technologies), glutamine
and penicillin/streptomycin (Sigma). After one day in culture, the medium of SC
cultures was removed and changed by a penicillin/streptomycin free medium. DRG
explants were cultured for 2 days, and SC slices for 4 days. A detailed description of
this protocol has been previously reported (Torres-Espin et al., 2016).

2.3. Neurite outgrowth analysis
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SC and DRG cultures were fixed with 4% paraformaldehyde in PBS for 30 min.
Afterwards, SC and DRG samples were incubated for 48 h with primary antibody
mouse RT97 (1:200, Developmental Studies Hybridoma Bank) at 4°C. After three
hours washing, the sections were incubated with secondary antibody AF594
conjugated donkey anti-mouse (1:200, Life Technologies) overnight at 4°C. After two
more washes, samples were mounted on slides with Mowiol. Cultures were visualized
with an Olympus BX51 fluorescence microscope, images of different areas were taken
with a DP50 camera attached to a computer with Cell A software (Olympus) and
merged using Adobe Photoshop CS3 (Adobe System). Whole culture images were
analyzed with the Neurite-J plug-in (Torres-Espin et al., 2014) for ImageJ software
(NIH, available at http://rsb.info.nih.gov/ij/) and the number of neurites grown at
different distances from the explant was compared between different conditions of the
cultures. The area under the curve (AUC) for each group was calculated by the linear

trapezoidal method using the amount of neurites every 25 um.
2.4. In vivo study of peripheral nerve regeneration

Only the NTFs which showed trophic selectivity for motor and sensory outgrowth were
further tested in vivo. Thus, NGF, NT-3 and BDNF at 1, 2 and 10 pg/ml each were
added to a 2 mg/ml collagen solution prepared as above. These mixtures were used to
fill silicone tubes (8 mm long, 3 mm wide and 2mm i.d.) that were maintained vertically
for 12 h to promote collagen fibril alignment during gel formation (Verdu et al., 2002). A

collagen matrix without NTF was used in the control group.

Female Sprague-Dawley rats weighing 250-300 g (n=4 group) were anaesthetized, the
sciatic nerve was exposed at the midthigh and sectioned 90 mm from the tip of the third
toe, and a 6 mm nerve portion distal to the section was resected. The prepared tube
was then sutured with 10-0 monofilament sutures to each nerve end leaving a 6 mm
gap between nerve stumps. Animals were left to recover on a warming pad and then
housed with littermates. They were kept on standard laboratory conditions with a light-
dark cycle of 12:12 h and ad libitum access to food and tap water. All efforts were

made to minimize pain and animal discomfort during surgery and recovery.
2.5 Retrograde labeling and neuronal counting

Rats were anesthetized at 20 dpo with pentobarbital sodium, the sciatic nerve was
exposed and transected 8 mm distal to the distal end of the silicone tube. Then, the tip
of the severed nerve was soaked into 5 pl Fluorogold (FG; 5%; Fluorochrome Inc.) for
1 h in a vaseline well. After retrieval of the well, saline was flushed to clean remnants of

the tracer before suturing the wound in planes. Seven days later the rats were deeply
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anesthetized and transcardially perfused with 4% paraformaldehyde in PBS. The
lumbar segment (L3-L6) of the SC and L4 and L5 DRG were removed, postfixed in the
same fixative solution for 1h and transferred to 30% sucrose in PBS. The SC and DRG
were cut longitudinally in 40 and 20 ym thick sections respectively in a cryostat and
mounted on slides. Sections were observed with an Olympus BX51 fluorescence
microscope under UV light and the number of labeled neurons were counted in every

third section following the fractionator principle (Gundersen et al., 1986).
2.6 Data analysis

Data are presented as mean + SEM. Results were statistically analyzed by using
GraphPad Prism (GraphPad Software, USA). A Student’s t-test and one-way ANOVA
followed by Bonferroni's post hoc test for comparison between groups was used when

applicable. Statistical significance was considered when P value was <0.05.

3. Results and discussion

BDNF, NGF, NT-3, GDNF and FGF-2 at different concentrations were tested to
elucidate the optimal concentration of each NTF that is able to enhance either motor or
sensory neurite outgrowth without affecting the other neuronal population. For that

purpose, 3D organotypic cultures of SC slices and DRG were used (Figs. 1-3).
3.1. GDNF and FGF-2 enhance both motor and sensory neurite outgrowth

Almost all doses of both FGF-2 and GDNF increased motor and sensory neurite
outgrowth with respect to the control substrate (Fig. 1). Regarding motor neurite
outgrowth, FGF-2 showed a progressive dose effect with the lowest concentrations not
being able to reach significant differences versus the control group (Fig. 1 G, I), while
GDNF enhanced motor neurite outgrowth with no dose-dependency as all the groups
exhibit similar curves (Fig. 1H, J). On the other hand, sensory neurites growth from
DRG increased similarly at all the tested concentrations of FGF-2 (Fig. 1K, M), while
GDNF followed a dose-dependent increase showing the high doses even significantly
larger AUC values than the low ones (Fig. 1N). Comparatively, using the data of the
AUC in each culture condition, GDNF promoted a maximum increase of about 11 and 8
times in neurite growth of both motor and sensory neurites, whereas FGF-2 induced

maximal increase of 9 and 3 times respectively (Fig. 4A,B).

These results in vitro reveal that neither GDNF nor FGF-2 show a preference for motor
or sensory neuritogenesis, as both neuronal populations are enhanced at different

concentrations used. While GDNF has already been reported to promote neurite
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Figure 1. Representative images of RT97 stained neurites from spinal cord slices (A-
C) and DRG neurons (D-F) cultured within a 3D collagen matrix alone (A, D), and with
addition of 500 ng/ml of FGF-2 (B, E) or 100 ng/ml of GDNF (C, F). Quantification of
the number of neurites grown at increasing distance from the spinal cord slices (G, H)
and from DRG body (K, L) after the addition of FGF-2 and GDNF. Plots of the
quantified AUC from G, H, K and L graphs for motor (I, J) or sensory (M, N) neurite
outgrowth. Data expressed as mean + SEM. *p<0.05 vs control; # p<0.05. Scale bar
100 uym (A), 200 pm (B-F).

outgrowth of both populations, FGF-2 was described to preferentially enhance motor
neurite outgrowth when measuring the length of longest neurites (Allodi et al., 2013).
Since reliable measurements of neurite outgrowth analysis in organotypic cultures is
complicated (Al-Ali et al., 2016), we used a semiautomatic analysis that works as an
adaption of the Sholl method (Torres-Espin et al., 2014) to improve accuracy and
reproducibility as shown in other works (Parra et al., 2015; Tukmachev et al., 2016).

Thus, the differences in methods and variables to quantify neurite outgrowth in these
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studies may in fact explain some controversies. Hence, in accordance with our results,

we discarded GDNF and FGF-2 for in vivo studies because of their lack of selective

effect.
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Figure 2. Representative images of RT97 stained neurites from spinal cord slices (A-
C) and DRG neurons (D-F) cultured within a 3D collagen matrix alone (A, D), and with
addition of 50 ng/ml of NGF (B, E) or NT-3 (C, F). Quantification of the number of
neurites grown at increasing distance from the spinal cord slices (G, H) and from DRG
body (K, L) after the addition of NGF and NT-3. Plots of the quantified AUC from G, H,
K and L graphs for motor (I, J) or sensory (M, N) neurite outgrowth. Data expressed as
mean = SEM. *p<0.05 vs control; # p<0.05. Scale bar 200 ym (A-F).
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Figure 3. Representative images of RT97 stained neurites from spinal cord slices (A-
C) and DRG neurons (D-F) cultured within a 3D collagen matrix alone (A, D), and with
addition of 10 ng/ml (B, E) and 50 ng/ml of BDNF (C, F). Quantification of the number
of neurites grown at increasing distance from the cord slices (G) and from DRG body
() after the addition of different doses of BDNF. Plots of the quantified area under each
curve from G and | graphs for motor (H) or sensory neurite outgrowth (J). Data
expressed as mean + SEM. *p<0.05 vs control; # p<0.05. Scale bar 200 um (A-F).

3.2. NGF and NT-3 selectively enhance sensory regeneration in vitro but not in vivo

Observation of cultures of SC slices and DRG with NGF and NT-3 (Fig. 2 A-F) revealed
they were the most selective tested factors for sensory regeneration. Motor neurite
outgrowth was not affected by NGF or NT-3 at any of the concentrations compared to
the control cultures (Fig. 2 G-J). In contrast, addition of NGF (Fig. 2K, M) or NT-3 (Fig.
2L, N) in the collagen matrix yielded more sensory neurites at different distances and
larger values of the AUC in comparison with controls (Fig. 2 M, N), being the 50 ng/ml
dose the one that showed the highest values for NGF and NT-3. In agreement with

previous studies (Terenghi, 1999) NGF and NT-3 are able to promote exclusively
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sensory neurite outgrowth, without enhancing motor axon regeneration from SC slices.
This selective effect may be explained because motoneurons do not express TrkA
receptor and after nerve injury the expression levels of TrkC receptor remain relatively
unchanged (Boyd and Gordon, 2003).
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Figure 4. Histogram of the fold increase of the AUC for motor and sensory neurite
outgrowth induced by FGF (A), GDNF (B), NGF (C), NT-3 (D) and BDNF (E) at the
concentrations tested compared to the control collagen matrix. Data expressed as
mean = SEM. *p<0.05.

Taking advantage of the differential promotion of sensory but not motor neurite
outgrowth, these NTF were tested in vivo in a model of nerve regeneration. 20 days
after section of the sciatic nerve and tube repair, all the rats showed evidence of axonal
regeneration, as judged by the retrograde labeling of motor (Fig. 5A,B) and sensory

(Fig. 5C,D) regenerated neurons. Concerning motor axon regeneration, both NGF and
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NT-3 groups unexpectedly improved motor axon regeneration at all doses (Fig. 5E).
Although some studies have already described that NGF administration in a fibrin
depot improves motor regeneration (Jubran and Widenfalk, 2003), the common belief
is that NGF and NT-3 are pro-sensory NTFs (Allodi et al., 2012). Regarding sensory
neurons, as expected, NGF and NT-3 groups showed a significantly increased number

of regenerated neurons at all doses, except the lowest of NT-3 (1 pyg/mL) (Fig. 5F).

Thus, in vivo results with NGF and NT-3 seem to contravene the in vitro observations
where only sensory neurite outgrowth was improved. Differences between the in vitro
and in vivo models should be first taken into account. Organotypic cultures are
multicellular in vitro models, in which neurons remain embedded in contact with
accompanying glial cells. Although Schwann cells and fibroblasts migrate outside the
slice in organotypic cultures interacting with and giving structural support to the
newborn neurites (Allodi et al., 2011), the amount and activation of these cells is
probably different from in vivo conditions in which cells from the denervated distal
stump migrate inside the tube to stimulate nerve regeneration. In addition, the
recruitment of hematogenous inflammatory cells that plays an important role during

Wallerian degeneration, is absent in vitro.

After nerve damage, levels of NGF mRNA rise rapidly in the nonneuronal cells of the
damaged nerve (Meyer et al., 1992). It is also known that NGF and other neurotrophins
interact not only with axons but also with Schwann cells and fibroblasts within the
regenerative microenvironment (Matsuoka et al., 1991). Taking into account that
Schwann cells de-differentiate after injury and change their phenotype to a pro-
regenerative state (Jessen and Mirsky, 2005) secreting a variety of tropic and trophic
molecules, both NGF and NT-3 might indirectly enhance indiscriminately axonal
regeneration by stimulating Schwann cell proliferation and release of other NTFs such
as BDNF or GDNF (Acheson et al., 1991; Klein et al., 1991).

3.3. BDNF selectively enhances motor regeneration in vitro and in vivo

BDNF was the NTF showing the most selective effect on motoneuron regeneration in
vitro (Fig. 3). Addition of BDNF to the medium (Fig. 3 B, C) showed an increase in

motor neurite outgrowth in comparison with control values (Fig. 3G), being the 50 ng/ml
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Figure 5. Representative micrographs of neurons retrolabeled with FG in the spinal
cord (A,B) and DRG (C,D) growing in control conditions (A,C), with 10 pg/ml of BDNF
(B) 10 pg/ml of NGF (D). Histogram of the number of regenerated motor (E) and
sensory (F) neurons after ciatic nerve section and conduit repair with NGF, NT-3 and

BDNF at diferent doses. Data expressed as mean + SEM. *p<0.05. Scale bar 500 um
(A-D).

the concentration that produced the highest values in terms of neurites length (Fig. 3G)
and AUC (Fig. 3H). Interestingly, a higher concentration of 100 ng/ml did not promote
neurite growth, suggesting a window of dose-effect. On the other hand, BDNF slightly
enhanced sensory neurite outgrowth only at low concentrations of 5 and 10 ng/ml (Fig.
3E, 1, J) while higher levels reverted this increase. These results suggest a preferential
motor profile for BDNF with a high dose of BDNF (50ng/ml) increasing about 10 fold

the growth of motor neurites from SC slices but without effect on DRG neurite
outgrowth (Fig. 4E).
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Following the in vitro results, we tested if BDNF could selectively promote motor axon
regeneration in vivo after nerve section and tube repair. Quantification of retrolabeled
neurons revealed that 20 days after surgery all the groups treated with BDNF had
higher number of regenerated motor neurons than the control group (Fig. SE). In
parallel to the in vitro results, BDNF only increased the number of regenerated sensory
neurons at a low dose (1 pg/mL) while higher doses gave similar result to the control

group (Fig. 5F).

The BDNF receptor TrkB is expressed constitutively in motoneurons and its levels
increase after injury (Boyd and Gordon, 2003), while intact sensory neurons show low
levels of TrkB, although its expression is also upregulated after injury (Karchewski et
al., 2002). Similarly, the endogenous expression of BDNF is also upregulated in the
distal stump after nerve injury (Boyd and Gordon, 2003). On the other hand, it has
been suggested that BDNF upregulates TrkB expression at low doses (Ferrer et al.,
1998), but high levels of this neurotrophin may downregulate this receptor in neuronal
cells (Frank, 1996). Thus, it seems that BDNF can modulate motor axon growth under
a bimodal profile. The low doses upregulate TrkB receptors and enhance both sensory
and motor neurite growth promoting the expression of growth-associated genes such
as tubulin or GAP-43 (Kobayashi et al., 1997). In contrast, high doses would
downregulate TrkB receptors, minimizing the effect of BDNF on sensory neurites or
even promoting an inhibitory effect via activation of the p75 receptor (Boyd and
Gordon, 2001).

5. Conclusion

The results of this study provide a comparative analysis of the optimal doses for
stimulating motor and sensory axonal regeneration both in vitro and in vivo for different
NTFs (GDNF, FGF-2, NGF, NT-3 and BDNF). Optimal concentrations of GDNF and
FGF-2 show the highest potentiation of both motor and sensory neuron regeneration.
On the other hand, NGF and NT-3 show a selective enhancement of sensory neurite
growth in vitro that is lost in our in vivo model. Finally, BDNF at selected doses

selectively promotes motor axonal growth both in vitro and in vivo.
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Abstract

After peripheral nerve injury, motor and sensory axons are able to regenerate but
inaccuracy of target reinnervation leads to poor functional recovery. Extracellular matrix
(ECM) components and neurotrophic factors (NTFs) exert their effect on different
neuronal populations creating a suitable environment to promote axonal growth. In the
present study, we assess the selective effects of combining different ECM components
with NTFs on regeneration of motor and sensory axons and reinnervation of the target
organs. We observed in vitro that addition of laminin and NGF/NT3 (LM + NGF/NT3)
within a collagen matrix selectively enhanced neurite outgrowth of dorsal root ganglia
(DRG) neurons, whereas addition of fibronectin and BDNF (FN + BDNF) mainly
enhanced motor axon outgrowth from organotypic spinal cord slices (SC). For in vivo
studies, the rat sciatic nerve was transected and repaired with a silicone tube filled with
a collagen matrix, enriched with laminin, fibronectin, laminin with NGF/NT3
encapsulated in PLGA microspheres, or fibronectin with BDNF in PLGA microspheres.
By applying retrograde tracers distally to the tube 20 days after the surgery, we found
that the group with the collagen matrix enriched with laminin and encapsulated
NGF/NT3 (LM + MP.NGF/NT3) had the highest number of regenerated sensory
neurons, whereas addition of fibronectin and encapsulated BDNF (FN + MP.BDNF)
preferentially increased the number of regenerated motor neurons. Moreover, long
term results showed that motor functional recovery was improved in FN + MP.BDNF
group and sensory functional recovery was improved in LM + MP.NGF/NT3 group.
Therefore, our study demonstrates that combining ECM molecules with NTFs may be a
good approach to selectively enhance motor and sensory axons regeneration and

appropriate tissue reinnervation.

Keywords: neurotrophic factors, extracellular matrix, motor axons, sensory axons,

nerve regeneration, reinnervation.
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1. Introduction

Peripheral nerves are composed of sensory and motor axons that link
peripheral organs with the central nervous system. After peripheral nerve injury,
transected axons in the distal stump are disconnected from the neuronal body and
undergo Wallerian degeneration, thus, leading to denervation of peripheral organs
(Hall, 2005). Axotomized neurons switch from a neurotransmission state to a growth
state, and non-neuronal cells in the distal stump undergo activation and
dedifferentiation to sustain nerve regeneration (Allodi et al., 2012; Richardson et al.,
2009). Despite axons are able to regenerate after a nerve transection, axons grow
randomly among the endoneurial tubules in the distal nerve, so that the accuracy of
target reinnervation is usually poor, resulting in limited functional recovery (Aldskogius
and Molander, 1990; Valero-Cabré and Navarro, 2002; Valero-Cabré et al., 2004;
Lundborg, 2003). Therefore, creating a pro-regenerative environment to selectively
promote motor and sensory axon regeneration into different branches of the injured
nerve may facilitate specific target reinnervation. Furthermore, selective regeneration of
different populations could be also useful in the field of neuroprosthetics, as separating
motor axons from sensory axons in mixed nerves will improve functionally selective
recording and stimulation (Clements et al., 2013; Lotfi et al., 2011).

