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The effect of the Val66Met BDNF polymorphism on axon regeneration after peripheral nerve
injury
By

Claire Emma McGregor

Although peripheral nerves can spontaneously regenerate after injury, outcome is
generally very poor. Activity-dependent treatments to enhance peripheral nerve regeneration
after injury have shown great promise, and clinical trials implementing them have begun.
Success of these treatments requires activity-dependent release of brain derived neurotrophic
factor (BDNF). A single nucleotide polymorphism (SNP) in the BDNF gene known as Val66Met
found in nearly one third of the human population results in defective activity-dependent BDNF
secretion and could impact the effectiveness of these therapies. We used a mouse model of this
SNP to test the efficacy of treadmill exercise in enhancing axon regeneration in animals both
heterozygous (V/M) and homozygous (M/M) for the SNP. Axon regeneration was studied four
weeks after complete transection and repair of the sciatic nerve, using both electrophysiological
and histological outcome measures. Regeneration was enhanced significantly without treatment
in V/M mice, compared to wild type (V/V) controls. Unlike V/V mice, treatment of both V/M and
M/M mice with treadmill exercise did not result in enhanced regeneration. These results were
recapitulated in vitro using dissociated neurons containing the light-sensitive cation channel,
channelrhodopsin. Three days after plating, neurites of neurons from V/M and M/M mice were
longer than those of V/V neurons. In neurons from V/V mice, but not those from V/M or M/M
animals, longer neurites were found after optical stimulation. Taken together, Met carriers
possess an intrinsically greater capacity to regenerate axons in peripheral nerves, but this
cannot be enhanced further by activity-dependent treatments. This enhanced axon regeneration
can be blocked by application of a trkB antagonist, ANA-12. In culture, application of ANA-12 to
adult dorsal root ganglion (DRG) neurons blocks enhanced neurite outgrowth in cells from M/M
mice. Application of the fusion protein trkB-Fc which sequesters trkB ligands also results in
decreased neurite outgrowth in all genotypes. Inhibiting the pan-neurotrophin receptor, p75NTR,
resulted in a modest improvement in V/V axon regeneration, and no effect in Met-carriers. Thus,
the enhanced axon regeneration in Met-carriers is trkB-dependent.
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Chapter 1:

Introduction to the role of BDNF in peripheral nerve injury and regeneration

Currently under review at Frontiers in Cellular Neuroscience: McGregor CE & English

AW (2018) The role of BDNF in peripheral nerve regeneration: Activity-dependent treatments
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Peripheral nerves connect our central nervous system to our sensory organs, which
allow us to perceive the world, and the musculature that allows us to navigate it. The sciatic
nerve, originating from L3-L5 segments of the spinal cord and extending as far as the lumbrical
muscles of the foot, can contain axons as long as 3 feet in a human. If severed, a peripheral
nerve can regenerate at a rate of about 1-5 mm/day (Jacobson and Guth, 1965, Grafstein,
1971, Hoffman and Lasek, 1980, Gutmann et al., 1942). Thus, after a very proximal sciatic
nerve transection, axons could take two and a half years to fully regenerate. In reality,
peripheral nerve injuries can take much longer than this—consider the case of Dr. Henry Head,
who in 1905 intentionally transected his own radial nerve to observe regeneration. Though the
injured nerve needed to regenerate a distance of no more than 30cm, it took two years for his
sensory recovery (Compston, 2009, Mundie, 1920). In others, injured peripheral nerves often
fail to regenerate completely.

Millions of peripheral nerve injuries occur every year, which in the United States can
result in approximately $150 billion spent annually (Taylor et al., 2008). Common causes include
car accidents, gunshot wounds, surgical transection, and work-related injuries (Kouyoumdjian,
2006, Noble et al., 1998). Nerve injury results in loss of motor function and sensory input. Unlike
spinal cord injuries, peripheral nerves can spontaneously regenerate. This regeneration is slow
and inefficient, however, and as mentioned above, most patients never regain full motor function
after a peripheral nerve injury (Portincasa et al., 2007). Currently the only treatment for
peripheral nerve transection is surgical—placing the two ends of the injured nerve together or
using a graft from a different nerve to bridge the gap (Grinsell and Keating, 2014). For those
with more minor injuries, no treatments are available. Therapies that enhance the speed of

regeneration are sorely needed.