Previous studies demonstrate that neurotrophic factors (NTFs) and
extracellular matrix (ECM) components secreted by Schwann cells of different
phenotypes, and also factors released from target organs play a role in promoting
regeneration of different axonal populations and may improve subsequent accurate
reinnervation (Brushart et al., 2013; Hoke et al., 2006; Martini and Brushart, 1994;
Robinson and Madison, 2004). The activation of the regenerative neuronal state and
the generation of a pro-regenerating environment involves the upregulation and
secretion of ECM components, such as collagen type IV, laminin and fibronectin, by
non-neuronal cells, and the secretion of different NTFs, such as nerve growth factor
(NGF), brain-derived neurotrophic factor (BDNF), neurotrophin-3 (NT3), among others
(Allodi et al., 2012). ECM components interact with integrin heterodimer receptors that
are highly expressed in growth cones and non-neuronal cells, both during development
and after injury (Gardiner, 2011; Lemons and Condic, 2008), promoting axonal
guidance, cell adhesion and migration. For instance, laminin substrates enhance
elongation of sensory neurites in vitro when compared to collagen or fibronectin
containing scaffolds, whereas fibronectin substrates promote neurite elongation of
motor neurons from spinal cord slices in vitro (Gonzalez-Perez et al., 2015; Plantman
et al.,, 2008). On the other hand, the interaction between NTFs and their different

receptors, such as Trk/p75 receptors or GDNFR/RET receptors, promotes survival and
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axonal regeneration of different neuronal populations. For example, NGF selectively
promotes sensory neurite outgrowth, whereas BDNF preferentially increases motor
neurite outgrowth in vitro (Allodi et al., 2011).

In the present study we tested whether the combination of different NTFs and
ECM components was able to produce synergistic and selective pro-regenerative
effects on either motor or sensory neurons in vitro, using organotypic cultures, and also

in vivo after peripheral nerve injury in the adult animal.

2. Materials and methods
2.1. Ethics statement

In vitro (procedure #1963) and in vivo (procedure #1162M) experimental
procedures were approved by the ethical committee of the Universitat Autonoma de
Barcelona in accordance with the European Communities Council Directive
2010/63/EU. Adult rats were anaesthetized with ketamine/xylazine (90/10 mg/kg i.p.).
Rats were euthanized by pentobarbital sodium overdose (200 mg/kg i.p.) following
AVMA Guidelines on Euthanasia (Leary et al., 2013).

2.2. In vitro study on organotypic cultures

Organotypic cultures were prepared as previously described in detail (Torres-
Espin et al., 2016). Briefly, a 3 mg/ml collagen solution was prepared by mixing rat tail
collagen type | (#354236, Corning) with PBS (D8537, Sigma) and sodium bicarbonate
at 0.3 mg/ml, and diluting 1:10 with basal Eagle’s medium (10x, Gibco). NTF enriched
substrates were prepared by adding BDNF at 50 ng/ml (Peprotech) or NGF and NT3
(Peprotech) at 25 ng/ml each, and fibronectin (BD Bioscences) or laminin type |
(Sigma) to a 20% final volume. Single 30 ul drops of the prepared matrices were
deposited on poly-d-lysine (Sigma) coated coverslips, which were placed in Petri
dishes or 24-well multidishes (lwaki, Asahi Technoglass, Chiba, Japan), and kept in the
incubator at 37°C and 5% CO- for two hours to induce collagen gel formation. Collagen
gel was mixed with PBS (COL) and used as control. Collagen gels were also combined
with  NGF/NT3 (COL+NGF/NT3) or BDNF (COL+BDNF). Similarly, laminin and
fibronectin-enriched gels were combined with PBS (LM and FN, respectively),
NGF+NT3 (LM+NGF/NT3 and FN+NGF/NT3, respectively) or BDNF (LM+BDNF and
FN+BDNF, respectively; Table 1).

The lumbar spinal cord (SC, n=6-8/group) and dorsal root ganglia (DRG, n=7-
8/group) were harvested from 7 days old Sprague—Dawley rats, placed in cold Gey’s
balanced salt solution (Sigma) enriched with 6 mg/ml glucose and cleaned. SC 350 um

thick slices and DRG explants were placed on gelled collagen droplets, prepared as
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indicated above, and covered with a second 30 pl drop. The embedded
samples were placed in the incubator for 45 min before adding Neurobasal medium
(NB, Life Technologies), supplemented with B27 (Life Technologies), glutamine and

penicillin/streptomycin (Sigma).

Table 1. Experimental conditions compared in the in vitro experiments

In vitro L L
condition Abbreviation N Description
Collagen coL 8 Collagen type | (3 mg/ml) gel
?\locl“alla:?l\el'rl]'?j COL+NGF/NT3 7 Collagen type | (3 mg/ml) gel supplemented
with NGF and NT3 (25 + 25 ng/ml)

Collagen + BDNF COL+BDNF 6 Collagen type | (3 mg/ml) gel supplemented
with BDNF (50 ng/ml)

Laminin LM 8 Collagen type | (3 mg/ml) gel containing
20% laminin type |
Laminin + Collagen type | (3 mg/ml) gel containing
NGF/NT3 LM+NGF/NT3 7" 509, laminin type | and NGF+NT3 (25 + 25
ng/ml)

Laminin + BDNF LM+BDNF 7 Collagen type | (3 mg/ml) gel containing
20% laminin type | and BDNF (50 ng/ml)

Fibronectin FN 6 Collagen type | (3 mg/ml) gel containing
20% fibronectin
Fibronectin + Collagen type | (3 mg/ml) gel containing
NGF/NT-3 FN+NGF/NT3 6 509, fibronectin and NGF+NT3 (25 + 25
ng/ml)

Fibronectin +

BDNE EN+BDNE 7 Collagen type | (3 mg/ml) gel containing

20% fibronectin and BDNF (50 ng/ml)

SC slices were cultured for 4 days, and DRG explants for 2 days. Then, cultures
were fixed with 4% paraformaldehyde in PBS for 30 min, and incubated for 48 h with
primary antibody mouse RT97 (1:200, Developmental Studies Hybridoma Bank) at
4°C. After washes, the sections were incubated with secondary antibody AF594
conjugated donkey anti-mouse (1:200, Life Technologies) overnight at 4°C. Samples
were mounted on slides with Mowiol containing DAPI (1:10000, Sigma) nuclear
counterstain. Cultures were visualized with an Olympus BX51 fluorescence
microscope, images of different areas were taken with Cell A software (Olympus) and
merged using Adobe Photoshop CS3 (Adobe System). To analyze the length of

neurites, ImagedJ software (NIH, available at http://rsb.info.nih.gov/ij/) resolution
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parameters were fixed and the three longest neurites were followed from the ventral
horn (spinal cord) or ganglion boundary (DRG) to their ending projections. Whole
culture images were analyzed with the Neurite-J plug-in (Torres-Espin et al., 2014) for
ImagedJ software, and the number of neurites grown at different distances from the
explant was compared between sets of cultures. To facilitate the visualization of
differences between groups, the area under the curve of each group was converted to

a bar plot.

2.3. In vivo study of peripheral nerve regeneration

Female Sprague-Dawley rats (250-300 g) were used for the in vivo studies.
They were kept on standard laboratory conditions with a light-dark cycle of 12:12 h and
ad libitum access to food and tap water. All efforts were made to minimize pain and
animal discomfort during surgery and treatments.

Animals were anaesthetized with ketamine/xylacine, the sciatic nerve was
exposed at the midthigh and sectioned 90 mm from the tip of the third toe, and a nerve
portion resected. A silicone tube was then sutured with 10-0 monofilament sutures to
each nerve stump leaving a 6 mm gap between both nerve ends for the short term
study or 8 mm gap for the long term study. Animals were kept for 20 days post-injury
(dpi) (short term) or 75 dpi (long term) to allow axonal regeneration before testing.

NGF, NT3, and BDNF were encapsulated in microspheres (MPs) as previously
described (Giudetti et al., 2014) and added to a collagen solution to reach a final
concentration of 2 pg/ml for BDNF and 1 pug/ml for NGF and NT3 respectively. Each
preparation of NTF was then added to ECM solutions prepared as for the cultures, i.e.
collagen at 3 mg/ml, collagen supplemented with laminin 20% (V/V), and collagen
supplemented with fibronectin 20% (V/V). Silicone tubes 8 or 10 mm long with an
internal diameter of 2 mm were filled with one of the mixtures containing different
combinations of substrates and NTF. In order to promote fibril alignment, the collagen
solution was left to gel vertically for 12 hours before surgery (Verdu et al., 2002).
Therefore, there were 5 experimental groups for short and long term experiments (n=6
per group). Collagen group (COL) used as control group, laminin (LM), fibronectin (FN),
laminin combined with encapsulated NGF/NT3 (LM+MP.NGF/NT3) and fibronectin
combined with encapsulated BDNF (FN+MP.BDNF) (Table 2).
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Table 2. Experimental groups for in vivo experiments

In vivo condition  Abbreviation N Description

Collagen COL 6 Collagen type | (3 mg/ml) gel

Collagen type | (3 mg/ml) gel containing

Laminin LM 6 20% laminin type |
- Collagen type | (3 mg/ml) gel containing
Laminin + LM + 6  20% laminin type | and NGF+NT3 (1 + 1
NGF/NT3 MP.NGF/NT3 : .
pg/ml) encapsulated in PLGA microspheres

: . Collagen type | (3 mg/ml) gel containing
Fibronectin FN 6 20% fibronectin
, . Collagen type | (3 mg/ml) gel containing

Fibronectin + FN + o/ .
BDNE MP.BDNE 6 20% fibronectin and 2 pug/ml of BDNF

encapsulated in PLGA microspheres

2.4. Retrograde labeling and neuronal counting

To quantify motor and sensory regenerated neurons at short term (20 dpi), rats
were anaesthetized with ketamine/xylacine, the sciatic nerve was exposed and
transected 8 mm distal to the distal end of the silicone tube. The tip of the severed
nerve was soaked into 5 pl of Fluorogold (FG; 5%; Fluorochrome Inc.) for 1 hr in a
vaseline well. After retrieval of the well, the area was rinsed with saline to clean any
remnants of the tracer and the wound sutured in planes. Similarly, for the long term
study (75 dpi) FG was also applied to the tibial nerve at the ankle level. After tracer
application, animals were allowed to survive for 7 days for accumulation of the tracer in
the soma of the spinal motoneurons and the DRG sensory neurons. Then, rats were
deeply anesthetized and transcardially perfused with 4% paraformaldehyde in PBS.
The lumbar segment (L3-L6) of the SC and the L4 and L5 DRG were removed,
postfixed at 4°C in the same fixative solution for 1h and transferred to 30% sucrose in
PBS. The SC and DRG were cut in a cryostat longitudinally in 40 and 20 pm thick
sections respectively, mounted on slides, heated at 35°C for 1h and stored at -20°C in
the dark. Finally, sections were observed with an Olympus BX51 fluorescence
microscope under UV light and the number of labeled neurons was counted in every

third section following the fractionator principle (Gundersen, 1986).

2.5. Assessment of muscle reinnervation

Functional reinnervation of target muscles was assessed at 7, 30, 45, 60 and
75 dpi by means of nerve conduction tests. Animals were anesthetized with
ketamine/xylacine and the sciatic nerve was stimulated by transcutaneous electrodes

placed at the sciatic notch. The compound muscle action potential (CMAP) of tibialis
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anterior (TA) and plantar interosseus muscles (PL) was recorded using monopolar
needle electrodes placing the active one in the muscle belly and the reference in the
fourth toe (Valero-Cabré and Navarro, 2002). The amplitude and the latency of the M-
wave were measured. Values of the contralateral intact limb were used as control.
During the tests, the rat body temperature was maintained by means of a thermostated

warming flat coil.

2.6. Assessment of skin nociceptive reinnervation

The progression of nociceptive reinnervation of the hindpaw was assessed by
means of the pinprick test and thermal sensitivity at 7, 30, 45 60 and 75 dpi. For the
pinprick test, animals were gently kept in a cloth with the sole of the injured paw facing
upward, and the skin was stimulated with a needle progressively from proximal to distal
at specific sites of the lateral side of the hindpaw plantar surface (Cobianchi et al.,
2014). Positive responses were taken as sign of skin functional reinnervation and
recorded only when clear pain reaction (as fast withdrawal) was triggered by the
stimulation. A composite score was calculated as the mean number of responses per
group at each day of testing.

Thermal sensitivity was assessed with a Plantar test algesimeter (Ugo Basile).
Rats were placed into a plastic box with an elevated plexiglass floor. The beam of a
lamp was pointed to the lateral part in the hindpaw plantar surface. Intensity was set to
low power (40 mW/cm?) with a heating rate of 1°C/s to elicit activation of unmyelinated
fibers. A cutoff time for the stimuli was set at 20 seconds to prevent tissue damage.
Heat pain threshold was calculated as the mean of 3 trials per test site, with a 5-minute
resting period between each trial and expressed as the latency (in seconds) of paw

withdrawal response.

2.7. Evaluation of skin and sweat gland reinnervation

For assessing skin reinnervation, plantar pads corresponding to the lateral
side were removed at the end of the functional follow-up. Cryotome sections 60 ym
thick were processed for immunolabeling against protein gene product (PGP) 9.5
(rabbit; 1:1000; UltraClone), a pan-neuronal marker. Secondary antibodies were
conjugated to Cy3. Sections were observed with an Olympus BX51 fluorescence
microscope to visualize immunoreactive nerve fibers that had reinnervated the
epidermis and the sweat glands (SG). For analysis, images of three sections of each
sample were collected with an Olympus DP73 digital camera, the number of

intraepidermal nerve fibers (IENFs) was counted in a 1-mm-long segment of the
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footpad epidermis and the number of reinnervated SGs in the whole pad was also

quantified (Navarro et al., 1997).

2.8. Data analysis

Data are presented as mean + SEM. Results were statistically analyzed by
using GraphPad Prism (GraphPad Software). One and two-way ANOVA followed by
Bonferroni’'s post hoc test for comparison between groups were used. Statistical

significance was considered when P value was <0.05.

3. Results
3.1. In vitro effects of combining NTFs and ECM substrates on neurite outgrowth

To study the effect of different combinations of NTFs and ECM components on
motor and sensory neurons outgrowth, we first performed an in vitro screening using
SC slices and DRG explants. In cultures of SC slices (Fig. 1), addition of FN to the
matrix doubled the maximum neurite length whereas addition of LM did not increase it
compared to the control COL matrix (Fig. 1J). Addition of BDNF but not of NGF/NT3 to
the different substrates enhanced neurite length. Furthermore, the combination of
FN+BDNF significantly enhanced maximum neurite length and density of neurites
compared to the other single and combined groups. Thus, while groups with either FN
or BDNF present an increase in the amount and length of neurites, the combination of
the two factors shows a synergistic effect with significant differences with respect to all
the other groups. On the other hand, LM or NGF/NT3 alone or combined did not show
any improvement (Fig. 1J-L).

In DRG explants (Fig. 2), addition of LM or FN into the collagen matrix similarly
enhanced maximum neurite length (Fig. 2J) compared to collagen alone. The addition
of NGF/NT3 or BDNF into COL, LM and FN substrates enhanced maximum neurite
length compared with COL substrates except COL+BDNF cultures. It is noteworthy that
only LM+NGF/NT3 group showed differences in maximum neurite length with respect
to all the other culture conditions except with LM+BDNF. The addition of NGF and NT3
enhanced significantly the density of neurites in all the substrates, being LM+NGF/NT3
the most prominent. In contrast, addition of BDNF only promoted neurite growth with
LM but not when combined with COL or FN (Fig. 2L).

These results indicate that combination of FN+BDNF shows synergistic effects
on motor neurons promoting neurite elongation and arborization, with weaker effect on
sensory elongation, whereas LM+NGF/NT3 is the only condition that exhibits a
synergistic effects on sensory but not on motor neurons based on the enhancement

observed in neurite elongation and arborization.
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Figure 1. RT97 stained neurites from DRG neurons cultured within a 3D collagen
matrix alone, and with addition of NGF/NT3 or BDNF (A-C); with 20% laminin, plus
NGF/NT3 or BDNF (D-F); with 20% fibronectin, plus NGF/NT3 or BDNF (G-I). Plots
representing maximum neurite length in the different DRG culture conditions (J).
Quantification of the number of neurites grown at increasing distance from the DRG
body (K). Plots of the quantified area under each curve of K graph (L). Data expressed
as mean + SEM. *p<0.05, **p<0.01 and ***p<0.001.
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3.2. In vivo effects of combination of NTF and ECM substrates on nerve regeneration

We performed first an in vivo study in which the sciatic nerve was transected
and repaired with silicone tubes filled with matrices composed of COL, LM,
LM+MP.NGF/NT3, FN and FN+MP.BDNF to elucidate if the effects found in vitro were
relevant also in vivo. The NTFs were encapsulated in PLGA microspheres to allow a
sustained release during the time that axons regenerate across the tube (Santos et al.,
2016). All the rats showed evidence of axonal regeneration, as judged by the
retrograde labeling of motor and sensory neurons with FG (Fig. 3A-F).

Regarding the number of regenerated motor neurons, all groups with addition of

ECM and NTFs showed significant differences with respect to the COL group (p<0.001,
Fig. 3G), being the FN+MP.BDNF group the one with the highest effect, that was also
significantly higher compared to LM (p<0.01) and LM+MP.NGF/NT3 groups (p<0.05).
For sensory neurons, the group LM+MP.NGF/NT3 showed the highest number of
regenerated neurons, and also groups LM, FN and FN+MP.BDNF had better results
than the COL control (p<0.05, Fig. 3H).
In the longer term in vivo study, FG retrotracer was applied to the tibial nerve at the
ankle at 75 dpi. In this case, no significant differences in the number of regenerated
motor neurons were observed between groups (Fig. 3I). However, more regenerated
sensory neurons were counted in LM+MP.NGF/NT3 group compared to the other four
groups (Fig. 3J).