Peripheral Nerve Structure

The structure of peripheral nerves was first described by Greek physician Herophilus in
300 BCE, who determined the nervous system was continuous (Lee and Wolfe, 2000). Spinal
nerves contain the axons of motoneurons, whose cell bodies are located in the ventral horn of
spinal cord, and sensory neurons, whose cell bodies reside in the dorsal root ganglia (DRG)
(Rexed, 1952). Cranial nerves also can be mixed but may contain only sensory or motor axons.
Neurons in sensory ganglia are pseudo-unipolar, with one axon that extends centrally into the
central nervous system (CNS) and one axon that extends peripherally into the nerve. Motor
axons exit the spinal cord through the ventral root and fuse with the peripheral processes of
DRG axons to form a spinal nerve. Glial Schwann cells make up approximately 80% of the cells
in a peripheral nerve and can either be myelinating or non-myelinating (Griffin and Thompson,
2008, Brosius Lutz and Barres, 2014). Unlike central oligodendrocytes, Schwann cells only
myelinate one axon. Individual myelinated axons are surrounded by multiple Schwann cells,
arranged in series, and the space between myelinating Schwann cells forms the Nodes of
Ranvier. Non-myelinating Schwann cells ensheath multiple small axons in bundles. Together,
Schwann cells and axons are enclosed by three layers of connective tissue. Individual axons
and myelinating Schwann cells are surrounded by the endoneurium. The tubes formed by the
endoneurium are organized both spatially and by function into fascicles surrounded by the
perineurium, and the outermost layer of connective tissue enclosing the nerve is the epineurium
(Topp and Boyd, 2012).

Motoneurons synapse onto muscle fibers, forming the neuromuscular junction. In
mammals, these synapses are cholinergic, and the motor endplate is characterized by highly
organized nicotinic acetylcholine receptors. Release of acetylcholine from neuromuscular
synapses produces a muscle action potential that results in contraction of the muscle fiber. In
adults, muscle fibers receive synaptic inputs from only one motoneuron, but individual

motoneurons innervate multiple muscle fibers. Together the motoneuron and every muscle fiber



it innervates is called a motor unit (Sherrington, 1925). The average number of muscle fibers
per motoneuron is called the innervation ratio (Heckman and Enoka, 2012), and this differs in
different muscles. Muscles that require fine motor control, such as those in the hand and
fingers, tend to have smaller innervation ratios compared to large muscles with fewer degrees of
freedom, such as trunk muscles. The fibers that comprise an individual motor unit are generally
interspersed throughout the muscle body (Bodine et al., 1988).

Unlike motoneurons, sensory neurons are a heterogeneous population. They respond to
numerous sensory modalities, such as proprioceptors in skeletal muscle and mechanoreceptors
or free nerve endings in the skin. Sensory neurons are traditionally categorized by cell body
size, fiber type/axonal conduction velocity, and protein expression (Horch et al., 1977, Ju et al.,
1987). For example, small diameter DRG neurons are associated with unmyelinated and slow-
firing C-fibers or thinly myelinated Ad fibers, which are responsible for nociceptive, thermal, and
high threshold mechanoreceptive signals. These cells are further classified by expression of
either a carbohydrate on the cell surface that specifically binds isolectin B4 (non-peptidergic), or
different peptides such as calcitonin gene-related peptide (CGRP, peptidergic). Large diameter
DRG neurons are associated with AR fibers, respond to low threshold mechanoreceptive and
proprioceptive stimuli and express neurofilament 200 (Wang et al., 1994, Li et al., 2016, Alvarez
and Fyffe, 2000).

Peripheral Nerve Injury

In 1943, Seddon classified various peripheral nerve injuries in a simple three class
system: Neuropraxia, in which nerve conduction is lost, but axonal integrity is not; axonotmesis,
in which axons and myelin are damaged but the surrounding connective tissue remains
continuous, such as would be found in a nerve crush; and neurotmesis, a complete transection
of the nerve (Kaya and Sarikcioglu, 2015). In 1951, Sunderland further expanded the third
class, neurotmesis, into three separate classes to specify levels of damage to the three types of

connective tissues described above (Grinsell and Keating, 2014). Once a nerve has been



injured, whether through crush or a more severe transection injury, multiple cellular processes
take place, including both central and peripheral changes within the injured cells as well as
changes in glial signaling and activity.

First described in 1850 by Waller, after a peripheral nerve transection, the distal portion
of the nerve is degraded in a process dubbed “Wallerian Degeneration” (Waller, 1850). This
process is carried out by invading immune cells and Schwann cells which dedifferentiate into a
pre-myelinating/pro-regenerative phenotype (Stoll et al., 1989, Liu et al., 1995). Over the course
of 48 hours in rodents, and up to a week in humans, distal axons are degraded retrogradely
from the site of injury in a progressive wave (Beirowski et al., 2005, Kato and Ide, 1994,
Chaudhry and Cornblath, 1992). Axons in the proximal stump are also degraded as far back as
the closest Node of Ranvier (Kato and Ide, 1994). The clearing of this cellular debris associated
with axon degeneration can take over a week, and the distal axon portion can remain active
during that time, firing action potentials and activating muscle (Pan et al., 2003, Mackenzie et
al., 2012). Schwann cells initiate the degeneration process in the first 48 hours and act as the
main phagocytic cells for the first five days following injury (Perry et al., 1995). Neutrophils are
the first invading immune cells to aid in the phagocytosis of cellular and myelin debris, and they
recruit other immune cells (Nathan, 2006). Macrophages are present in uninjured nerves, but
after injury their population increases, and both resident and invading hematogenous
macrophages are responsible for the later phases of Wallerian degeneration (Perry et al., 1987,
Mueller et al., 2003).