Despite the preferential effects observed in vitro appear less marked in vivo,
these results indicate that FN+MP.BDNF mainly favors motor axon regeneration,
whereas LM+MP.NGF/NT3 is more effective to promote sensory axon regeneration. In
the long term evaluation, these differences were reduced, likely because most axons

have passed the site of tracer application at 75 dpi.

3.3. Combination of FN and BDNF promotes motor functional recovery at long term

We then tested whether this preferential effect is maintained in a long term
study and how it could affect muscle reinnervation and functional recovery. For this
purpose, we compared groups of rats similar to the short term study but leaving an 8
mm gap between stumps, since this more challenging gap allows to better elucidate
differences between groups (Valero-Cabré et al., 2001).

These results suggest that an intratubular matrix containing FN and BDNF
promotes motor axon regeneration and reinnervation of target muscles, whereas LM

and LM+NGF/NT3 groups showed values similar to the COL control group. The faster
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Figure 2. RT97 stained neurites from spinal cord slices cultured within a 3D collagen
matrix alone, and with addition of NGF/NT3 or BDNF (A-C); with 20% laminin, plus
NGF/NT3 or BDNF (D-F); with 20% fibronectin, plus NGF/NT3 or BDNF (G-I). Plots
representing maximum neurite length in the different culture conditions (J).
Quantification of the number of neurites grown at increasing distance from the cord
slice (K). Plots of the quantified area under each curve of K graph (L). Data expressed
as mean + SEM. *p<0.05 and ***p<0.001.
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muscle reinnervation found in group FN+MP.BDNF is of relevance considering the

longer distance that have to be regenerated in injured human nerves.

3.4. Combination of LM and.NGF/NT3 promotes sensory functional recovery at long
term

In parallel, we assessed sensory functional recovery to mechanical and

thermal stimuli in the hindpaw. For the pinprick test, LM and LM+MP.NGF/NT3 groups
presented the first positive response at 30 dpi, whereas no response was observed in
the other groups at this time point. At later time points, all groups showed positive
responses, being LM+MP.NGF/NT3 the only group with significantly higher scores
compared to the control group (p<0.05; Fig. 4C)
Withdrawal responses to heat stimulation in the plantar test showed similar results than
the ones observed for the pinprick. Denervated paws did not respond to the hot stimuli
on the lateral region until 45 dpi and at this time point group LM+MP.NGF/NT3 showed
a shorter latency compared to control, FN and FN+MP.BDNF groups (p<0.01; Fig. 4D),
indicating that more sensory fibers arrived to the plantar skin of the paw. However, all
the groups showed similar latency at 60 and 75 dpi.

To further corroborate the functional results, skin reinnervation of the lateral
pawpads was analyzed by immunohistochemistry. In all the rats PGP immunolabeling
showed regenerated nerve fibers that surrounded the SG tubules, reached the
subepidermal nerve plexus, and extended to intraepidermal terminals and Meissner
corpuscles at the papillae (Fig. 5E-J). Group LM+MP.NGF/NT3 had significantly higher
number of IENF than all the other groups (Fig. 5K). Similarly, the number of
reinnervated SGs was highest in group LM+MP.NGF/NT3, although only significantly
from groups COL and LM (Fig. 5L).

Taken together, these results indicate that the combination of LM and
NGF/NT3 enhances sensory axons regeneration and skin reinnervation by populations
of sensory neurons that contribute to thermal and mechanical sensibility, and less

markedly of sympathetic fibers innervating the SGs.

4. Discussion

The results of this study demonstrate that the combined addition of LM with
NGF and NT3 into a collagen matrix produces a selective and synergistic effect
enhancing only regeneration of sensory axons, whereas combining FN with BDNF

particularly enhanced combining LM and NGF/NT3.

115



1600- £ 10000
9
=
*kk @ 80004
g 12004 s ; ” i
%5 S 6000- I
5 800 S
£ 2 40004
S o
Z 4004 & 2000
=
0- > 0-
% > > & v < > &
& ST S & & R
Q Q" & Q:
Q> ¥ < ¥
By S N o
> % Q& <
A A%
SC DRG
I J : Jedek I *k :
600 2 6000 - -
=
3
= e <
= 400- : > 4000
° 2
v )
o) 7]
§ 200+ S 2000+
= @
el
€
> N 2 o
Vv & Vv & <J > &
00 C‘)Q\é < ijoe (,o v C’Q\é« < Qoe
& & o &
~ > ud S
§ s X <
S S

Figure 3. Representative micrographs of neurons retrolabeled with FG in the spinal
cord (A-C) and DRG (D-F) of rats after sciatic nerve section and repair with a nerve
conduit filled with COL (A, D), LM+MP.NGF/NT3 (B, E) or FN+MP.BDNF (C, F).
Histogram of the number of regenerated motor neurons in the spinal cord (G) and
sensory neurons in the DRG (H) in the short term study. Histogram of the number of
regenerated motor neurons in the spinal cord (I) and sensory neurons in the DRG (J)
after application of FG retrotracer at the ankle level 75 days after injury. Data
expressed as mean + SEM. *p<0.05, **p<0.01 and ***p<0.001.

Interestingly, these results were corroborated in a long term study, that showed earlier
muscle reinnervation in the FN+MP.BDNF group, whereas functional and histological
evidences of earlier and more extensive skin reinnervation was found in the
LM+MP.NGF/NT3 group.
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4.1. Mechanisms underlying the synergistic effects of combination of ECM molecules
and NTFs

NTFs and ECM components both have important roles in nerve regeneration after
injury, including effects on Schwann cell migration and differentiation, neuronal
survival, cell adhesion and axonal growth (Allodi et al., 2012; Gordon, 2009). In vitro,
using organotypic cultures of spinal cord and DRG, we corroborated the preferential
effect of neurotrophins NGF and NT3 on sensory neurons and BDNF on motor neurons
outgrowth, as previously reported (Allodi et al., 2011; Kemp et al., 2011; Lee et al.,
2003; Sternel et al.,, 1997; Vogelin et al.,, 2006). Regarding ECM molecules, we
previously found that sensory neurons extended longer neurites on collagen matrices
enriched with laminin, whereas motoneurons extended longer neurites when the spinal
cord slices were embedded in a fibronectin enriched matrix (Gonzalez-Perez et al.,
2016). Thus, single addition of LM type | or NGF/NT3 containing substrate promoted
DRG neurite outgrowth and density compared with the control collagen matrix,
whereas no effect was observed on motor neuron outgrowth. On the other hand, the
single addition of FN to the collagen matrix doubled the maximum length and density of
motor neurites compared to LM containing substrate, and showed smaller effects on
neurite length in DRG explants. Single addition of BDNF also increased motor neurons
outgrowth, but had no effect on sensory neurons.

In order to investigate if such preferential effects of ECM components and NTFs
could be synergistically added, we performed a screening of the possible combinations
added to a collagen gel substrate. We observed a synergistic effect of LM and
NGF+NT3 on neurite outgrowth in DRG explants, whereas this combination did not
increase motor neurite length. On the other hand, BDNF combined with FN promoted a
synergistic effect on motor neurite outgrowth with small effects on DRG explants, which
can be attributed to the effect on regenerating proprioceptive neurites (Gonzalez-Perez
et al.,, 2016). The synergistic effect can be exemplified for BDNF, that promotes
sensory neurite outgrowth in the presence of LM but not when is added alone.

These proregenerative effects may be mediated by the differential expression of
integrin and NTF receptors in regenerating neurons. It has been described that after
injury integrin receptors a7p1 and a5B1 are upregulated in both motor and sensory
neurons (Gonzalez-Perez et al., 2015; Werner et al., 2000), whereas high affinity TrkA
and TrkC receptors are expressed in sensory neurons and TrKB is mainly expressed in

motoneurons and in a low percentage of sensory neurons (Karchewski et al., 1999).
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Figure 4. FN+MP.BDNF and LM+MP.NGF/NT3 enhance motor and sensory functional
recovery, respectively. Mean amplitude of the CMAP in TA (A) and PL (B) muscles
during follow-up. **p<0.01 and ***p<0.001 FN+MP.BDNF vs all other groups
referenced by the color of the star. Plot of the pinprick score in the different groups
during follow-up (C). Latency of withdrawal response to thermal stimuli in the lateral
part of the paw during follow-up (D). *p<0.05, **p<0.01 and ***p<0.001
LM+MP.NGF/NT3 vs all other groups referenced by the color of the star.
Representative images of plantar pads immunolabeled against PGP in an intact rat (E),
COL (F), LM (G), LM+MP.NGF/NT3 (H), FN (I) and FN+MP.BDNF (J) treated animals.
Scale bar 200 ym. Insets: Detail of axons stained with PGP innervating epidermis and
SGs. Scale bar 50 um. Percentage of reinnervated IENF (K) and reinnervated SGs (L)
vs intact values. *p<0.05, **p<0.01 and ***p<0.001. Data is presented as mean + SEM.
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It can be hypothetized that the partially selective in vitro effects of NTFs may be
enhanced by the presence of certain ECM molecules in the substrate. In fact, it has
been reported that the pro-regenerative effects of NGF and NT3 are reduced after
blocking the a7 subunit of integrins in sensory neurons (Gardiner et al., 2005), and that
synergistic actions between integrins and NTF receptors may be attributed to the
sustained activation of Src and the downstream signaling Akt intermediate (Tucker and
Mearow, 2008). On the other hand, NTFs may also modulate the expression of
different integrin receptor subunits, whose upregulation is low in adult compared to
their expression in early postnatal animals (Condic, 2001). Actually, NGF contributes to
enhance ECM signaling by promoting axonal transport and accumulation of 1 integrin

in growth cones, thus enhancing neurite outgrowth (Grabham et al., 2000).

4.2. FN+BDNF and LM+NGF/NT3 preferentially improve motor and sensory axons
regeneration in vivo

We then tested in vivo if the introduction of a collagen matrix enriched with
LM+NGF/NT3 or FN+BDNF also preferentially promoted regeneration of sensory and
motor axons, respectively, after tube repair in adult rats. We encapsulated the NTFs in
PLGA microspheres as we recently demonstrated that their slow release provided a
more sustained suport and enhanced nerve regeneration with respect to free NFTs
(Santos et al., 2016).

All the treated groups showed an increased number of retrogradely traced
motor and sensory neurons that had regenerated their axons to the site of tracer
application distal to the tube, compared to the control COL group. This is a positive
indication that the design and the concentrations of encapsulated NTFs and ECM
components did not cause detrimental effects such as the candy store effect
(Tannemaat et al., 2008) or neuronal death induced by high concentration of NTFs
(Mohiuddin et al., 1999). However, the preferential effect mediated by LM+NGF/NT3
and FN+BDNF treatments was more modest compared to the in vitro experiments. This
comparative reduction may be explained because of the more complex environment
present in the regenerating nerve. After nerve injury, ECM components are synthesized
and secreted by non-neuronal cells such as Schwann cells and fibroblasts (Gonzalez-
Perez et al., 2013), whereas NTFs are expressed by both neuronal and non-neuronal
cells (Allodi et al., 2012; Boyd and Gordon, 2003; Brushart et al., 2013; Jesuraj et al.,
2012). Furthermore, non-neuronal cells involved in Wallerian degeneration also
express integrins and NTF receptors. Therefore, the in vivo implant of a matrix
containing ECM components and NTFs in the nerve conduit does not only influence the

injured neurons, but also acts on the migrating non-neuronal cells inside the
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intratubular matrix. Hence, the activation of non-neuronal cells would contribute with
proregenerative non specific cues and decrease the effects of the selective factors
introduced in the exogenous matrix. Nevertheless, we still found in vivo a significant
preferential regeneration of sensory neurons in animals treated with LM+MP.NGF/NT3
and of motor neurons in animals treated with FN+MP.BDNF.

Although retrolabeling of regenerating neurons is a useful tecnique to assess
the differential effect of local treatments, functional restitution is the most important
outcome after nerve injury (Navarro, 2016). Thus, in the long term in vivo study we
evaluated functional recovery of both motor and sensory targets. Electrophysiological
results demonstrated that muscle reinnervation started earlier and achieved higher
levels in the FN+MP.BDNF group than in all the other groups. An increased
regeneration rate improves muscle reinnervation, particularly of distal muscles in the
limb, as shown in the foot muscles in this study, reducing the detrimental
consequences of chronic denervation that occur in the long human nerves (Gordon et
al., 2003). On the other hand, treatment with LM+MP.NGF/NT3 showed earlier sensory
responses to both mechanical and thermal stimuli, confirming the results seen in the
retrotracer study. We also demonstrated an increased number of sensory axons
reinnervating the epidermis and of sympathetic axons reinnervating the SGs in the
LM+MP.NGF/NT3 group. This parallel effect could be explained by the proregenerative
role of NGF on sensory as well as on sympathetic neurons (Levi-Montalcini, 1987).

In conclusion, this study demonstrates that the interaction between FN+BDNF
and between LM+NGF/NT3 has synergistic effects to preferentially enhance motor and
sensory axon regeneration, respectively, in vitro. Furthermore, these effects are
maintained in vivo in adult animals as motor and sensory axonal regeneration and
functional recovery is enhanced after treating nerve injuries with the same

combinations of NTFs and ECM components.
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Abstract

The segregation of regenerating motor and sensory axons may be a good
strategy to improve selective functionality of regenerative interfaces to provide close
loop commands. Extracellular matrix (ECM) components and neurotrophic factors
(NTFs) exert guidance effects on different neuronal populations. In the present study,
we assessed in vivo the potential of separating sensory and motor axons regenerating
in a Y-type tube, with each branch prefilled with an adequate combination of ECM and
NTFs. For this purpose, we implanted a bicompartmental tube in the severed sciatic
nerve of rats. In a control group both sides were filled with a collagen matrix with PLGA
microspheres containing PBS (Col+MP.PBS). In another group, one compartment
contained the collagen matrix enriched with fibronectin and BDNF encapsulated in
PLGA microspheres (FN+MP.BDNF) in order to preferentially attract motor axons,
whereas the other compartment was enriched with laminin and NGF/NT-3
encapsulated in PLGA microspheres (LM+MP.NGF/NT-3) for promoting sensory axons
regeneration. By retrotracer labeling, we observed that LM+MP.NGF/NT-3 did not
promote higher numbers of regenerated sensory axons regeneration compared to
controls, and no differences were observed in sensory functional recovery. However,
FN+MP.BDNF guided higher number of regenerating motor axons compared to
controls, improving also motor recovery. These results demonstrate that motor axonal

guidance can be modulated in vivo by the addition of fibronectin and BDNF.

Keywords: Y-tube, neurotrophic factors, extracellular matrix, motor axons, sensory

axons, axonal guidance.

128



1. Introduction

Neuroprosthetic devices have been evolving in the last years in order to replace
and restore limb functionality to amputee patients. Advanced neuroprotheses show
high degrees of freedom (Carrozza et al., 2006), however, these robotic innovations
are not matched by a suitable neural interface technology. Thus, there is still need for
closed loop commands for precise execution of movements by incorporating readout
from sensory neurons, i.e. the integration of both sensory neuron (SN) and motor
neuron (MN) functions on the interface device, by providing access to high resolution
neural signals. Therefore, the anatomical separation of regenerating axons from
sensory and motor neurons in mixed nerves could be a good approach to selectively
stimulate or record different neural signals by means of regenerative interfaces to
obtain improved neuroprosthetic control.

Previous studies described the existence of a preferential motor reinnervation
(PMR), in which motor axons tend to enter into muscle branches in higher proportion
than into cutaneous branches (Brushart, 1988). Similarly, the muscle branch was also
more prone to be reinnervated by muscular than by cutaneous sensory afferents
(Madison et al.,, 1996). This phenomenon of preferential reinnervation has been
attributed to the specific interactions between regenerating axons and the environment
generated in the denervated distal nerve branches (T. Brushart, Gerber, Kessens,
Chen, & Royall, 1998). Several studies have focused in elucidating different
contributors for the PMR effect. Schwann cells have been suggested to have a specific
identity that can be recognized by regenerating axons due to differential motor or
sensory phenotypes and expression of particular surface receptors. Thus, the HNK-1
carbohydrate epitope is expressed strongly in Schwann cells of motor axons in the
adult rodent, but rarely in those associated to sensory axons, whereas NCAM is
present exclusively in sensory nerve fascicles and not in motor fascicles (Martini et al.,
1992, 1994; Saito et al., 2005). However, Schwann cells de-differentiate during
Wallerian degeneration and tend to loss that preferential marker expression within days
after nerve transection in motor and sensory fascicles (Saito et al., 2005; Lago et al.,
2007). Another point of view suggests that it is the relative level and type of trophic
support provided by each nerve branch and the target organ that determine whether
motor or sensory axons remain in that particular branch (Madison et al., 2007).
Interestingly, Hoke et al. (2006) demonstrated that Schwann cells of sensory and motor
nerves produce differing growth factors at baseline and respond differently during
denervation and when reinnervated by cutaneous or motor axons. Thus, we
hypothetized that by local sustained application of specific guidance and trophic factors

might result in higher probability of directed regeneration of motor or sensory axons
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than grafting different populations of Schwann cells, that loss their distinct phenotype
after denervation and thus have a limited effect (Hoke et al., 2006; Lago et al., 2007)

Importantly, nerve growth factor (NGF) and neurotrophin-3 (NT-3) have
predominant attractive properties for SN both in vitro and in vivo, mediated by their
TrkA and TrkC receptors (Bloch, Fine, Bouche, Zurn, & Aebischer, 2001; Gallo, Lefcort,
& Letourneau, 1997; Lotfi, Garde, Chouhan, Bengali, & Romero-Ortega, 2011; Moore
et al., 2006), whereas BDNF promotes MN outgrowth in vitro (Allodi, Guzman-Lenis,
Hernandez, Navarro, & Udina, 2011) and has attractive properties for regenerating
MNs mediated by TrkB receptors (Henle et al., 2011; Li et al., 2005; Song et al., 1997;
Yuan et al., 2003). In addition, different extracellular matrix components (ECM)
constituents of the endoneurial tubes and the basal lamina play a role in the promotion
of preferential axon outgrowth. For instance, laminin substrate mainly promotes
sensory axon outgrowth in vitro (Gardiner, 2011; Plantman et al., 2008), whereas
fibronectin enhances motor and proprioceptive axon outgrowth (Gonzalez-Perez et al.,
2015). Therefore, the addition of different neurotrophic factors and ECM components in
a Y tube model could be a interesting approach for segregating motor and sensory
axons. In fact, a previous study used a Y-tube model to separate regenerating TrkC-
expressing proprioceptive from TrkA-expressing nociceptive neurons by the addition of
NT-3 and NGF, respectively (Lotfi et al., 2011).