Dedifferentiated Schwann cells proliferate and populate the empty endoneurial tubes,
forming Bands of Blingner to guide the regenerating axons (Webber and Zochodne, 2010). The
Schwann cells secrete growth factors to attract the axons, including nerve growth factor (NGF),
brain derived neurotrophic factor (BDNF), and glial cell line-derived neurotrophic factor (GDNF)
(Glenn and Talbot, 2013, Brosius Lutz and Barres, 2014, Arthur-Farraj et al., 2012). Once

dedifferentiated Schwann cells make contact with the regenerating axons, they redifferentiate



into myelinating Schwann cells, forming new myelin sheaths around axons that are permanently
thinner than the original sheaths that formed during development (Gomez-Sanchez et al., 2017,
Schroder, 1972). Myelinating Schwann cells do not secrete growth factors, and the conversion
of Schwann cells as the growth cone reaches them may create a natural gradient of growth-
promoting molecules in the nerve that encourages forward growth through the endoneurial
tubes. In chronic denervation conditions, Schwann cells die off by six months (Ebenezer et al.,
2007, Sulaiman and Gordon, 2000). Once the endoneurial tubes have lost their Schwann cells,
regeneration is severely hampered (Fu and Gordon, 1995b, Fu and Gordon, 1995a). Lack of
Schwann cell support has been blamed for failure of regenerating axons to regenerate into
conduits and acellular grafts. Although Schwann cells in the proximal segment of cut nerves are
able to invade these constructs, regeneration is generally very poor.

The initiation of distal axon degeneration triggers the blood-nerve barrier to become
permeable. This is different from any breaches that might occur during the trauma that caused
the PNI. This change can last up to four weeks post-injury and is caused by invading
macrophages (Gray et al., 2007). Dedifferentiated Schwann cells begin expressing pro-
inflammatory cytokines which recruit monocytes to the site of injury (Tofaris et al., 2002).
Monocytes can differentiate into reparative macrophages which, in addition to phagocytosing
cellular debris, also secrete neurotrophins (Heumann et al., 1987b, Perry et al., 1987, Hikawa
and Takenaka, 1996) which could aid in axon regeneration. This role of monocytes was utilized
in an experiment in which fractalkine, a chemokine that preferentially recruits reparative
monocytes, was added to a synthetic nerve conduit used to repair a cut nerve and enhanced
axon regeneration (Mokarram et al., 2017).

Immediately following an injury, a calcium influx propagates a retrograde action
potential. Once this injury-evoked action potential reaches the cell body it triggers the process of
changing the injured neurons into a regenerative state (Mar et al., 2014). Other injury signals

are retrogradely transported to the nucleus—these proteins act as sentinels, ready to inform the



nucleus of injuries to the axon. This system was first described in Aplysia. Intact neurons
injected with axoplasm from an injured cell shifted into a regenerative state (Ambron et al.,
1995). Over time, a number of retrogradely transported molecules were identified, including
extracellular signal-regulated kinase (ERK), c-Jun, the c-Jun NHz-terminal kinase (JNK), and
signal transducer and activator of transcription 3 (STAT3) (Mar et al., 2014, Perlson et al., 2005,
Cavalli et al., 2005, Raivich et al., 2004, Ben-Yaakov et al., 2012). These molecules are all
involved in complex intracellular signaling. For example, STAT3 is a transcription factor
important in development, which in adulthood is activated by cytokines and promotes neural
survival and regeneration through upregulating pro-regeneration genes, such as GAP-43 (Qiu et
al., 2005, Dziennis and Alkayed, 2008, Takeda et al., 1997). Proteins related to retrograde
axonal transport are found in higher levels after axon injury and can be locally translated in the
injured axon (Perlson et al., 2005, Cavalli et al., 2005, Hanz et al., 2003). As the cell changes to
a regenerative state, the cell body swells, the nucleus shifts position within the cell body, and
protein synthesis increases (Watson, 1968, Lieberman, 1971). Specifically, regeneration
associated genes such as GAP-43 are upregulated whereas genes associated with
neurotransmission, such as choline acetyltransferase in motoneurons are downregulated (Fu
and Gordon, 1997, Zigmond et al., 1997).

The first challenge for a regenerating axon in an injured nerve is to cross the site of
injury and enter one or more endoneurial tubes in the nerve distal to the site of injury. Within two
hours of complete transection, a new growth cone forms at the Node of Ranvier most proximal
to the site of injury (Kato and Ide, 1994). The injured axon possesses all the machinery
necessary to form a growth cone with no input from the cell body, relying on local protein
synthesis and degradation, allowing for this process to occur on a short time scale (Kato and
Ide, 1994, Verma et al., 2005). Despite the relatively quick formation of new growth cones,
crossing the site of injury to invade the distal nerve stump can take multiple days (Sunderland,

1947, Danielsen et al., 1986). Many axons “wander” the site of injury, sometimes coiling or



turning around completely (Gordon and English, 2016, Witzel et al., 2005). This wandering of
axons results in a slow and temporally staggered navigation past the injury site— after nerve
transection and surgical repair, only 25% of axons cross the repair site within the first week, and
3-4 weeks are required for all axons to enter distal endoneurial tubes (Witzel et al., 2005,
Brushart et al., 2002).