In the present study, a sciatic nerve transection was repaired with a
bicompartmental tube containing a different combination of ECM and neurotrophic
factors in each distal branch. Based on our previous results, each branch was filled
prior to implantation with a collagen matrix containing either fibronectin with PLGA
microspheres releasing BDNF (FN+MP.BDNF) in one side of the chamber in close
contact with the distal peroneal nerve (P), or laminin with PLGA microspheres releasing
NGF and NT-3 (LM+MP.NGF/NT-3) at the other side in contact with tibial and sural
nerves (T+S). We assessed whether regenerated motor axons preferentially grew in
the first branch and sensory axons in the second branch, compared to control
condition in which both branches contained the same collagen matrix and PLGA
microspheres filled with PBS (Col+MP.PBS).

2. Materials and methods
2.1. Ethics statement

The experimental procedures were approved by the ethical committee of the
Universitat Autonoma de Barcelona in accordance with the European Communities
Council Directive 2010/63/EU. Female Sprague-Dawley rats (250-300 g) were used for

the in vivo studies. They were kept on standard laboratory conditions with a light-dark
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cycle of 12:12 h and ad libitum access to food and tap water. All efforts were made to

minimize pain and animal discomfort during surgery and treatments.

2.2. Fabrication of the bicompartmental tube and implantation

The Y-tube consisted of a silicone tube divided in two sections by a flat
polyimide film. Silicone tubes (8 mm long, 2 mm i.d.) were cut longitudinally along 4
mm and a polyimide film (8 mm long, 2 mm wide, 30 um thick) were placed along the
midline to divide the distal half tube into two separated chambers. To prevent distal
axon reorganization, 4 mm of the polyimide film extended out of the tube (see Fig. 1A,
B). The slit cut of the tube was closed by silicone adhesive to hold the film in place.

NGF, NT-3, and BDNF were encapsulated in Poly-lactic Co-Glycolic acid
microspheres (MPs) as previously described (Giudetti et al., 2014). MPs containing
NGF and NT-3 were added to a collagen type | solution (3 mg/ml; #354236, Corning)
supplemented with laminin 20% (Sigma) to reach a final concentration of 1 ug/ml for
each trophic factor. Similarly, BDNF containing MPs were added to a collagen solution
supplemented with fibronectin 20% (BD Biosciences) to reach a final concentration of 2
pg/ml for BDNF. In the experimental group, each branch of the Y-tube was filled with
one of the above solutions. In the control group, both distal branches were filled with
collagen gel mixed with MPs containing PBS (Col+MP.PBS). Tubes were maintained
vertically for 12 hours before surgery in order to promote fibril alignment during gel
formation (Verdu et al., 2002).

Animals were anaesthetized with ketamine/xylacine (90/10 mg/kg i.p.), the
sciatic nerve was exposed at the midthigh, transected and a portion of 3 mm resected.
The proximal sciatic nerve stump was sutured to the proximal end of the
bicompartmental tube. The distal stump was carefully dissected to separate the P, T
and S nerve branches ; then, the distal P nerve was inserted in the compartment
containing FN+MP.BDNF, whereas the T+S nerves were inserted in the compartment
containing LM+MP.NGF/NT-3 (Fig. 1C). The nerve stumps were fixed with one 10-0
suture stitch, leaving a interstump distance of 6 mm. The wound was closed by planes

with silk sutures. Animals were kept for 90 dpi to allow for axonal regeneration.

2.4. Assessment of skin sensory reinnervation.

The progression of nociceptive reinnervation of the hindpaw was assessed by
means of the pinprick test and thermal algsimetry at 7, 30, 45, 60, 75 and 90 dpi. For
the pinprick test, animals were gently kept in a cloth with the sole of the injured paw
facing upward, and the skin was stimulated with a needle from proximal to distal at

specific sites of the lateral side of the hindpaw plantar surface (Cobianchi, de Cruz, &
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Navarro, 2014). Positive withdrawal responses were taken as sign of skin functional
reinnervation and recorded only when clear pain reaction was triggered by the
stimulation. A composite score was calculated as the mean number of responses per
group at each day of testing.

Thermal sensitivity was assessed using a Plantar test algesimeter (Ugo
Basile, Comerio, Italy). Rats were placed into a plastic box with an elevated plexiglass
floor. The beam of a lamp was pointed to the lateral part in the hindpaw plantar
surface. Intensity was set to low power (40 mW/cm?) with a heating rate of 1°C/s to
elicit activation of unmyelinated fibers as described before (Cobianchi et al., 2014). A
cutoff time for the stimuli was set at 20 seconds to prevent tissue damage. Heat pain

threshold was calculated as the mean of 3 trials per test site, with a 5-minute resting

A Sciatic B Sciatic
Nerve Nerve

Silicone
Tube

conTROL[TTC FN+MP.BDNF

(COL+MP.PBS) LM+MP.NGF/NT-3

Polyimide
Film

P T+S

period between each trial, and expressed as the latency (in seconds) of paw

withdrawal response.

Figure 1. Schematic drawing showing the design of the bicompartmental Y tube, and
the contents of each branc in the control group and in the experiental group (A).
Micrograph of the implanted Y tube filled with a collagen gel at both distal branches of
the tube (B). Micrograph of a regenerated nerve after the extraction of the tube prior to
retrotracer application (C). Scale bar: 2 mm.

2.5. Assessment of motor reinnervation

Functional reinnervation of target muscles was assessed at 90 dpi before the
retrotracer application. Animals were anesthetized with ketamine/xylacine. The rat body
temperature was maintained by means of a thermostated warming flat coil during the
experiment. Sub-dermal steel needle electrodes were placed transcutaneously at the
sciatic notch for electrical stimulation using a single monophasic pulses of 100 ps

duration (Synergy Medelec, Viasys HealthCare). Elicited compound muscle action
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potentials (CMAPs) for the tibialis anterior (TA), gastrocnemius medialis (GM) and
plantar interosseus (PL) muscles were recorded using steel needles in monopolar
configuration (Valero-Cabré and Navarro, 2001). The amplitude and latency of the M-

wave were measured. The contralateral intact limb was used as control.

2.6. Retrograde labeling and neuronal counting

To quantify motor and sensory regenerated neurons, rats were anaesthetized
with ketamine/xylacine, the sciatic nerve was carefully dissected and the silicone tube
removed (Fig. 1D). The regenerated nerve branches were transected at the distal part,
separated from the polyimde wall, and dipped in 5 pl of Fluorogold (FG; 5%;
Fluorochrome Inc.) or True Blue (TB; 5%; Setareh Biotech) for 1 hr inside a vaseline
well. Retrotracers application was counterbalanced in order to minimize possible
differences between retrotracers efficacy (Zele, Sketelj, & Bajrovi¢, 2010). After
retrieval of the well, the area was rinsed with saline to clean any remnants of the tracer
and the wound sutured. Animals were allowed to survive for 7 days for accumulation of
the tracer in the soma of spinal motoneurons and DRG sensory neurons. Then, rats
were deeply anesthetized and transcardially perfused with 4% paraformaldehyde in
PBS. The lumbar segment (L3-L6) of the spinal cord and the L4 and L5 DRG were
removed, postfixed at 4°C in the same fixative solution for 1h and transferred to 30%
sucrose in PBS. The cord and DRG were cut in a cryostat longitudinally into 40 and 20
pUm thick sections respectively, mounted on slides, heated at 35°C for 1h and stored at
-20°C in the dark. Finally, sections were observed with an Olympus BX51 fluorescence
microscope under UV light and the number of labeled neurons were counted in every
third section following the fractionator principle (Gundersen, 1986). Images were
acquired at 4800x3600 resolution in RGB 24-bit format.

2.7. Morphometric analysis

The identification of labeled SNs was done using Fiji software (Schindelin, J et
al., 2012). RGB pictures were converted to L*a*b* color space to extract the ‘@*
channel, containing the information of the tracer fluorescence. The resulting image was
smoothed using a median filter. A binary image was generated using a mid-grey
adaptative local thresholding procedure. Soma clusters were extrapolated using a
watershed algorithm. Neuron-like objects were then identified by the “Analyze particles”
tool of the software and manually verified. The data about number of objects and their
area and ‘a” value. were further analysed in SPSS 22.0 (IBM Corp., USA). Objects
were clustered using a k-means procedure according to two independent features,

area and mean value of the ‘@a® channel. From the area, three groups were formed:
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small, medium, and large size, according to defined size criteria (Fukuoka et al., 2001).
From the value of the ‘a® channel, objects were separated into TB+, FG+, and double
labeled (DL). TB+ and FG+ objects were assigned to the corresponding reinnervating

branch based on the experimental settings.

2.8. Data analysis

Data are presented as mean + SEM. Results were statistically analyzed by
using GraphPad Prism (GraphPad Software, USA). A Student t-test and one and two-
way ANOVA followed by Bonferroni’s post hoc tests for comparison between groups

were used. Statistical significance was considered when P value was <0.05.

3. Results

3.1. Effects on sensory and motor functional recovery

Sensory functional recovery, evaluated by mechanical and thermal tests, did not
show differences between control and experimental groups. For pinprick test, the first
responses were observed at 30 dpi, without significant differences at any time points
(Fig. 2A). Similarly, withdrawal responses in the plantar test started to appear at 30 dpi
and no differences were observed at during the follow-up between groups (Fig. 2B).
These results indicate that the branch containing LM+MP.NGF/NT-3 did not promote
higher regeneration of SNs to the T+S nerves in comparison with the Col+MP.PBS
control condition.

Electrophysiological tests were performed to assess reinnervation of the TA,
GM and PL muscles (Fig. 3). The amplitude of the TA CMAP was higher in
FN+MP.BDNF than in the control group (27.5 + 29 mV and 223 + 2.7 mV,
respectively, p<0.05). In contrast, the GM and PL CMAPs were higher in the control
than in the LM+MP.NGF/NT-3 condition (p<0.05 for the GM CMAP. These results
suggest that a higher number of MNs regenerated towards the P nerve by the addition
of FN+MP.BDNF, but lower number towards the T+S nerves with LM+MP.NGF/NT-3 in

comparison with the control condition.
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Figure 2. Plot of the pinprick score in the different groups during follow-up (A). Latency
of withdrawal response to thermal algesimetry test in the lateral part of the paw during
follow-up (B). Data expressed as mean £+ SEM.
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Figure 3. Histogram of the mean amplitude of the CMAP in TA (A), GM (B) and PL (C)
muscles at 90 dpi. *p<0.05. Data expressed as mean + SEM.

3.3. Effects on motor and sensory neuron directed regeneration

At the final time point, we observed that all the animals showed a regenerated
nerve within the Y-tube that bifurcated in each compartment created by the polyimide
film to distally reinnervate the P nerve at one side and T+S nerves at the other side
(Fig. 1C).

Retrotracers application confirmed that in all the rats MNs and SNs had
regenerated through the Y tube, as judged by the presence of TB+, FG+ and DL
neurons (Fig. 4A-C) in SC and DRG sections (Fig. 4D-G). Data on the total number of

retrolabeled neurons for each condition are shown in Table 1.
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Table 1. Average number of motor and sensory neurons that regenerated axons within
each branch of the Y tube towards the distal inserts of T+S or P nerves.

COL+MP.PBS COL+MP.ECM.NTF
T+S P DL T+S P DL
654.6 = 139.6 + 497.2 +
MN 11.4 88.6 + 36.6 56.9 339.6 £ 60.8 60 1 91.4 + 31.47
5173.6 + 698.3 + 4263.2+  2609.2
SN 343 1846.6 + 864.1 117.3 10697 + 7005 633 + 166.64

The number of regenerated neurons was about 8500 in both groups, but there

were differences between branches and distribution. Thus, in the experimental group
about 1200 more neurons regenerated their axons in the branch towards the P nerve
and correspondingly less towards the T+S nerves than in the control group.
When counting the number of retrolabeled MNs, in the control group 74.1£1.2% of the
MNs regenerated in T+S distal stump, whereas only 10.03+4.1% regenerated towards
the P nerve. In addition, 15.846.45% of MNs appeared DL suggesting the formation of
axonal sprouts that grew through both branches of the tube. On the other hand, in the
experimental group 53.5+6.5% of regenerated MNs grew towards the FN+MP.BDNF
branch connected to the P nerve (p<0.001 vs the control condition, Fig 4H).
Consequently, less MNs regenerated through the LM+MP.NGF/NT-3 compartment
(36.6+£6.5%; p<0.001 vs the control condition). There were no differences in the
number of DL MNs between the two groups.

With regard to retrolabeled SNs, in the control group 67.0314.4% grew towards
the T+S distal stump and only 23.9+9.0% towards the P distal nerve, whereas
9.04+1.5% were DL neurons. The addition of different combination of ECM and NTFs
into separate branches of the Y tube had a slight but not significant influence on
regeneration of sensory axons, since 56.8+14% were labeled from the
LM+MP.NGF/NT-3 branch, 34.749.3% from the FN+MP.BDNF branch and 8.43+2.2
from both chambers (Fig. 4l).

These results demonstrate that the addition of LM+MP.NGF/NT-3 did not exert
a significant effect attracting regenerating SNs, whereas the addition of FN+MP.BDNF

significantly attracted more regenerating MNs compared to the control condition.

3.5. FN+BDNF preferentially attract large sensory neurons
Since SNs are constituted by a heterogeneous population (Usoskin et al.,
2014), we performed a morphometric analysis to characterize differences in size of

SNs that regenerated at different sites of the bichamber tube.
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Figure 4. Representative micrographs of neurons retrolabeled with TB (A), FG (B) and
DL (C). Representative micrographs of MNs retrolabeled in the spinal cord in control
(D) and experimental conditions (F), and of SNs retrolabeled in DRG after control (E)
and experimental conditions (G). In this case, FG was applied to the T+S distal nerve
and TB to the P distal nerve. Histogram of the number of regenerated MNs in the spinal

cord (H) and SNs in the DRG (I) in both control and experimental groups. Data
expressed as mean = SEM. ***p<0.001.

137



The frequency of distribution of regenerated SNs showed no differences in
soma size of sensory neurons that regenerated in the LM+MP.NGF/NT-3 gel compared
to the control gel (Fig. 5A). However, SNs that regenerated in the FN+MP.BDNF gel
towards the P nerve showed a larger soma size than in the control gel (p<0.05, Fig.
5B). Then, we grouped the regenerated SNs in small, medium and large size to further
characterize the composition of each regenerating branch (Fig. 5D-F). The only
significant difference in size was observed between FN+MP.BDNF and Col+MP.PBS
conditions for large SNs (p<0.05, Fig. 5F). These results demonstrate that the
combination of FN and BDNF promoted the directed growth of large sensory axons,
which are related with muscular afferents (Taylor, Holdeman, Weltmer, Ryals, &
Wright, 2005).

4. Discussion

In this study we have used a bicompartmental tube model that forces the regenerating
axons to grow along a different branch. When the axons regenerate within the tube,
they may choose between two branches with a different milieu to grow. By
manipulating the composition of the inside matrix of each branch we attempted to
preferentially attract the regenerating motor and sensory axons and then selectively
guide them towards different distal nerves and their corresponding targets. In
accordance with similar studies with gap defects (Jerregard et al., 2001; Clements et
al., 2009; Meyer et al., 2016), the division of the tube in two separated compartments
did not suppose an obstacle for nerve regeneration as all the operated animals showed
regeneration distal to the tube and evidence of functional reinnervation of skin and
muscles. Tube repair leaving a short gap between proximal and distal nerve stumps
was first presumed to allow axons to be guided towards their original distal fascicle by
means of neurotropic diffusible factors (Evans et al., 1991; Rende et al., 1991).
However, later studies proved that tube repair by itself did not improve the selectivity of
regeneration with respect to direct suture when correct alignment between proximal
and distal stumps was achieved (Bodine-Fowler et al., 1997; Valero-Cabré et al., 2001,
2004).

Therefore, we have evaluated here if the addition of a different combination of
ECM molecules and NTFs into a collagen matrix was able to selectively guide the

regeneration of motor and sensory neurons towards different distal fascicles.
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Figure 5. Morphometric analysis of regenerated SNs in the T+S nerves (A), P nerve
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We chose the two matrix combinations based on previous findings in vitro from
our laboratory using organotypic cultures that demonstrated a preferential effect of
fibronectin and BDNF to promote neurite growth from MNs and of laminin and NGF/NT-
3 to promote neurite growth of SNs (Gonzalez-Perez et al., 2015; Santos et al 2016),
and the synergistic effects reported in the previous chapter.

Retrotracer quantification of regenerated motor and sensory neurons when
placing the control collagen matrix in the tube branches showed no significant
differences between branches connected distally with the T+S nerves and the P nerve.
Moreover, about 15% of motor and 9% of sensory neurons generated regenerative
sprouts that grew towards both branches. Due to the fact that T, S and P are mixed
nerves, no preferential motor or sensory neuron regeneration was expected (M. E.
Brushart, 1993; T. Brushart et al., 1998). The higher percentage of motor and sensory
neurons regenerating to the T+S branch than to the P branch can be attributed to the
larger caliber of the former that contains larger number of Schwann cells that generate
higher concentration of trophic and tropic factors (Robinson & Madison, 2004;
Takahashi, Maki, Yoshizu, & Tajima, 1999; Uschold, Robinson, & Madison, 2007).

On the other hand, in the experimental group we found that adding
FN+MP.BDNF at one branch of the tube and LM+MP.NGF/NT-3 to the other branch
resulted in higher number of MNs that regenerated their axons towards the first
condition compared to the control group. In accordance, higher CMAP amplitudes were
recorded in TA muscles of animals treated with FN+MP.BDNF and lower CMAPS for
the LM+MP.NGF/NT-3 indicating that more motor fibers had reinnervated the muscles
provided by the P nerve than those by the T nerve. The addition of FN+MP.BDNF to
the branch in contact with the P nerve was able to partially overcome the size attracting
effect of the T+S nerves and attracted more than 50% of motor axons. In fact, BDNF is
a potent neurotrophic factor for MNs regeneration both in vitro and in vivo (Allodi et al.,
2011; Boyd & Gordon, 2002; Végelin et al., 2006) and it has been also described that
the same intracellular mechanisms that promote axonal growth and cell survival are
related with axonal guidance (Henle et al., 2011; Yuan et al., 2003). Furthermore,
fibronectin also preferentially promotes motor axon outgrowth in vitro (Gonzalez-Perez
et al.,, 2015). In addition, it is possible that FN or BDNF act not only directly on the
regenerating fibers but also they may promote the recruitment of motor-related
Schwann cells (Jesuraj et al., 2012). The enhancing effect shown is of relevance given
the reduced regeneration of motor fibers compared to sensory fibers in tube repair of
mid to long gaps (Navarro et al., 1994; Madorsky et al 1998)

Contrary to our hypothesis, addition of laminin and NGF/NT-3 was not able to

attract sensory axons, and in fact, a non significantly lower proportion of regenerating
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SNs was labeled from the TS branch than with the control collagen gel. This result was
corroborated by lack of differences in sensory functional recovery between both control
and experimental groups. The lack of effect of LM+MP.NGF/NT-3 on SNs was not
expected as previous studies described the guidance effect for laminin and NGF and
NT-3 individually assessed (Gallo et al., 1997; Turney & Bridgman, 2005; Webber et
al., 2008). One possible reason could be related with the heterogeneous populations of
SNs (Usoskin et al.,, 2014) that reside in the DRG, in which approximately 70% of
neurons express Trk receptors but of different subtypes whereas 30% are non-
peptidergic neurons and respond to GDNF (Tucker & Mearow, 2008). Laminin
substrate did not show effects on non-peptidergic neurons as they express a7 integrin
receptor at low levels (Gardiner et al., 2005); but there are no studies assessing
fibronectin for guidance of non-peptidergic axons. In addition, among the Trk+ SNs, a
low percentage of neurons express only one type of Trk receptor (23%), whereas
coexpression of different Trk receptors is more abundant (47%) (Karchewski LA et al.,
1999). Then, the attracting effect mediated by the addition of LM+NGF/NT-3 could be
masked by the heterogeneity of the DRG neuronal populations, which may be non
responding to NGF and NT-3 or responding to BDNF, so that sorting sensory axons is
a complex task. Hoke et al. (2006) reported that mRNA for NGF and also for BDNF,
among others, were expressed vigorously by denervated cutaneous nerves. Therefore,
it may be well considered that the increased supply of both factors one at each branch
of the Y tube did not allow for an effective preferential guidance for sensory axons.

A first analysis of the differential growth of sensory axons was attempted by
subdividing the regenerated SNs by soma size. Indeed, we observed a slight increase
of medium and large SNs towards the FN+BDNF branch. It should be taken into
account that proprioceptive neurons, characterized by their large size diameter (Taylor
et al., 2005; Tucker & Mearow, 2008), respond to NT-3 (Loffi et al., 2011) but also
preferentially extend neurites on fibronectin containing substrates (Gonzalez-Perez et
al., 2015). Taking into account that the FN+MP.BDNF branch attracted a high number
of motor axons, it is plausible to think that such combination promotes also
regeneration of large sensory neurons that are directed towards muscular targets.
Indeed, during early development, muscle sensory axons grow slightly later and
become adjacent to motor axons elongating along the muscular nerve to innervate the
same muscle, reflecting specific attractions between them mediated by changes in
expression of cell adhesion molecules. In contrast, developing cutaneous sensory
axons bundle together, and project along individual cutaneous nerves (Honig et al
1998).
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5. Conclusion

In this study we demonstrate that nerve regeneration is successful in a
bicompartmental tube, in which the two branches may contain a matrix with different
components. We found that motor axons regeneration was promoted preferentially in
the branch containing fibronectin and BDNF. The same branch also attracted axons
from large SNs, that might correspond mainly to proprioceptive neurons. On the other
hand, the addition of laminin and NGF/NT-3 in the other branch did not promote the
growth of sensory axons. Further studies are justified to enhance the effects obtained
to segregate different functional populations of axons that may be of benefit for an

advanced regenerative interface.
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Abstract

Neuroprosthetic devices are aimed to restore sensorimotor limb function of the
amputee patients. However, high selective electrodes are needed to transduce all the
signals generated by the nervous system and provide close loop commands to the
user. In this study, we show the selective stimulation of different nerve fascicles using a
novel double-channel regenerative electrode. The design consists on a polyimide thin-
film layer inserted across a silicone tube, creating two separated aisles in which
regenerating fascicles can regrowth independently after sciatic nerve transaction.
Implantation of the electrodes in acutely transected nerves of rats showed the
capability of selectively stimulating and recording different fascicles implanted in the
aisles. Chronic implantation of the electrode as a bridge between fascicles ends
showed high number of myelinated axons located near the electrode and reinnervation
of distal target muscles indicating no impairment of the regeneration process and good
biocompatibility. After 90 days post-implantation, we were able to stimulate and record
independently from each of the regenerated fascicles in the separated aisles. Our
results demonstrate the potential contribution of the doubled-aisled regenerative
electrode to selectively interface different nerve fascicles with no deleterious effects in

nerve regeneration.

Key words: regenerative electrode, selectivity, nerve regeneration, neural interface.
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1. Introduction

Interest on peripheral neural prostheses has rapidly grown in the last years as a
therapeutic tool for the restoration or replacement of neural function after peripheral
nerve disorders. The aim is to enable a bi-directional communication establishing a
direct link between the nerve tissue and an artificial device through the use of
peripheral nerve electrodes (Oddo et al., 2016; Raspopovic et al., 2014). Since nerves
contain thousands of nerve fibers, interfacing each one of them with a corresponding
electrode is an unrealistic task. Therefore, different strategies in the design of
electrodes have been used to tackle specific problems in neural interfacing. Higher
selectivity of communication with individual nerve fibers implies higher invasivity and
thus potential damage to the nerve (del Valle and Navarro, 2013). On the other way, a
more respectful approach to the nerve implies a lower quality of the communication,
since the distance from the electrode to individual axons must increase (Badia et al.,
2011a).

Regenerative electrodes represent the most ambitious design in communication
quality terms since they may provide the highest axon-to-electrode ratio, signal-to-
noise ratio, and other quality parameters (Stieglitz et al., 1996; Thompson et al., 2016).
They are thought to be implanted in a nerve that will undergo regeneration so that
axons can be redirected to the vicinity of the active sites of the neural interface during
the regrowth process (Dario et al., 1998). The earliest design of this kind of neural
interfaces was the sieve electrode. Here, a laminar electrode is facing the transected
nerve stump, forcing the axons to grow through the wholes, each containing an active
site (Lago et al., 2005). As a result, each active site contacts a small number of axons
(~10-40) (Ceballos et al., 2002; Lago et al., 2007b). However, since the electrode
transparency (i.e. the easiness for the axons to grown across the electrode) is low,
nerve regeneration may be compromised (Edell, 1986; Navarro et al., 1996; Zhao et
al., 1997).

More recently, the regenerative electrodes have evolved into more sophisticated
designs, such as the microchannel electrodes (Lacour et al., 2009). Axonal have to
grow within embedded microchannels, allowing selective electrophysiological
interfacing of different subpopulations of axons. However, the regeneration of miniature
nerve fascicles is sharply reduced in implants with gap defects longer than 2 mm.
Romero-Ortega and colleagues proposed a neural interface that would parcel axonal
fibers toward target sites by incorporating chemical cues to select different axon types

and improve selectivity, while allowing axons to regenerate in a more efficient and
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natural way (Loffi et al., 2011). Based in this concept, (I. Clements et al., 2013)
designed the regenerated scaffold electrode (RSE) in which the regrowing nerve was
bifurcated in two regenerating fascicles containing both myelinated and unmyelinated
fibers of varying diameter and the rest of neural structures of a mature nerve. Despite
the promising results of the RSE, the potential use for neuroprosthetic applications has

not been proved.

In this work, we present a new design of regenerative electrode based on the RSE.
Here we used a thin-film polyimide planar multi-contact electrode to serve as a
“septum” to divide a tubular silicone graft into two ample “aisles”, in which regenerating
fascicles can grow independently. We show that this “double-aisle” regenerative
electrode can be used to selectively record and stimulate fascicles in each of the
aisles, acutely as well as chronically. More importantly, we prove the electrode does
not impair fascicle regrowth. Multi-aisled regenerative electrodes may represent a
significant advance in neuroprosthetic applications where sub-fascicular selectivity of

an injured nerve is essential.
2. Materials and Methods
2.1. Development of the planar regenerative electrode

The double-aisle regenerative electrode (Fig. 1) is characterized by a planar multi-
electrode septum and a nerve guidance aisle or compartment at each side. It is
designed to be longitudinally inserted inside a 10 mm long silicone tube with an internal

diameter of 2 mm.

The planar structure contains a total of 24 gold active sites, half at each side (Fig. 1A).
The active sites have a circular shape with a diameter of 60 um, and they are arranged
around the center of the lumen of the tube. This distribution was chosen because of the
nerve tendency to mainly regenerate along the central axis of the conduit while
regeneration at the periphery of the tube is reduced. Consecutive sites have horizontal
and vertical offset to ensure a greater coverage (0.8 x 4 mm?) of the regeneration area:
the pitch between active sites is 350 ym in horizontal and 380 ym in vertical plane. A
reference electrode with the same dimension of the active sites is present on both the
surfaces and located outside of the silicone tube. The double-aisle regenerative
electrode was manufactured following standard lithographic techniques previously used
for thin-film based electrodes (Cutrone et al. 2015; Boretius et al 2010,). Polyimide was
used as the insulating and flexible polymer for the entire electrode layout, while the

active parts (active sites, electrical tracks and pads) were obtained by using a thin film
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of titanium coated with gold. The selected materials are well known for their
biocompatibility, mechanical integrity and electrical efficacy (Rubehn and Stieglitz
2010).

Figure 1. A: Layout of the double-aisled regenerative electrode. B: Close view the two
created aisles by the insertion of the polyimide septum C:. Micrograph of the device
with the AS sites area inserted into the silicone tube and the PCB connected to the pad
area and to wires. D: Close view of the electrode inside a silicone tube of C image
showing the distribution of the AS into the tube.

The packaging of the double-sided septum of the regenerative electrode (Fig. 1B) was
obtained by sealing together two symmetric single-sided electrodes provided with a
connection to PCB and wires and inserted through a silicone tube (length = 10 mm;
external diameter = 3 mm,; internal diameter = 2 mm) used as guidance channel for
nerve regeneration. Using tweezers, the double-sided electrode was carefully inserted
inside the tube and accurately placed to get a flat configuration and to divide the entire
volume of the cylinder in two equal ones. The use of gold markers and the
enlargements allowed to properly set the electrode inside the chamber so to get the
best spatial distribution of the active sites inside the bi-chamber volume. A small
amount of cyanoacrylate glue was used to seal the cut parts of the tube and to ensure
electrode stability inside the channel. The wires for electrical connections were inserted
into an additional clean flexible silicone tube and sealed with biocompatible UV glue

(Dymax). A two component biocompatible silicone (Silbione-Bluestar Silicones) was
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used to cover the electrical connections on the PCB, the gold marker area and the two

cuts on the silicone tube previously glued together.
2.2. Surgical procedures

Female Sprague-Dawley rats (250-300 g) were used for the in vivo studies. All
experimental procedures performed were approved by the Ethical Committee of the
Universitat Autonoma de Barcelona in accordance with the European Communities
Council Directive 2010/63/EU. Adequate measures were taken to minimize pain and
animal discomfort during surgery and in the postoperative follow-up. After surgeries
animals were left to recover under a warm environment for 24 hours and then were
housed in peer groups at 22+2°C under a 12:12h light cycle with food and water with
amitriptyline to prevent autotomy ad libitum. All efforts were made to minimize animal

suffering and to reduce the number of animals used.

All surgeries were performed under anesthesia with ketamine and xylacine (90 / 10
mg/kg i.p.). Under a dissecting microscope the sciatic nerve was surgically exposed at
the midthigh, and a 3 mm nerve segment was resected. For the acute
electrophysiological testing (n=4), the peroneal nerve was dissected and introduced in
one aisle of the regenerative electrode, whereas the bundle containing the tibial and
sural nerves was dissected and introduced in the other aisle, both in close contact with
the active sites (AS) of the regenerative electrode. The nerve ends were fixed by an
epineural 10-0 monofilament suture to the proximal edge of the corresponding aisle
(Fig 3A) during the realization of the tests. Sectioned nerves were able to conduce
action potentials during the experimental period as denervated axons begin to show
some signs of degeneration 1 or 2 days post injury (Glass et al., 2002). Afterwards, the
nerve ends were released and sutured separately again at the distal ends of both
aisles of the regenerative electrode. The sciatic proximal nerve stump was then sutured
to the proximal edge of the regenerative electrode leaving a 6 mm gap to allow for
regeneration (n=4) (Fig. 2A). Next, the muscle plane was sutured with 6-0 sutures,
leaving the PCB in the subdermal compartment. The wires were routed subcutaneously
along the back of the animal. Finally, the skin was sutured with 3-0 silk sutures and the

wound was disinfected.
2.3. Electrophysiological tests

During all the experiments, the animals were anesthetized and kept warm with a
heating pad. Stimulation tests were done by applying monophasic rectangular pulses of

20 ys width using each of the 24 AS alternatively as anode and a steel needle placed
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on the proximal segment of the sciatic nerve or the reference site as cathode, for
monopolar or bipolar stimulation, respectively. The pulses were delivered by a Grass
stimulator (S44, Grass; West Warwick, RI, USA). Compound muscle action potentials
(CMAPs) of the Tibialis anterior (TA) and Gastrocnemius (GM) muscles were
simultaneously recorded with steel monopolar needles inserted into the muscle belly.
The signals were amplified at 200x to 2000x using P511 AC (Grass) amplifiers and
digitally sampled with a PowerLab recording system at 20,000 Hz (PowerLab16SP,
ADlInstruments, Bella Vista, Australia) controlled by LabChart v7 (ADInstruments).

Acute and chronic recording tests were performed by recording compound nerve action
potentials (CNAPs) after distal electrical stimulation or nerve signals after sensory
stimulation. CNAPs were elicited by delivering monophasic rectangular pulses of 20 us
width through two needle electrodes placed at the ankle level and the paw for the
stimulation of the tibial nerve. Sensory stimulation was performed as previously
described (Raspopovic et al., 2010) by applying fast scratch and pressure stimuli to the
skin of the sole of the rat. Electroneurography (ENG) signals were amplified at 5,000X
and sampled at 20,000 Hz.

To assess nerve regeneration, nerve conduction tests were conducted 3 months after
implantation. Briefly, under anesthesia, the sciatic nerve was stimulated with single
electrical pulses (50 ps duration and supramaximal intensity) delivered by monopolar
intradermal steel needles placed at the sciatic notch and CMAP of TA and GM muscles
was recorded using monopolar needle electrodes placing the active one in the muscle
belly and the reference in the fourth toe (Valero-Cabré and Navarro, 2002). The
amplitude and the latency of the M-wave were measured. Values of the contralateral
intact limb were used as control. During the tests, the rat body temperature was

maintained by means of a thermostated warming flat coil.
2.4. Histological studies

Three months after implantation, the sciatic nerves were harvested to evaluate the
morphology of the regenerated nerve. Rats were deeply anesthetized and perfused
with 4% paraformaldehyde in PBS. The sciatic nerve segment including the electrode
implant was collected and divided in two parts. The proximal half was postfixed in the
same perfusion solution for 4 h. Then samples were washed and embedded in optimal
cutting temperature (OCT) cryostat-embedding compound (Tissue-Tek; Torrance, CA,
USA), cut into 15 um thick transverse sections on a cryostat (Leica Microsystems,

Germany), mounted in gelatin-coated slides, and stored upon further staining at -20°C.
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Slides were allowed to thaw at room temperature and then rehydrated with PBS for 5
min. Then, nerve sections were blocked and permeabilized with PBS containing 5%
normal donkey serum (S30, Millipore) and 0.3% Triton-X-100 (Sigma-Aldrich) for 20
min. After washes in PBS, slides were incubated with primary antibodies for myelinated
axons (RT97, 1:200, Developmental Studies Hybridoma Bank), Schwann cells (S100,
1:200, Immunostar) and macrophages (iba-1, 1:500, Wako) overnight at 4°C diluted in
0.1% Triton-X-100 (Sigma—Aldrich). They were then washed again and incubated for 1
h at room temperature in the dark with Alexa 488 or Alexa 594-conjugated secondary
antibodies (1:200; Life Technologies), or, for anti-S100 antibody, with biotinilated anti-
mouse secondary antibody (1:200, Vector) and then for 1 hour with Alexa 594-
conjugated streptavidin (1:200, Life Technologies). Finally, slides were washed,
mounted using mowiol with DAPI (0.1 ng/ml, Sigma), allowed to dry overnight at room
temperature and stored at 4°C. Image acquisition was performed with a fluorescence

microscope (BX51, Olympus).