The ability of growth cones to cross the site of injury depends on a balance of inhibitory
and pro-regeneration signals. The Schwann cell basal lamina contains many molecules that
function as pro-regenerative signals, such as laminin and the neurotrophins, as well as inhibitory
signals. In the first week following an injury, Schwann cells deposit chondroitin sulfate
proteoglycans (CSPGs) around the endoneurial tubes in the distal nerve segment (Krekoski et
al., 2001). The glycosaminoglycan side chains of CSPGs inhibit axon growth (Zuo et al., 1998,
Braunewell et al., 1995, Shen et al., 1998). These CSPGs are upregulated in injured nerves,
with levels peaking at 7 days after injury (Zuo et al., 1998). Matrix metalloproteinases (MMPs),
which break down CSPGs, are found in increased levels in in the Schwann cell basal lamina of
the distal stump as Wallerian degeneration takes place, starting at day 3 and peaking at day 14
in rodents (Ferguson and Muir, 2000). This coincides with peak Schwann cell secretion of
growth factors in rodents at 15 days after injury (Hoke et al., 2006). The initial increase in
inhibitory signals followed by disinhibition through upregulated MMPs and growth signaling
through growth factors could explain the delay in axons crossing the site of injury. This is
supported by studies which enhanced the ability of axons to invade endoneurial tubes during
the first week of regeneration by treating injured nerves with enzymes that degrade the
glycosaminoglycan side chains of CSPGs (Krekoski et al., 2001, Sabatier et al., 2012, Groves et
al., 2005, Zuo et al., 2002, Udina et al., 2010). However, despite the inhibitory effect of CSPGS,
they may play an important role in targeting the regenerating axons into endoneurial tubes and
preventing them from invading the area around the tubes. Blocking all CSPG activity results in

inappropriate reinnervation of peripheral targets (English, 2005).



Mistargeting of regenerating axons is a common feature of peripheral nerve
regeneration, and can result in poor functional recovery even when regeneration has been
successful (Brushart and Mesulam, 1980). Regenerating axons form a number of new growth
cones, a process called sprouting, described a century ago by Ramoén y Cajal (Ramon y Cajal,
1928). Sprouts from individual axons invade multiple endoneurial tubes with varied results. For
example, sensory axons can regenerate into endoneurial tubes previously occupied by motor
axons, resulting in decreased motor function as well as a degradation of sensory feedback. In
addition, motoneurons reinnervating inappropriate muscle can result in dyskinesia and poor
functional recovery, particularly when reinnervating functionally antagonistic muscles (i.e. a
motoneuron previously innervating an extensor muscle now innervating a flexor) (Gillespie et
al., 1986, English, 2005). Similarly, two sprouts from the same motoneuron can innervate fibers
in antagonistic muscles (Brushart and Mesulam, 1980, Gordon et al., 2003).

Mistargeting of axons occurs as a result of newly formed growth cones entering
inappropriate endoneurial tubes (Hoke and Brushart, 2010). Once in the tube, the axon is
committed to the pathway formed by that tube, and cannot switch, regardless of end organ. This
problem is much more common in transection injuries than nerve crush injuries, because in a
nerve crush, endoneurial tubes remain intact, and injured axons remain in their original tube
(Brown and Hardman, 1987, Nguyen et al., 2002). In transection injuries, however, axons often
lose endoneurial tube specificity. During the process of regeneration, axons of motoneurons
spontaneously sprout numerous collaterals that can end up in both motor tubes and sensory
tubes. Once the motor axons reach the target muscle, the incorrect collaterals in the sensory
tubes are pruned, demonstrating a preference for motor tubes. Motoneurons that only innervate
sensory tubes, however, never correct and remain mistargeted (Brushart, 1993). Moreover, the
specificity of sprouts reaching the endoneurial tubes later in the process of regeneration
appears to be higher. The same number of mistargeted motoneurons is found at two weeks as

is found at eight weeks (Brushart, 1993). This could be a result of changes taking place at the
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site of injury—in rodents, in approximately 10 days, Schwann cells have formed Bands of
Blingner—Ilinear arrays to support sprouts entering the endoneurial tubes (Fu and Gordon,
1997, Gordon and English, 2016). At 15 days, rodent Schwann cells have peaked in growth
factor secretion, and this secretion may be sensory/motor pathway specific (Brushart et al.,
2013, Hoke et al., 2006, Gordon, 2015). Thus, temporal staggering of regeneration may actually
increase the specificity of regenerating axons targeting their appropriate end organs.

In addition to cellular changes at the site of injury, numerous central changes occur after
a peripheral nerve injury. Central reorganization of synapses occurs after a peripheral nerve
injury. In mice, two weeks after injury axotomized neurons have lost approximately 35% of their
overall synaptic coverage on the cell body (Krakowiak et al., 2015). Both excitatory and
inhibitory synapses onto motoneurons are degraded (Alvarez et al., 2011, Brannstrom and
Kellerth, 1998, Blinzinger and Kreutzberg, 1968, Linda et al., 2000, Oliveira et al., 2004).
Reinnervation of target muscles results in a recovery of lost synapses (Brannstrom and Kellerth,
1999). A slower and more extensive die-back of the central branches of IA afferent neurons
results in permanent synaptic loss on the motoneurons, primarily at the soma and most proximal
dendrites (Alvarez et al., 2011, Rotterman et al., 2014). This permanent loss of 1A afferent
signaling is hypothesized to be the mechanism behind failure of muscle stretch reflex restoration
even after successful nerve regeneration (Bullinger et al., 2011).

Following a peripheral nerve injury, there is substantial DRG neuron death. In adults,
motoneurons are spared and do not undergo cell death in response to axotomy. In contrast,
over the course of up to 32 weeks post-injury, there is substantial loss of DRG neurons—up to
50% of all cells (Tandrup et al., 2000). The bulk of cell death occurs in non-peptidergic (IB4+)
small DRG cells, with large DRG neurons and muscle afferents spared (Welin et al., 2008, Hu
and McLachlan, 2003). Immediate repair of the injured nerve prevents the bulk of cell death, but
not entirely (McKay Hart et al., 2002). Treatment with the neurotrophins, NGF or NT3, but not

BDNF, can rescue some of these DRG neurons from death (Ljungberg et al., 1999).
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There is also a reorganization in the innervation patterns of motoneurons in muscles
after regeneration. The first regenerating motor axons to reach the muscle capture a large
number of fibers (Rafuse and Gordon, 1998). In contrast to uninjured conditions, these fibers
are generally located close to one another. Once more axons reach the muscle, there is pruning
of innervation by the larger motor units, and innervation ratios return to pre-injury sizes. While
denervated, muscle fibers lose their phenotype specificity—slower muscles become faster and
faster muscles become slower (Pette and Staron, 2001, Buller et al., 1960). Once reinnervated,
the muscle fiber changes phenotype to reflect the motoneuron innervating it. This can result in a
reorganization of fiber types in the reinnervated muscle (Wang et al., 2002b). There is
significant atrophy of the muscles after a peripheral nerve injury, and this atrophy can persist for
long periods after the muscle has been reinnervated (Boudriau et al., 1996).

Brain Derived Neurotrophic Factor

The neurotrophins have emerged as an important modulator of axon regeneration,
particularly brain derived neurotrophic factor (BDNF) (Boyd and Gordon, 2003). BDNF is a
member of the neurotrophin family, which also includes nerve growth factor (NGF), neurotrophin
3 (NT3), and neurotrophin 4/5 (NT4/5). BDNF is required for normal development—BDNF
knockout (KO) is embryonic lethal (Jones et al., 1994, Schwartz et al., 1997). In adulthood,
BDNF is involved in synaptic plasticity, long term potentiation (LTP), learning and memory as
well as hippocampal neurogenesis and regeneration after injury (Lindsay, 1988, Richner et al.,
2014, Lu et al., 2014, Lewin and Barde, 1996). In the subsequent paragraphs, we review how
BDNF is regulated at the level of mMRNA transcripts, protein trafficking, and receptor binding,
following with its role in peripheral nerve regeneration.

Regulation of BDNF Transcripts - The human BDNF gene resides on the short arm of
the 11" chromosome (Maisonpierre et al., 1991). It consists of 9 exons—eight 5’ untranslated
exons and one protein coding 3’ exon (Figure 1) (Aid et al., 2007, Pruunsild et al., 2007, Liu et

al., 2006). Through alternative splicing, 17 distinct mRNA transcripts for BDNF have been
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identified in humans and 11 in rodents (Pruunsild et al., 2007). Additionally, the 3'UTR of the
gene contains two polyadenylation sites, resulting in both a long 3’'UTR and a short 3'UTR,
doubling the possible splice variants. The entire protein-coding region resides on exon IX, so
the mature BDNF protein is identical regardless of mRNA splicing. Splice variants allow for
spatial and temporal control of the BDNF transcript.

Spatial control of the 5’UTRs can be seen in exon expression throughout the body.
BDNF transcripts containing exons I, Il, and Il are found exclusively in the brain, and transcripts
containing exon IV are predominantly found peripherally in the lung and heart, but can also be
found in brain tissue (Timmusk et al., 1993). Even within brain tissue, different promoters can be
found in different cell types. For example, exon IV transcripts are required for proper GABAergic
interneuron function in the prefrontal cortex (Sakata et al., 2009).

Many different stimuli exert temporal control over BDNF transcription. In cultured cortical
neurons, Ca?* influx results predominantly in transcription of exon IV containing mRNA (Tao et
al., 1998). This promoter contains a CAMP/Ca?*-response element-like element (CaRE3/CRE)
that is required for activity-dependent transcription (Hong et al., 2008, Tao et al., 1998). The
transcription factor CREB binds this element, is phosphorylated by calcium-regulated kinase
cascades, and recruits transcriptional machinery resulting in Ca?* dependent transcription of
exon |V-containing BDNF mRNA (Lonze and Ginty, 2002, West et al., 2001). Other stimuli have
been identified in modulating BDNF expression. In motoneurons, exon VI transcripts are
androgen sensitive, despite no known androgen response element on the bdnf gene (Ottem et
al., 2010, Sabatier and English, 2015). There is, however, an estrogen response element
(Sohrabiji et al., 1995). SRY-box containing gene 11 (Sox11), a transcription factor involved in
neuronal survival, axon growth, and regeneration after injury, increases exon | containing BDNF
MRNA transcripts specifically in peripheral DRG neurons, but not in CNS neurons (Salerno et
al., 2012, Jankowski et al., 2006, Struebing et al., 2017). Exons Il and VI are sensitive to tricyclic