The distal half of the nerve was postfixed in 3% glutaraldehyde-3% paraformaldehyde
in buffer solution, and processed for embedding in epon. Semithin 0.5 pm thick
sections were stained with toluidine blue, examined under microscope (BX51,
Olympus) and pictures were taken using an Olympus DP50 digital camera. Sets of
images for analysis obtained at 100x magnification were chosen by systematic random
sampling of squares representing at least 30% of each fascicle cross-sectional area
and measurements of cross-sectional area of the whole nerve and counts of the

number of myelinated nerve fibers were conducted.
2.5. Data and statistical analysis

Analysis of the electrophysiological data was done using LabChart v7.0. Total power of
the electrophysiological recordings was obtained by calculating the short-time Fourier
transform in a window of 1 ms and an overlap of 87.5 %. Values are presented as

mean + SEM and results were statistically analyzed using GraphPad Prism software.

3. Results

3.1. The double-aisle regenerative electrode allows selective stimulation and recording
of nerve fascicles

To test the fascicle selectivity of the regenerative electrode, we implanted a double-
aisle regenerative electrode in the sciatic nerve of four rats. The peroneal and tibial
fascicles were dissected and introduced each in one of the two aisles of the device for

acute electrophysiological testing. To check for stimulation selectivity we applied a
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series of stimuli in small increasing steps to each of the 12 AS at both sides of the
septum while the CMAPs of TA muscle, innervated by the peroneal nerve, and GM
muscle, innervated by the tibial nerve, were recorded. The results were compared to
the pattern obtained by the combined stimulation of all the AS (from here on, control
stimulation). The results show that selective stimulation of the two separate fascicles
was possible from each of the aisles (Fig. 2B). However, the selectivity was variable
between AS from the same side of the septum (Fig. 2C), probably due to the relative
position between the active site and the fascicle axis. The maximum selectivity index
(Slmax) of the AS was 0.93 + 0.03 for the TA and 0.87 + 0.07 for the GM (Fig. 2E), and
the stimulation threshold to evoke the Slmax was 8.5 £ 2.33 V and 11.5 £ 1.79 V (Fig.
2D), respectively. As the stimulation intensity increased, cross-activation of the
antagonist muscle increased as well (Badia et al., 2011a), leading to poorer selectivity.
However, this phenomenon can ba also attributed at least in part to cross-talk between
recording in the two closely located muscles, TA and GM (Valero-Cabré and Navarro,
2002). Overall, 70% of the ASs in the aisle in which the peroneal nerve was inserted
elicited a TA CMAP of maximal amplitude similar to the control stimulation (39.8 + 3.2
mV for single AS stimulation and 38.9 + 3.0 mV for control stimulation), but with a GM
CMAP significantly smaller than the control. Similarly, when using the aisle containing
the tibial fascicle for stimulation, 50% of the AS evoked a GM CMAP undistinguishable
from control stimulation (48.4 + 5.4 mV for single AS stimulation and 47.9 + 6.0 mV for
control stimulation) with only a small TA CMAP (Fig. 2C).
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Figure 2. A: Micrograph of a transected peroneal, tibial and sural nerves fixed by an
epineural 10-0 monofilament suture to the proximal edge of the corresponding aisle
during the realization of the acute tests. B: Representative CMAP amplitudes recorded
from the TA and GM muscles, evoked by electrical stimulation derived from selected
AS. C: Recruitment curves for TA and GM muscles tested with stimulation delivered by
selective AS of a regenerative electrode implanted in the sciatic nerve of a rat. Plots
representing the threshold stimulation (D) and Slas Max (E) for TA and GM muscles.
Representative CNAP amplitude recorded in AS situated in aisles containing the tibial
nerve (F) and peroneal nerve (G). Raw signals recorded in the AS facing the tibial-sural
bundle (I) or the peroneal nerve (K) after touch stimulation (fast scratch) during the
intervals indicated in H. Total power spectrum analysis of the raw signals showed
increased activity in the tibial-sural bundle (J) but not in the peroneal nerve (L). Scale
bar: 3 mm

Similarly, nerve signals were recorded only from the AS located in the proximity of the
corresponding nerve fascicle inside the aisle. CNAPs evoked by electrical stimulation
at the ankle showed a peak-to-peak amplitude of 151.4 £ 13.7 yV (n=11) recorded from
AS from the aisle containing the tibial-sural bundle and 9.3 + 2.9 pV (n=15) from those
in the aisle containing the peroneal nerve (Fig. 2F). Similarly, sensory stimulation of the
foot produced an increase in the total power of the signal (Fig. 2L) recorded from the
selected AS facing the tibial-sural bundle (during rest, 11.2 + 1.3 pV?% during
stimulation, 171.6 + 62.2 pV?, n=20) but not from those in the aisle containing the
peroneal nerve (during rest, 17.0 + 3.2 pV?, n=22; during stimulation, 26.4 + 5.5 pV?,
n=20). This indicated that nerve signals originated from the selective stimulation of the
tibial nerve sensory fibers (Navarro et al., 2007) were not incorrectly detected by the

AS located in the aisle containing the peroneal nerve.
3.3. Chronically implanted electrodes allow for selective stimulation and recording

After 3-6 months chronical implantation, we tested if the double-aisle device was still
able to interface the regenerated sciatic nerve following similar testing as above.
Selective stimulation and recording of the regenerated tibial and peroneal fascicles was
again possible (Fig. 3). Stimulation from AS of the aisle where the peroneal nerve was
distally inserted elicited activation of the TA muscle similar to the one obtained by
stimulation of the sciatic nerve proximal to the injury (CMAP amplitude 14.4 + 0.1 mV,
and 13.8 £ 0.7 mV, n=6, respectively) but very low or absent for the GM muscle (CMAP
amplitude 2.6 £ 0.1 mV, and 18.4 + 0.9 mV for control, n=6). Conversely, stimulation
from the AS of the aisle containing the tibial-sural bundle provoked a contraction of the
GM similar to the stimulation from the sciatic notch (CMAP amplitude 16.6 + 0.9 mV,
n=8) with little activation of the TA muscle (CMAP amplitude of 1.3 + 0.3 mV, n=8) (Fig
3A).
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Similarly to the acute testing, afferent signals were also selectively recorded from the
aisle connecting to the tibial-sural bundle evoked by either electrical stimulation of the
nerve at the ankle (Fig. 3B) or by mechanical stimuli on the paw (Fig. 3D-H) in the AS
in contact with the tibial nerve. On the other hand, no signals were detected in the aisle

where the peroneal nerve was sutured.
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Figure 3. A: Representative CMAP from the TA and GM muscles, evoked by electrical
stimulation derived from selected AS at 90 dpi. Representative CNAP recorded in AS
placed in aisles containing the tibial nerve (B) and peroneal nerve (C). Raw signals
recorded in the AS facing the tibial-sural bundle (E) or the peroneal nerve (G) after
touch stimulation (fast scratch) during the intervals indicated in D. Total power
spectrum analysis of the raw signals showed increased activity in the tibial-sural bundle
(F) but not in the peroneal nerve (1)

CMAP was reduced by 35% in the case of the TA muscle and 45% in the case of the
GM muscle in comparison to the contralateral leg. The latency of the CMAP was 83%

longer in the TA muscle and 65% in the GM muscle compared to the contralateral leg.

Visual inspection of the implants showed a regenerated nerve along the tubular device,
originating from the sciatic stump and ending separately in each of the distally
reconnected branches (Fig. 4A,B). Toluidine blue staining of the regenerated segment
inside the electrode showed a high number of myelinated axons, surrounded by a layer

of connective tissue (Fig. 4C,D). The total number of myelinated axons from both aisles
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at the midlevel of the regenerative electrode was 12,988 + 3,938 (n=4). These data
showed a proper regeneration process, similar to the nerve gap models using hollow
silicone tubes (Lago et al., 2007a). Labeling of the different cell types in the
regenerated branches by immunohistochemistry showed a pattern similar to those
previously observed in chronic intraneural electrode implant (Badia et al., 2011b).
Regrown axons were found in the middle portion of the regenerative branches (Fig.
4E,F). Schwann cells were associated to the axons and some of them in the
connective external layer (Fig. 4G). Numerous macrophages were found in the external

connective layer as well as in the regenerative area (Fig. 4H).

These results show that the regenerative process occurring within the double-aisle
electrode was similar to the one described in studies using simple nerve conduits, and

was not hampered by the presence of the polyimide septum containg the electrode AS.

4. Discussion

We presented in this work a new design of regenerative electrode and showed
evidences of its functionality for neuroprosthetics applications. Similar to the RSE
(Clements et al., 2013), the doubled-aisle regenerative electrode allows the regrowing
nerve to bifurcate so separated fascicles travel along each aisle in close contact with
the active sites located in the dual sides of the thin-film polyimide septum. This can
provide an extra layer of selectivity to the neural interface. We proved that two
independent branches can be selectively stimulated by the electrode when inserted in
different aisles. For practical reasons, we used the two main terminal branches of the
rat sciatic nerve: the peroneal nerve and the tibial-sural bundle. However, the design
can be easily modified to target more branches or fascicles by increasing the number
of aisles using different septa organization. This is important when the topological
anatomy of the human nerve is taking into consideration. It is known that over 20
fascicles arrive at the carpal tunnel from the median nerve in humans (Delgado-
Martinez et al., 2016). Whereas placing so many sieve or microchannel electrodes in
the median nerve for a prosthetic limb does not seem feasible, a single regenerative

electrode of 20 aisles appears, however, more practical and doable.

Compared to the sieve and microchannel regenerative electrodes, the double-aisle
electrode is less aggressive to the nerve since it allows the regeneration of structured
axonal bundles with connective tissue and vascular system. Nerve regeneration
through sieve electrodes has been reported to be impaired on the long term, with signs
of axonopathy due to the low transparency of this electrode (Ceballos et al., 2002;
Lago et al., 2005).
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Figure 4. A: Micrograph of a regenerated rat sciatic nerve across the regenerative
electrode. B: Close view of the regenerated nerve on a double-aisled regenerative
electrode transversally implanted. C: Semithin transverse sections of the two branches
of the regenerated nerve and the electrode. D: Higher magnification view of the
regenerated nerve with endoneurium surrounded by a thick perineurial layer. E:
Myelinated axons (green) distributed across the nerve section. F: Cell nuclei (blue)
stained with DAPI indicating direct contact of the regenerated nerve and the polyimide
interface. G: Schwann cells (red) occupying the same area as myelinated axons. H:
Some macrophages (red) distributed homogenously through the section. Final values
expressed as % of control contralateral values of the CMAP amplitude (1) and latency
(J) of Tibialis Anterior (TA) and Gastrocnemius (GM) muscles obtained 90 days after
regenerative electrode implant in rats. *p<0.001 vs regenerated. Scale bar: 3 mm (A-
B), 200 ym (C-H).
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Micro-channel electrodes attempt to increase the transparency by providing wider
channels for the axons to grow in (Srinivasan et al., 2015). However, it is not to exclude
that both designs produce neuropathic pain after chronic use. The double-aisle
electrode, on the other hand, is virtually transparent to the nerve. The aisles are
sufficiently wide for a regenerating nerve bundle to grow unimpaired and provide space
for scar formation and vascularization, processes important for nerve repair. In fact, it
has been described that a similar design is able to support nerve regeneration through
critical gap defects of 14 mm (Clements et al., 2009), and it is very important as the
functionality of regenerative electrodes is strongly dependent upon the success of
axonal regeneration. In addition, our results showed higher number of myelinated
axons at the electrode level compared with those present after the implant of sieve or

microchannel electrodes (Fitzgerald et al., 2012; Lago et al., 2005).

Consequent with the electrode classification from Navarro et al., 2005, the lesser
aggressiveness of the double-aisle electrode implies that it is less selective than those
other electrodes. However, different designs of the more invasive regenerative
electrode with higher numbers of AS do not ensure selective recordings (Fitzgerald et
al., 2012; Lago et al., 2007b). These problems are related to the randomness produced
in axonal regeneration, in which different motor or sensory axons that subsequently will
reinnervate antagonistic muscles or different receptive fields can merge into a single
AS creating a signal overlap and a loss of selectivity of stimulation and recordings. The
septum of the double-aisled electrode presented here contains 12 active sites facing
each of the two aisles. They are horizontally and vertically offset to cover an area of at
least 3 mm?2. Thanks to this pattern, we increased the chances that an active site is in
the vicinity of the regrowing nerve. Due to the unpredictability of nerve regrowth and
the extent build-up of connective and scar tissue, we expect sub-optimal performance
of the active site-nerve interface and, therefore, increasing the number of active sites
will ensure a proper interface of regenerating nerves. The septum also acts as a
physical separation of the regenerating fascicles and could minimize the passage of
local currents (Wallman et al.,, 1999) from one aisle to the other aisle avoiding
unspecific recording or stimulation. Another advantage of the planar structure is that no
problems are related with a decay of nerve signals in function to the internodal length

as it occupies a longer area (Fitzgerald et al., 2008)

Although the larger caliber of the fascicles and higher number of axons per contact site
limits the selectivity of the double-aisle electrode, compared to the sieve electrode
design, the fascicle regeneration into separate compartments may provide a way for

functional selectivity, which cannot be achieved with other electrodes. Axonal regrowth
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in sieve or micro-channel regenerative electrodes is random and uncontrolled. It is
known, however, that using chemo-attractants may modulate the segregation of
different populations of sensory neurons or segregate the regrowth of sensory and
motor fibers into two different fascicles (Jerregard et al., 2001; Loffi et al.,, 2011). A
double-aisle regenerative electrode with separated sensory and a motor compartments
might provide effective closed-loop commands to amputee patients for the use of

advanced neuroprostheses (Micera et al., 2008)
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DISCUSSION

During the last decades, the design and the preclinical use of advanced
neuroprosthetic devices and hybrid bionic systems has been pursued by many
research groups targeting neural injuries and proximal nerve transections as in
amputees by developing neural interfaces between artificial devices and the PNS
(Cogan, 2008). However, at the current state of the art, the improvement in robotic
technologies is not matched by a suitable neural interface technology for reliable,
widespread and affordable use. Moreover, with future generation prosthetic devices
such as those with large degrees of freedom, the problems are still more complex.
There is need for closed loop commands for precise execution of movements by
incorporating readout from sensory neurons, i.e. the integration of both sensory neuron
(SN) and motorneuron (MN) functions on the interfacial device. A second issue is the
lack of techniques for providing access to high resolution MNs and SNs signals,

targeting man-machine devices such as robotic arms.

Taking into account that regenerative electrodes are designed to interface a high
number of axons as they regenerate, with a large number of efferent and afferent nerve
fibres independently interfaced by individual micro-electrodes, we envisage that growth
cones of regenerating nerve fibres can be chemically guided. Thus, the development of
a high-resolution planar regenerative interface ensemble in which motor and sensory
axons are specifically interfaced to solve issues related with closed loop commands for

chronic implants are the main goals of the thesis.

Different components of such a high-resolution planar regenerative interface were
studied in the experimental work made in this thesis separately in order to combine

them in future studies.

First, we focused in the design of the tube that could be a good candidate to use as a
scaffold for the regenerative interface. For this purpose, we studied the ability to
sustain sciatic nerve regeneration of a synthetic tube made of electrospun fibers of
poly(ethylene glycol terephthalate) and crystalline, hydrophobic poly(butylene
terephthalate), named Polyactive (PA) in comparison with silicone tubes. Our results
demonstrates that PA tubes enhance nerve regeneration in long gaps evidenced by the
higher number of myelinated axons and better outcomes in motor, sensory and

autonomic reinnervation.

Second, we focus on chapter 2 and 3 in studying the role of neurotrophic factors

(NTFs) and extracellular matrix components (ECM) to selectively promote regeneration
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of motor and sensory neurons and the effects these moleculas have in guidance of
regenerating axons. As the maintenance of specific conditions inside the regenerative
guides within the period of regeneration is a key factor to modulate neuronal
regeneration, we characterized in chapter 2.1 how NTFs encapsulated in PLGA
microspheres embedded in a collagen matrix could be a good approach to guarantee
the maintenance and the optimal effect of NTFs in the regenerative environment. Then,
in chapter 2.2, we studied the selective enhancement of sensory and motor
regeneration of different NTFs at several doses. Our results demonstrate that in vitro
NGF and NT-3 selectively increased sensory axon outgrowth while BDNF selectively
enhanced motor axon outgrowth only at high doses. However, the effect of NGF and
NT-3 was reduced in vivo after sciatic transection and tube repair and only BDNF
showed similar results in vivo. In chapter 2.3, we tested whether selective effects
mediated by BDNF for motor neurons and NGF and NT-3 for sensory neurons could be
potentiated by the addition of ECM components. We observed both in vitro and in vivo
a synergistic and selective effect for sensory neurons when laminin molecules were
mixed with NGF and NT-3 (LM + NGF/NT-3) and parallel effects were observed for
motor neurons when fibronectin was mixed with BDNF (FN + BDNF). Afterwards, once
the selective and promoting effects of these conditions on motor and sensory neuronal
regeneration had been characterized, we studied in chapter 3 the ability of FN + BDNF
for guidin motor regenerating neurons and of LM + NGF/NT-3 for guiding sensory
regenerating neurons after sciatic nerve transection and regeneration along a Y- tube,
mimicking the scaffold of the planar regenerative electrode tested in chapter 4.
Retrolabeling the regenered axons indicated that FN + BDNF exerted an attractive
effect for motor axons, whereas LM + NGF/NT-3 did not show a significant effect for
sensory axons, probably due to the variability of sensory neuronal population and the

complexity to uniformly attract this heterogenous population (Usoskin et al., 2015).