and atypical antidepressants (Vaghi et al., 2014).
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A further role for 5’ promoter exons regulating BDNF mRNA may lie in mRNA trafficking.
In both cortical and hippocampal neurons, BDNF mRNA is found in dendrites and activity
induces trafficking of BDNF mRNA to distal dendrites (Tongiorgi et al., 1997, Chiaruttini et al.,
2009, Chiaruttini et al., 2008, Capsoni et al., 1999). Interestingly, only certain splice variants are
found in dendrites—those containing exons IIB, IIC, and VI (Chiaruttini et al., 2008,
Pattabiraman et al., 2005). Transcripts containing exons |, lll, and 1V are restricted to the cell
body.

Further spatial and temporal translational control of BDNF mRNA may come via the
3'UTR. The bdnf 3' UTR contains two polyadenylation sites. This allows for both a long 3'UTR
and a short 3’'UTR to be transcribed (Pruunsild et al., 2007, Aid et al., 2007, Timmusk et al.,
1993). These different 3'UTRs are thought to determine mRNA trafficking within the cell. Both
the long and short 3’'UTR transcripts can be found in the dendrites under different conditions
(Vicario et al., 2015). However, in general, the long 3'UTR transcripts are trafficked to the
dendrites, where local BDNF synthesis can regulate pruning and enlargement of synapses,
whereas the short 3'UTR transcripts stay in the cell body (An et al., 2008). Both depolarization
of the neuron as well as BDNF itself increase the number of BDNF mRNA transcripts targeted
to the dendrites (Tongiorgi et al., 1997, Righi et al., 2000). Remarkably, the short 3’UTR
transcripts account for the majority of BDNF translation, whereas the long 3'UTR transcripts are
translationally repressed by RNA binding proteins which stabilize the mRNA until neural activity
elicits rapid local translation (Lau et al., 2010, Allen et al., 2013, Vaghi et al., 2014). Calcium
influx associated with neuronal activity also results in increased stabilization of BDNF mRNA
(Fukuchi and Tsuda, 2010). Conversely, the 3’'UTR also contains regions which interact with
microRNAs, which are short, non-coding RNA strands that complement mRNA transcripts and
result in transcript degradation (Bartel, 2004). Numerous microRNAs have been identified as
regulators of BDNF, and microRNA access to binding sites depends on the presence of the long

or short 3’'UTR (Varendi et al., 2014, Mellios et al., 2008).
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BDNF Trafficking and Secretion - BDNF, like the other neurotrophins, is synthesized as
a pre-proprotein. The pre-domain functions as a signaling peptide that directs synthesis to the
endoplasmic reticulum (ER) for future packaging as a secretory protein. It is immediately
cleaved to form proBDNF upon sequestration in the ER (Lessmann et al., 2003). Within the ER,
proBDNF forms homodimers (Kolbeck et al., 1994). Both proBDNF and a further cleaved form,
mature BDNF, can be packaged into vesicles and secreted. ProBDNF is approximately 29kDa,
and once cleaved, mature BDNF is approximately 14kDa (Seidah et al., 1996a). Intracellularly,
cleavage can occur within the trans-Golgi network or secretory vesicles by furin, a protease, and
proprotein convertases PCSK6 and PC5-6b. Extracellularly, cleavage is executed by tissue
plasminogen activator or matrix metalloproteinases (Mowla et al., 2001, Nagappan et al., 2009,
Hwang et al., 2005, Keifer et al., 2009, Lee et al., 2001, Yang et al., 2009, Seidah et al., 1996b,
Seidah et al., 1996a). These proteins are secreted in an activity-dependent manner (Krystosek
and Seeds, 1981, Gualandris et al., 1996). Once cleaved, the prodomain is not immediately
degraded, and can be secreted with mature BDNF (Anastasia et al., 2013).

From the trans-Golgi network, BDNF is directed to two different secretory pathways: a
constitutive pathway and a regulated, Ca2* dependent pathway (Mowla et al., 1999, Lessmann
et al., 2003, Kuczewski et al., 2009). The constitutive pathway consists of small granules (50-
100nm) that fuse with the cell membrane near the neuronal somata and proximal processes.
The regulated secretory pathway consists of larger granules (300nm) that fuse in distal
processes and axon terminals (Brigadski et al., 2005, Dieni et al., 2012, Kohara et al., 2001,
Conner et al., 1997). The dual pathway for release is distinctive of BDNF. The other
neurotrophins are preferentially secreted through a constitutive pathway. Under normal
conditions, most neuronal BDNF is packaged into the regulated pathway (Lu et al., 2014).

Two important interactions have been identified in the sorting of BDNF into the
regulatory pathway. The first to be discovered was the interaction between the sorting receptor

carboxipeptidase E (CPE) and a three-dimensional motif on the mature domain of BDNF (Lou et
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al., 2005). Knocking out CPE in cortical neurons blocks activity-dependent release of BDNF and
increases constitutive release. Similarly, adding this motif to NGF redirected its release to the
regulated secretory pathway (Lou et al., 2005). The second interaction is between the
prodomain and the protein sortilin (Chen et al., 2005). Sortilin is localized predominantly to the
Golgi apparatus and interacts with the BDNF prodomain to direct it to the regulated secretory
pathway (Nielsen et al., 2001, Chen et al., 2005). When sortilin is unable to interact with the
prodomain of BDNF, regulated release is decreased, but there is no compensatory increase in
constitutive release (Chen et al., 2005, Lu et al., 2005). This has led to the hypothesis that the
interaction between sortilin and the prodomain of BDNF is necessary for proper protein folding,
which allows CPE to interact with the mature domain and sort BDNF into one of the two
pathways (Lu et al., 2005). When NT-4/5, which is secreted constitutively, is modified to contain
the BDNF prodomain, it is trafficked to the regulated secretory pathway (Brigadski et al., 2005).
Similarly, blocking the cleavage of the prodomain of NGF, which is also released constitutively,
results in its sorting into regulated secretory pathways (Mowla et al., 1999).

BDNF Receptors - Once secreted, BDNF can bind to one of two receptors—tropomyosin
receptor kinase B (trkB) or the common neurotrophin receptor, p75N™R. Mature BDNF
preferentially binds trkB, resulting in pro-growth signaling, whereas proBDNF (as well as the
other proneurotrophins) preferentially binds p75NR, resulting in antigrowth signaling (Lee et al.,
2001). BDNF is primarily secreted as proBDNF (Chen et al., 2004, Mowla et al., 2001, Mowla et
al., 1999). Thus the availability of proteins that cleave the prodomain may regulate which
receptor is activated by BDNF release, providing another mechanism for control of BDNF
signaling.

The trkB receptor is a typical tyrosine kinase. When ligand is bound, it dimerizes and
autophosphorylates. In addition to BDNF, trkB can also bind NT-4/5. Several isoforms of trkB
have been discovered, including isoforms that change its sensitivity to NT-4/5, as well as a

truncated form that lacks an intracellular kinase domain (Eide et al., 1996). The truncated form
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acts as a dominant negative receptor, forming heterodimers with full length trkB receptors and
blocking neurotrophin signaling (Eide et al., 1996, Fryer et al., 1997). Another possible role for
truncated trkB on astrocytes and Schwann cells may be to act to control the pool of available
neurotrophins, preventing them from degrading or signaling until released into the extracellular
space (Alderson et al., 2000). In its full-length form, trkB has several intracellular tyrosine
residues that can be phosphorylated (Huang and Reichardt, 2003). Three possible signaling
cascades are then activated: phospholipase C gamma (PLCy); phosphotidyl-inositol-3 kinase
(PI3K); and mitogen activated protein kinase/extracellular receptor kinase (MAPK/ERK)
(Reichardt, 2006).

The phosphorylation of residue Y490 creates a binding site for adaptor protein Shc
(Patapoutian and Reichardt, 2001). Shc binding trkB allows for activation of Ras and further
activation of the MAPK/ERK pathway. Downstream of this pathway is mechanistic target of
rapamycin (mTOR). Shc binding residue Y490 also results in the recruitment of PI3K and
activation of protein kinase B (Akt) (Reichardt, 2006). The phosphorylation of residue Y785
creates a binding site for PLCy, which is then phosphorylated by trkB (Patapoutian and
Reichardt, 2001). This phosphorylation activates PLCy, which then hydrolizes
phosphotidylinositides to generate diacylglyerol (DAG), which activates protein kinase C (PKC),
and inositol 1,4,5 triphosphate (IP3), which results in an influx of intracellular Ca2+ stores from
the ER. These signaling cascades all converge at the level of the nucleus, where transcription is
affected through CREB and other transcription factors (Minichiello, 2009).

Once bound to ligand, trkB is endocytosed to form a signaling endosome (Reichardt,
2006, Delcroix et al., 2003). Both ligand and receptor are contained within the endosome,
allowing trkB to continue signaling as it is trafficked through the cell. In this way, trkB can be
moved closer to the nucleus, where it can affect gene transcription, as well as brought into
closer proximity to signaling effectors (Delcroix et al., 2003). However, not all actions of trkB

happen at the level of the soma-- BDNF-trkB activation has been shown to affect local protein
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synthesis in the growth cone as well (Yao et al., 2006).

The second receptor for BDNF is the pan-neurotrophin receptor, p75N™ (Rodriguez-
Tébar et al., 1992). Generally thought of as a pro-death receptor, p75N™® is a member of the
tumor necrosis factor receptor super family and contains a cytosolic death domain (Locksley et
al., 2001, Liepinsh et al., 1997). It is expressed primarily during development, but sensory
neurons and spinal motoneurons maintain low expression through adulthood (Wyatt et al., 1990,
Ernfors et al., 1989, Ibafiez and Simi, 2012, Heuer et al., 1990). Its cytosolic domain is non-
enzymatic, so its actions depend entirely on associations with cytoplasmic proteins (Nagata,
1997). Despite its canonical role, p75N™® can mediate both pro-death and pro-survival signals
depending on its cytosolic partners. For example, p75NR is required during development for
normal neuron growth and ramification (Yamashita et al., 1999). Multiple adaptor complexes
interact with its cytosolic domain to mediate downstream effects (Dechant and Barde, 2002).