Finally, in chapter 4 we studied the biocompatibility and functionality of the planar
regenerative interface following an acute implantation and after 3 months of nerve
regeneration. In acute implants, we observed that this device was able to perform
selective stimulation on different fascicles and also record sensory afferent signals both
after external electrical stimulation (CNAPSs) or natural tactile stimuli (ENG). Although
some limitations were detected in chronic implants, planar regenerative electrode
maintained the capacity to perform selective stimulation of reinnervated muscles and to

record afferent signals from distal targets.
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Polyactive tube as a scaffold for planar regenerative electrode

After sciatic nerve transection, repairing by direct suture is not always possible
because of tissue loss or nerve retraction (Georgeu et al., 2005; Hall, 2005). In this
case, autograft repair is the standard choice but some disadvantatges such as the use
of sensory-only nerves, mismatches in size and fascicular pattern regarding both
proximal and distal stumps, donor site morbidity, and possible requirement of a second
surgical procedure caused by painful neuroma formation or scarring (Daly et al., 2012;
Johnson and Soucacos, 2008) makes it necessary to find better alternatives. Tube
repair emerge thus as a possible option to promote nerve regeneration, but more
efforts are needed to bridge long gap defects as regenerative outcomes are still far
from those achieved after autograft repair (Navarro and Kennedy, 1991). Presently,
numerous studies focus in improving nerve regeneration by using different innovative
biomaterials that are associated with proregenerating properties, such as facilitating the
influx of nutrients, enhancing cell adherent properties, increasing cell viability or
decreasing foreign body reaction to implanted materials. However, while there is a wide
range of nerve guides fabricated with natural or synthetic polymers and some of them
have been approved by regulatory authorities for use in humans, there is still a long
way to go as all these tubes only offer a limited capacity to repair even small-sized

nerve gaps (Madduri and Gander, 2012).

On the other hand, the use of nerve guides is essential to immobilize and stabilize the
regenerative electrodes over the period of nerve regeneration. In recent experiments,
although some studies have used porous polysulfone tubes (Clements et al., 2013;
Gore et al., 2015), silicone tubes are the most used to sustain regenerative electrodes
(FitzGerald et al., 2012; Lacour et al., 2009; Lago et al., 2005; Srinivasan et al., 2015)
because of their stability and flexible properties. However, while the nerve guide has
usually been considered as a mere passive scaffold to hold the interface, the possibility
to use it also as an added factor to promote nerve regeneration has not been explored

in the last published reports.

For this purpose, we tested a new polymeric tube as a possible candidate to sustain
the planar regenerative electrode and at the same time, enhance nerve regeneration in
limiting (10 mm) and critical (15 mm) gap defects (Navarro and Verdu, 2004; Yannas
and Hill, 2004). PA was chosen as it belongs to a family of biocompatible copolyethers
approved by the FDA for its use in several biomedical applications. Moreover, PA can
be readily processed by electrospinning and this technique represents an auspicious

approach to enhance axon regeneration, with initial studies reporting moderate
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success (Panseri et al., 2008; Yu et al., 2011). Indeed, nerve conduit fabrication with
this technique offers the possibility not only to manipulate the conditions of the fibres of
the tube but also to incorporate several cues within the walls that can interact with
regenerating axons (Catrina et al., 2013; Townsend-Nicholson and Jayasinghe, 2006;
Whitehead and Sundararaghavan, 2014) thus modulating the regenerating process on
demand. Finally, the fabrication of a nerve guide with the electrospinning technique is
envisioned to provide an automatical manufacture of PA tubes surrounding the
regenerative electrode and then, automatizing the process of the whole electrode

ensemble fabrication.

In chapter 1, we observed that PA tubes showed promising results supporting nerve
regeneration of a high number of myelinated axons in both limiting and critical gaps
that lead to improved motor, sensory and autonomic functional reinnervation compared
with animals repaired with silicone tubes. The differences between both groups can be
explained by the design of PA tubes and properties of the synthetic polymer. PA tubes
were fabricated through an electrospinning process that generates an ideal
combination of fiber size (1.44 ym £ 0.29 uym), fiber alignment (1.4 + 0.37 degrees) and
porosity (62.7 £ 1.3%) and pore diameters (average between 8.02 and 10.22 ym),
which is within the recommended range, as it is considered optimal for the influx of
nutrients while providing a sufficient barrier to minimize the invasion of detrimental

inflammatory cells (Kehoe et al., 2012).

On the other hand, fiber alignment has also been shown to enhance in vitro Schwann
cell migration and high oriented neurite elongation (Schnell et al., 2007). It should be
taken into account that our results show that the general direction of neurite growth on
PA (Chapter 1, Fig. 2B) differs from the underlying fiber orientation by an average of
only 2.67 + 3.61 degrees revealing a high oriented growth of neurite regeneration. On
the other hand, after 4 months of implantation, PA tubes showed a higher area of
regeneration with axons spread throughout the internal lumen and also in contact with
the conduit wall, in contrast to the usual regenerated nerve centered in the silicone
tube (Lundborg et al., 1982). Thus, it seems that PA fibers may provide a guiding
longitudinal structure to the regenerating axons, serving as an additional ECM-like

guidance structure for Schwann cell migration and neurite extension.

Importantly, PA tubes reached promising results in critical gap defects without the
addition of matrix, NTFs or exogenous cells, which have been described to enhance
nerve regeneration (Allodi et al., 2012). Then, integration of these factors within the

nerve wall or inside the lumen can help to enhance the number of regenerating
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neurons or even overcome nerve defects even longer than the 15mm reported here. In
this sense, the possibility to bridge long nerve defects could be useful to improve the
functionality of the planar regenerative electrode as expanded gaps allow the implant of
longer electrodes with higher number of AS, thus improving the spatial resolution and
increasing the probability to interface more regenerated axons. In addition, long gaps
also give the opportunity to increase the distance between the proximal sutured stump
and the proximal part of the planar regenerative electrode in order to facilitate the
reorganization of regenerating motor and sensory axons, and facilitate the guidance of
distinct populations of axons with the addition of different NTFs or ECM proteins.
Finally, taking into account that nerve fibers grew in contact with the tube wall, it would
also be possible to design a regenerative electrode ensemble made of PA tubes with
embedded electronics similar to cuff electrodes (Badia et al., 2011). Hence, not only
the axons that grow in contact with the planar regenerative electrode would be
interfaced but also those far from the center of the tube and close to the walls, thus
making available more signals to better control a neuroprosthesis and provide the

patients with an enhanced sensory feed-back.

Carrier technologies for the creation of proregenerative environments

After nerve injury, NTFs exert positive effects on nerve regeneration through their
ability to promote neuronal survival, to guide and increase axonal outgrowth and to
improve target reinnervation (Allodi et al., 2012). However, NTFs added within a nerve
conduit can be rapidly degraded (Ejstrup et al., 2010; Tria et al., 1994), diffuse outside
the conduit or get diluted after liquid infiltration resulting in sub-optimal concentrations,

and thus poor regeneration outcomes (de Boer et al., 2012; Wood et al., 2013).

Hence, to guarantee the bioactivity of NTF, several strategies such as immobilization of
the factors, focal release, sustained delivery or a local production of these molecules
will help to secure the presence of NTFs within the axon regeneration
microenvironment throughout the regeneration process. However, some issues are
associated to the use of these systems. For instance, the engraft of catheter ports or
osmotic minipumps (Hontanilla et al., 2007; McDonald and Zochodne, 2003) are
invasive approaches that require the chronic implantation of the devices, maintenance
of the catheter in the correct position during nerve regeneration appears difficult and a
second surgery is needed to explant the devices (Pfister et al., 2007). Furthermore,
these strategies usually require daily administration of drugs that could lead to

inhibitory effects on nerve regeneration (Boyd and Gordon, 2002) if high levels of NTF
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are reached. On the other hand, genetically modified Schwann cells have also been
used to perform a local production and a sustained secretion of the drugs. However,
leaving aside that this option may need immunosupression therapy to avoid cell implant
rejection, the high levels of NTFs secreted do not always lead to an enhanced nerve
regeneration due to the “candy-store” effect (Tannemaat et al., 2008), in which axons
stay in areas with high NTF concentration and withhold their regeneration towards

distal target organs.

Taking all these premises into account, we focused in the characterization of PLGA
MPs as an interesting candidate for a sustained and focal release of NTFs. PLGA MPs
are biocompatible and reabsorbable thus eliminating the need of secondary surgeries.
Moreover, MPs can be fabricated at different sizes, which may facilitate different
release kinetics for one or several growth factors (Pfister et al., 2007). An important
factor for the generation of a desirable environment with MPs is the selection of a
proper scaffold to ensure that MPs remain inside the tube during the regeneration
process. Collagen matrix has been widely used to fill nerve guides acting as 3D
structure that sustains nerve regeneration allowing cellular migration and regeneration
of the regrowing axons. However, it is important to take into account the density of the
matrix, since axonal elongation may be hindered in a high density matrix, whereas low

density may allow over diffusion of the added molecules (Labrador et al., 1998, 1995).

In chapter 2.1, we observed that 10 days after MP fabrication, only 30% of the
encapsulated NTF had been already released, and that a slow and sustained release
was maintained for more than a month. Furthermore, we also tested the bioactivity of
the secreted NTF in organotypic cultures to ensure that physical stresses of MPs
manufacturing and long periods of NTF encapsulation did not affect to their therapeutic
effects. In this sense, organotypic DRG and SC slices showed an increased neurite
outgrowth when cultured in collagen matrixes that had been embedded 1 week before
with encapsulated NTFs in comparison with DRG and SC slices cultured in the same
conditions but with no NTF encapsulation. Thus, it seems that MPs were still releasing
NTFs at a concentration high enough to stimulate the growing response while NTFs in

the non-encapsulated group had eluted out of the matrix.

Likewise, we also observed in vivo an increased number of motor and sensory neurons
that regenerate distally to the nerve conduit in the groups with encapsulated NTFs.
Then, the prolonged NTF release would extend the therapeutic window of these
molecules (McDonald and Zochodne, 2003; Wiliams et al., 1983) enhancing the

intrinsic mechanisms of axon regeneration and neuronal survival. Moreover, this
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extended period of action would also have an indirect effect inducing endogenous
Schwann cells to a proregenerative state (Gordon et al., 2003) during the time that
axons are crossing the tube thus increasing regeneration outcomes after this
treatment. Furthermore, our results also demonstrate that sustained release of NTF
does not lead to higher deleterious concentrations that have been reported to interfere
or even hinder the regeneration process (Boyd and Gordon, 2002; Eggers et al., 2013;
Gold, 1997; Mohiuddin et al., 1999). Therefore, we conclude that MPs releasing NTF
mixed with a collagen matrix is an appropriate strategy to create a desirable pro-

regenerating environment for next studies.

Nevertheless, having in mind the double-aisle regenerative electrode we put forward
here, the sole enhancement of nerve regeneration is not enough to create two specific
conditions at each side of the electrode to enhance motor or sensory neuron
regeneration. However, as NTFs and their receptors in nonneuronal cells show a
specific temporal expression (Boyd and Gordon, 2003a), encapsulation of different
NTF in different MPs would help to release these molecules with individual optimal
kinetics creating thus specific environments to enhance distinct neuronal populations.
In addition, microspheres have also been used for the generation of NTF gradients
inside the tubes guiding axonal growth towards attractive molecular gradients (Roam et
al., 2015). Thus, combination of these factors with the intrinsic capability of different
NTFs and ECM molecules to specifically enhance motor or sensory axon regeneration
discussed below can contribute to create a selective microenvironment to separate

distinct neuron populations.

NTF and ECM components for the creation of motor and sensory pathways

The effects of NTFs have been widely described both in development and nerve
regeneration for the stimulation of survival, differentiation and guidance of neurons and
axons (Li et al., 2005; Richner et al., 2014). Characterization of the molecular motor
and sensory pathways emerged as a possible solution to overcome the unaccurate
reinnervation produced after nerve injury by misdirected regenerating axons which
leads to poor functional recovery (Lundborg and Rosén, 2001; Valero-Cabré and
Navarro, 2002). Therefore, the expression pattern of several NTF both in healthy
conditions and after injury has been characterized in different parts of the peripheral
nervous system such as in dorsal roots and ventral roots, among others (Brushart et
al., 2013; Hoke et al., 2006).
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However, to selectively modulate motor or sensory axons regeneration and in order to
predict which cell will respond or be guided by a certain condition, it is not only
important to recognize the patterns of expression of NTFs but also to be aware of
which receptors are expressed by each cell population, what expression pattern each
follows after nerve injury and how are they regulated in response to exogenous
addition of different NTFs.

Thus, in order to select a trophic factor able to selectively promote motor or sensory
regeneration and having in mind that specific doses of trophic factors may be required,
we characterized in vitro and in vivo the effect of GDNF, FGF-2, NGF, NT-3 and BDNF

at different concentrations on axon regeneraton in chapter 2.2.

With regard to GDNF and FGF-2, they have been postulated as important factors to
enhance motor neuron regeneration (Allodi et al.,, 2013; Boyd and Gordon, 2003b).
However, after assessing their effects in DRG explants and SC slices we observed that
both GDNF and FGF-2 stimulate not only motor but also sensory neurite outgrowth as
well. Therefore, while these NTFs showed an increase in motor neurons outgrowth as it
had been reported, they should not be defined as motor NTFs as they also promote
sensory neurite outgrowth probably mediated by the activation of both GRF/Ret and

FGFR receptors in sensory neurons (Allodi et al., 2013; Bennett et al., 1998).

On the other hand, we observed in vitro that all the tested doses of NGF and NT-3
selectively promoted sensory neurite outgrowth with no observable effect on motor
neurons in agreement with previous studies (Terenghi, 1999). This selective effect is
mediated by the restricted location of NGF receptor TrkA receptor to sensory neurons
as well as the downregulation of NT-3 receptor TrkC in motor neurons after injury
(Boyd and Gordon, 2003a).

Besides, in accordance with previous studies (Allodi et al., 2011), we observed that
while maximal doses of BDNF did not increase motor axon outgrowth; low, medium
and high doses of BDNF enhanced motor regeneration, an effect that is mediated by
the upregulation of TrkB receptors in motor neurons after injury (Boyd and Gordon,
2003a). Unexpectedly, we observed that BDNF enhance sensory neurite outgrowth
only at low doses, whereas high doses did not show any significant effect. Indeed, it
has been demonstrated that BDNF inhibits sensory neurite outgrowth in PC12 cells by
the exclusive activation of p75 receptor as these cells does not express TrkB
(MacPhee and Barker, 1997). Then, it is possible that low doses of BDNF allow
sensory neurite outgrowth, whereas high levels of this neurotrophin counteract the

beneficial effects through p75 activation in TrkA and TrkC positive neurons, which
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represent a 45% of total DRG population (Tucker and Mearow, 2008). Furthermore,
very high levels of BDNF have been associated with a reduction of TrkB protein as well
as of trkB and trkC mRNA both in vitro and in vivo (Frank, 1996), then activation of p75
in all neurons is facilitated thus explaining why sensory and motoneuron regeneration
is inhibited in maximal doses. Consequently, we defined the high dose of BDNF as a
potential candidate to potentiate motor pathways and NGF and NT-3 to induce

regeneration of sensory pathways.

After that, we tested in vivo the effect of different doses of the selected NTFs on motor
and sensory regeneration. In accordance to the in vitro results, BDNF enhanced motor
neuron regeneration at all doses, whereas only the low dose promoted sensory neuron
regeneration. However, the addition of NGF and NT-3 did not show a selective effect

as we observed enhanced regeneration both in motor and sensory regeneration.

Due to the fact that the effect of NTF in vivo was not enough to generate straight motor
and sensory pathways, we studied in chapter 2.3 whether the addition of ECM could
synergistically contribute with NTF to improve a selective regeneration of motor and
sensory neurons. Previous studies showed that laminin promoted sensory neuron
regeneration mediated by their integrin receptor (Gardiner, 2011), whereas fibronectin
promoted motor neuron regeneration (Gonzalez-Perez et al., 2015). Therefore, we
combined NGF and NT-3 with laminin (LM) to achieve a pro-sensory regenerative
environment and BDNF with fibronectin (FN) to create a pro-motor regenerative matrix.
After organotypic DRG and SC slices, results revealed a selective and synergistic
effect on sensory neurite outgrowth with the LM + NGF/NT-3 group, whereas FN +
BDNF exhibited a preferential and synergistic effect on motor neurite outgrowth.
However, when we tested these combinations in vivo we observed again that the

selective effects of motor and sensory conditions were reduced.

This comparative reduction could be a result of a more complex environment in the
regenerating nerve than in the organotypic culture. After nerve injury, ECM
components are synthesized and secreted by non-neuronal cells such as Schwann
cells and fibroblasts (Gonzalez-Perez et al., 2013), whereas NTFs and their receptors
are expressed by both neuronal and non-neuronal cells (Brushart et al., 2013; Jesuraj
et al., 2012). Furthermore, non-neuronal cells involved in Wallerian degeneration also
express integrins and NTF receptors. Therefore, the in vivo implant of a matrix
containing different ECM components and NTFs in the nerve conduit does not only
influence the injured neurons, but also acts on the migrating non-neuronal cells inside

the intratubular matrix. Hence, the activation of non-neuronal cells would contribute
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with nonspecific proregenerative cues and decrease the effects of the selective factors
introduced in the exogenous matrix. On the other hand, in organotypic cultures neurons
are in contact with some Schwann cells and fibroblasts, which may remain in the root
stump, but the amount of these cells is much lower than in in vivo conditions of nerve

injury and the trophic influence is likely different (Allodi et al., 2011).

However, in spite of the pleiotrophic environment that takes place within the
regenerative milieu in vivo, we observed a preferential and synergistic effect on
sensory neurons regeneration and target reinnervation mediated by LM + NGF/NT-3
leading to an earlier sensory functional recovery, whereas FN + BDNF showed a
preferentially and synergistic effect on motor neuron regeneration leading also to an

earlier motor functional recovery.

Motor and sensory neuron guidance

After characterization in chapter 2 of the necessary conditions to promote sensory and
motor axon regeneration, the final step towards a selective invasion of two different
aisles in the regenerative ensemble was to challenge both treatments in the same
conditions and compare directed versus random regeneration. To this end, we prefilled
passive regenerative electrodes (i.e. double-aisle regenerative electrodes without PCB

or wires) with the combinations of ECM and NTFs described before.

Neurotrophins play an important role during development to stimulate and guide axonal
growth for the establishment of a correctly wired and functional neural system (Markus
et al., 2002). Growth cone motility and navigation in response to NTFs is regulated by
actin dynamics of the neuronal cytoskeleton after the activation of their cognate
receptors. Indeed, NGF, BDNF and NT-3 have been reported to elicit increases in the
amount of F-actin in growth cones of sensory neurons (Paves and Saarma, 1997).
Particularly, it has been described that the same intracellular mechanisms that promote
axonal growth and cell survival are related with axonal guidance (Henle et al., 2011;
Ming et al., 1999; Yuan et al., 2003).

Evidence of these guidance effects has been mainly studied in vitro with different types
of neurons. Early studies into the specific chemotropic effects of NGF found that
microinjection of NGF into the brain ventricle of neonatal rats evoked a massive
ingrowth of sympathetic fibres into brain tissue towards the source of NGF.
Furthermore, this ectopic growth was shown to be dependent upon NGF because

withdrawal of the neurotrophin led to retraction of the axons (Levi-Montalcini et al.,
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1978; Menesini et al., 1978). Afterwards, several reports have described how gradients
of NGF, NT-3, and BDNF induce turning of growth cones toward these neurotrophins
(Moore et al., 2006).

On the other hand, NTFs are not the only molecules that promote axonal guidance.
ECM components have also an important role in axonal guidance. Indeed, LM and FN,
which bind to integrin receptors, were demonstrated to be two of the key molecules
both in vitro and in vivo studies of peripheral and central neurons (Evercooren et al.,
1982; Manthorpe et al.,, 1983; Orr and Smith, 1988; Rogers et al., 1987), with LM
exerting the most significant effect on directional growth (Luckenbill-edds, 1997; Sanes,
1989). When compared, sources of laminin influenced growth cone directionality and
advancement by the alteration of filopodial dynamics compared to the effect produced
by fibronectin (Kuhn et al., 1995).

However, axonal guidance of different populations mediated by combined effects of
both ECM and NTF is less studied in vivo after peripheral nerve injuries. In chapter 3,
we observed after the implant of a bicompartmental tube filled only with collagen (i.e.
without guidance cues) that sensory and motor regenerating neurons grew
preferentially to the chamber with the distal nerve stump of a higher caliber. These
results are in accordance with previous studies that described a major attracting effects
by higher caliber of distal nerves (Abernethy et al., 1992; Takahashi et al., 1999;
Uschold et al., 2007). Indeed, it has been hypothesized that neurons may sense the
levels of trophic support from each of the branches and over time preferentially direct
the axons towards the one that contains larger number of Schwann cells that generate
higher concentration of trophic and tropic factors (Robinson and Madison, 2004).
Therefore, our in vivo model intrinsically attracts more regenerating axons from one
chamber and this may hinder the axonal guidance effects of our treatments in different

neuronal populations.

With all this in consideration, we aimed to study the segregation effect of motor from
sensory regenerating axons inside the same Y-shaped tube by challenging a pro-
sensory matrix made of collagen with LM + MP.NGF/NT-3 in the branch with the bigger
distal nerve with a pro-motor matrix prepared with collagen and FN + MP.BDNF with

the disadvantage of a smaller distal nerve.

Similarly to what had been seen in chapter 2.3, LM + MP.NGF/NT-3 did not attract a
higher number of regenerating sensory neurons compared to control tubes containing
Col + MP.PBS in both branches. However, we can not conclude that LM + NGF/NT-3

did not pull their specific regenerating population of sensory neurons towards the pro-
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regenerative environment as TrkA and TrkC receptors are expressed approximately in
only 45% of the total lumbar DRG neurons (Tucker and Mearow, 2008). Furthermore,
most sensory neurons coexpress more than one type of Trk receptor with different
binding affinities in the growth cone (Usoskin et al., 2015). Then, it could be possible
that LM + NGF/NT-3 attracted a number of target neurons but also other axons were
attracted to the other aisle due to TrkB activation by BDNF. Thus, it remains
unanswered which phenotype of the sensory neurons turned to LM + NGF/NT-3
medium to properly assess the effects of NGF and NT-3 on TrkA+ and TrkC+ neurons.
On the other hand, we observed a switch of motor and large sensory neurons
preferentially regenerating towards the FN + MP.BDNF indicating that this condition is

able to partially overcome the attractive effect mediated by larger caliber distal stumps.

Finally, given that the control of the specific environment for motor and sensory neuron
regeneration activates both neuronal and non-neuronal growth and guidance pathways
contributing to the creation of an unspecific environment for regeneration, it could be

interesting to seek new strategies to selectively avoid this non-neuronal activation.

One of the potential candidates are inhibitory molecules that have been widely studied
in development and central nervous system. However, few studies have focused on
their role in peripheral nervous system (Giger et al., 2010; Pasterkamp et al., 1998).
Actually, it has been demonstrated that semaphorin 3A (Sema3A) exerts inhibitory
effects on motor and sensory neurons (Molofsky et al., 2014; Vermeren et al., 2000)
even when NTFs are present (McCormick et al., 2015). In addition, semaphorin 6A
(Semab6A) selectively inhibits embryonic sensory neurite outgrowth in cultures (Curley
et al.,, 2014) whereas no inhibitory effects were observed in motor neurite outgrowth
(Mauti et al., 2007). Similarly, EphrinB1 selectively inhibited motor neurite outgrowth
(Vermeren et al., 2000; Wang and Anderson, 1997). However, semaphorin and ephrin
families are composed by a large number of different subtypes and few studies have
focused on their role after peripheral nerve injury (Arvanitis and Davy, 2008; Serini and
Bussolino, 2004; Worzfeld and Offermanns, 2014). Thus, although Sema6A and
EphrinB1 could be good candidates for motor and sensory axon guidance after nerve
injury, all the studies cited above have focused on their effect on development stages.
Moreover, it is not known whether their receptors are differentially upregulated in adult
animals after nerve injury or whether these molecules could interfere with Schwann cell

activation, division or migration disrupting the regenerative process.
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Contributions of double-aisle electrode in the field of neuroprosthetics

After the characterization of the different conditions to promote selective motor and
sensory axons regeneration, the last part of this project was aimed at the design,

optimization and testing in vivo the functionality of double-aisle regenerative electrodes.

The use of regenerative electrodes to control a neuroprothesis is intended to provide
amputee patients with a bidirectional communication between the nervous system and
the neuroprosthesis. Thus, motor signals could be used for the control of motor
commands (Edell, 1986), whereas afferent signals should provide sensory afferent
information to the patient by different tactile sensors (Riso, 1999) distributed in the
neuroprothesis.In chapter 4, we present a new design based on the regenerative
scaffold electrode (RSE) model (Clements et al 2013). We used a double-aisled
electrode scaffolded by a silicone tube that was implanted to repair gap defects of 6
mm after sciatic nerve transection. Unlike the one-sided RSE design, a double-aisle
electrode contains a higher number of AS distributed in both sides, being able to
interface regenerated fascicles from the two aisles whereas RSE electrode only
interfaced one aisle. In addition, Clements an colleagues (2013) did not fully
characterize the functionality of the electrode as they show no data of muscle activation
after stimulation from the electrode and they show only recording of CNAPS after
external stimulation of the proximal nerve. Thus, it is not clear if the RSE allows
reinnervation of distal targets and if this RSE is able to functionally interface
regenerated axons to record afferent electrical signals and to induce activation of motor

efferent fibers.

Despite previous designs of regenerative electrodes (FitzGerald et al., 2012; Meyer et
al., 1995; Navarro et al., 1998) require nerve regeneration for their functional test, the
wide compartments of the electrode and the transparency of the double-aisle electrode
allowed functional testing acutely. Moreover, there is a latency period of at least one
day after axotomy in which no degeneration of the nerve fibers occur and thus nerve
conduction is still present (Glass et al., 2002; Lubinska, 1977). Thus, placing the tibial
and peroneal branches in the two aisles of the electrode was useful for stimulation of

efferent fiers and for recording of afferent nerve signals.

Indeed, in chapter 4 we demonstrate that this electrode is able to stimulate motor fibers
from different AS to elicit contraction of two different muscles with maximum values of
the selectivity index close to 1, higher than other intraneural electrodes (Badia et al.,
2011). Moreover, results from acute experiments reveal that this electrode is able to

record not only CNAPs after external electrical stimulation of nerve fibers at the ankle
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but also to record afferent signals similar to those obtained in sieve electrodes (Lago et

al., 2007) after the application of fast scratch stimuli on the plantar pads.

Next, we examined if the electrode would allow or hinder nerve regeneration and distal
reinnervation after implant. Histological processing demonstrated successful
regeneration of the sciatic nerve through the aisles, creating two fascicles in contact
with the electrode with positive staining for axons and Schwann cells. Moreover,
histology revealed that the sum of both chambers contained 12,988 + 3,938 myelinated
axons at the midlevel of the tube. These results demonstrate that implant of double-
aisled electrode is not an obstacle for nerve regeneration, as previous studies showed
similar values of myelinated axons in a tube without electrode (Lago et al 2007). In
addition, these numbers of regenerated axons were higher than the 2000 axons seen
in silicone tubes with sieve electrodes (Lago et al., 2007) or 1000 (FitzGerald, 2016)
and 6000 (FitzGerald et al., 2012) reported for microchannel electrodes.

It has been described that axon growth in regenerative electrodes is determined by
electrode transparency, which refers to the balance between electrode scaffold and
open space for regeneration (Navarro et al., 1996; Wallman et al., 2001). And although
axon regeneration has been reported from arrays with a 30% transparency factor
(Wallman et al., 2001) up to 69% (Lacour et al., 2009), it is generally accepted that
increasing transparency and thus minimizing structural obstruction of regeneration by
the device scaffold improves axon regeneration (Gore et al.,, 2015). Then, the good
outcomes on nerve regeneration seen in our electrode are in agreement with these
reports as transparency of double-aisled electrodes (close to 100%) is higher

compared with sieve or microchannels electrodes.

On the other hand, this high transparency could lead to poor selectivity compared with
sieve and microchannels electrodes. However, neither sieve (Lago et al., 2007) nor
microchannel electrodes (FitzGerald et al., 2012) were able to ensure selective
recordings. Indeed, after 90 days post-implantation we were able to selectively
stimulate regenerated fascicles to induce selective contraction of tibial and
gastrocnemius muscles as well as record different afferent signals. Then, the double-
aisle electrode ensures nerve regeneration in all the animals and it does not

necessarily imply a substantial reduction of selectivity..
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Finally, taken into account the selective stimulation and recordings obtained from
regenerated fascicles by the double-aisled electrode, some improvements could be

added to increase the selectivity of the electrode.

A first approximation would introduce the additional insertion of two MEAs crossing the
tube scaffold within both aisles based on the design suggested by the group of
Romero-Ortega (Fig. 10). Although this insertion would diminish the transparency,

previous studies have not found an impaired regeneration (Garde et al., 2009).

Active sites
s::::@::0——Polymide septum

| T l | l f Regenerating fascicles

Multi-array electrode

Silicone conduit

Nerve [ ]

Figure 10. Prototype of double-aisle electrode. Transversal multi-array electrode
(MEAs) are inserted in each aisle (based on Garde et al., 2009), to complement and
increase the selectivity exerted by the AS located in the surface of the double-aisle
electrode.

A further option would be to develop wireless systems with remote delivery and
recordings of electrical pulses (Bredeson et al., 2015; Romero-Ortega et al., 2015)
based on cochlear implants and functional stimulators (Chung, 2004). Indeed, it has
been reported that wire and connector failures mainly caused by tissue response or the
behavior of the animals compromise the long-term functionality of the electrodes (Biran
et al., 2007; Desai et al., 2014). Then, elimination of this weak points would increase

the long-term performance of the electrodes.

Another possible improvement could be the addition of extra aisles to our device, for
instance adding two additional aisles at the distal part creating four aisles in total. Then,
it could be possible to suture proximally tibial and peroneal nerves, and then further
separate these two branches in motor and sensory subfascicles (Fig. 11A).

Furthermore, considering the topological anatomy of median human nerves (Delgado-
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Martinez et al., 2016), it is possible to identify more than 20 fascicles that innervate
different targets in the hand. Then, more aisles would allow to suture the median nerve
into a single device with a high amount of aisles able to provide a high selectivity in
terms of stimulation and recording of different fascicles to improve the control of

neuroprosthetics (Fig. 11B).
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Figure 11. New prototypes of electrodes based on the double-aisle electrode. (A)
Double-aisle electrode that distally forms a quad-aisle electrode for the segregation of
motor and sensory axons of two different fascicles. (B) Proposed prototypes of multi-
aisled electrode for use in the human median nerve, targeting 8 independent fascicle
bundles with several in each of them.
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CONCLUSIONS

1. Polyactive™ (PA) conduits are porous and contain aligned fibers in the longitudinal

axis that promote aligned growing of neurites and Schwann cells in vitro. These

properties also enhance axonal regeneration in vivo, in limiting (10 mm) and in critical

(15 mm) nerve gap defects compared to standard silicone tubes, as well as functional

reinnervation. Therefore, PA conduits are a potential candidate for use as scaffold of

regenerative electrodes.

2. The sustained release of NTFs from PLGA MPs promotes neurite outgrowth in vitro

and axonal regeneration in vivo:

a) NGF and BDNF encapsulated in MPs promote sensory and motor axon

outgrowth in 1 week preconditioned medium, whereas free factors lose their

effects and show similar results to control cultures.

b) After sciatic nerve transection, repair with tubes filled with collagen and MP

encapsulated NTFs enhance motor and sensory axon regeneration

compared with tubes filled with free NTFs.

3. Different NTFs show dose dependent and selective effects on motor and sensory

axon outgrowth in organotypic cultures, but these effects are reduced when tested in

vivo in transected peripheral nerves:

a) FGF-2 and GDNF promote both motor and sensory axon outgrowth at

different doses in organotypic cultures.

b) NGF and NT-3 selectively enhance at different doses sensory axon

outgrowth without effect on motor axons in organotypic cultures. However,

this selective effect is lost when they are applied in vivo.

BDNF selectively promotes motor neuron outgrowth in vitro at doses of 50
ng/ml, without effect on sensory neurite outgrowth. BDNF also enhances
motor axon regeneration in vivo at all tested doses but only high doses do

not enhance sensory regeneration.
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4. Combining selected ECM components with NTFs is an adequate strategy to

selectively enhance motor and sensory neuron regeneration.

a) The combination of LM with NGF and NT-3 produces a selective and
synergistic effect on sensory neurite outgrowth in vitro. Furthermore, this
combination also enhances sensory axon regeneration in vivo, leading to an

earlier sensory reinnervation and functional recovery.

b) Combining FN with BDNF promotes a preferential and synergistic effect on
motor neurite outgrowth in vitro. In addition, motor regeneration is also
preferentially enhanced by FN and BDNF in short and long term models
compared with controls, and improves motor axon regeneration and

functional recovery.

5. In vivo, the combination of FN and BDNF can be used as an attractive condition for
motor and large sensory regenerating axons in a bicompartmental tube repair model.
However, the combination of LM and NGF/NT-3 does not preferentially attract

regenerating sensory neurons compared to the control condition.

6. After sciatic nerve transection, the double-aisle electrode developed allows for
selective stimulation and neural signals recording from different nerve fascicles in both
acute and chronic situations. In addition, the double-aisle electrode allows for effective
axonal regeneration, improving nerve regeneration with regards to previous designs of
regenerative electrodes, such as sieve and microchannels electrodes. Thus, the
double-aisle electrode emerges as a promising interface for the peripheral nerve of

amputee subjects for the control of neuroprostheses.
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VI. ABBREVIATIONS

AS: Active sites

BDNF: brain-derived neurotrophic factor
C-domain: central domain

CNS: Central Nervous System

CSPGs: chondroitin sulfate proteoglycans
DRG: Dorsal Root Ganglia

ECM: Extracellular matrix

ERK: extracellular signal-regulated kinase
FDA: Food and Drug Administration
FGF-2: fibroblast growth factor-2

GAP-43: growth-associated protein 43
GDNF: glial cell-derived neurotrophic factor
HGF: hepatocyte growth factor

IGF-1: insulin growth factor 1

JNK: c-jun N-terminal kinase

LIF: leukaemia inhibitory factor

MPs: microspheres

MTs: microtubules

NC: nerve conduit

NGF: nerve growth factor

NT-3: neurotrophin-3

NTF: Neurotrophic Factor

P-domain: peripheral domain

PAN-MA: poly(acrylonitrile-co-methylacrylate
PCL: poly-caprolactone

PGA: poly-glycolic acid

PHB: poly(3-hydroxybutyric acid)
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PI3K: phosphatidylinositol 3-kinase
PLA: poly-(lactic acid)

PLC-y: phospholipase C-y

PLGA: poly-(lactide-coglycolide)
PMR: preferential motor reinnervation
PNI: Peripheral Nerve Injury

PNS: Peripheral Nervous System
VEGEF: vascular endothelial growth factor
T-zone: transition zone

TrkA: tropomyosin receptor kinase A
TrkB: tropomyosin receptor kinase B

TrkC: tropomyosin receptor kinase C
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