Additionally, p75N™ has multiple membrane-bound and extracellular binding partners
which can alter whether its signaling is pro-survival or pro-death. Through extracellular pairing
with sortilin, p75N™Ris able to bind the proneurotrophins (Teng et al., 2005, Nykjaer et al., 2004),
resulting in pro-death or anti-growth signaling through downstream JNK activation or caspase
activation (Reichardt, 2006). However, neurotrophin binding to p75N™® can also result in NFkB
activity, which is a pro-survival signal (Hamanoue et al., 1999, Middleton et al., 2000, Carter et
al., 1996). One key protein regulated by p75N™R is RhoA, a small GTPase that regulates the
actin cytoskeleton and inhibits axon elongation (Schmidt and Hall, 2002, Walsh et al., 1999).
Through such interactions with the so-called death domain of p75N™R, neurotrophin binding
inhibits Rho (Yamashita et al., 1999, Roux and Barker, 2002). Through forming a receptor
complex with the Nogo receptor, NgR1, p75N™R can act as a receptor for myelin-associated
glycoprotein (MAG) (Wang et al., 2002a), which enhances Rho activation and results in neurite
collapse (Mi et al., 2004). Curiously, p75N™R can act as a binding partner for the trks, including

trkB, and increases affinity and selectivity of binding and thus enhancing trk signaling (Bibel et
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al., 1999).

Like trkB, truncated forms of p75N™R have been identified. One short p75N™R isoform
lacks an extracellular ligand binding domain, but contains its intracellular machinery (Roux and
Barker, 2002). This form is unable to bind the neurotrophins (Dechant and Barde, 1997). The
extracellular domain of p75N™R can also be cleaved by extracellular metalloproteinases (Roux
and Barker, 2002). These isoforms could act as modulators of neurotrophin signaling.

The two receptors for BDNF are generally thought to have opposing roles and may
mediate a balance between growth and death. trkB has a higher affinity for mBDNF, but as
levels of neurotrophin increase, p75N™® will also bind mBDNF and activate signals in direct
opposition to trkB. Because of the different affinities for pro- and mature BDNF, cleavage of
BDNF becomes another mechanism to control its downstream signaling effects (Lee et al.,
2001). Depolarization of a neuron, which results in secretion of BDNF, also results in secretion
of tissue plasminogen activator which cleaves proBDNF to create mature BDNF (Gualandris et
al., 1996). BDNF-trkB signaling increases expression of matrix metalloproteinase 9, which also
cleaves BDNF (Kuzniewska et al., 2013).

Role of BDNF in Peripheral Nerve Injury

In peripheral nerves, BDNF is synthesized by motoneurons, a subset of DRG neurons,
and Schwann cells (Apfel et al., 1996, Cho et al., 1997, Michael et al., 1997). After nerve crush
or complete transection, BDNF mRNA increases in all three cell types, including in trkB- and
trkC-expressing DRG neurons not found previously to express BDNF (Al Majed et al., 2000a,
Michael et al., 1999, Kobayashi et al., 1996, Meyer et al., 1992, Funakoshi et al., 1993, English
et al., 2007). BDNF mRNA can be found in low levels in the sciatic nerve, and after injury, that
expression is upregulated. This upregulation is sustained over the course of weeks and can be
attributed to both neuronal and non-neuronal sources (Meyer et al., 1992, Funakoshi et al.,
1993).

Following sciatic nerve injury, a transient increase in both BDNF and full length trkB
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mMRNA is found in motoneurons (Al Majed et al., 2000a, Kobayashi et al., 1996). Unlike sensory
neurons, NGF and trkA are not expressed by motoneurons, nor are they upregulated after injury
(Funakoshi et al., 1993, Escandon et al., 1994). There is a small and short-lived upregulation of
NT3 and NT4/5 in motoneurons (Funakoshi et al., 1993). TrkC is expressed by adult
motoneurons, but it is not upregulated after injury (Johnson et al., 1999). Thus, the rapid
upregulation of BDNF and trkB make it likely that BDNF is the main neurotrophin mediating
early motoneuron response to nerve injury (Boyd and Gordon, 2003).

Schwann cells express only the truncated form of trkB, which has the potential to act as
a dominant negative receptor for BDNF and NT4/5. Schwann cell truncated trkB mRNA levels
decrease significantly after sciatic nerve injury (Frisén et al., 1993). This could be viewed as
pro-regenerative, enabling available BDNF to bind to trkB receptors on regenerating neurites
and enhance their growth. Conversely, after injury, Schwann cells upregulate p75N™R, which has
been suggested to result in sequestration of neurotrophins and inhibit regeneration (Scott and
Ramer, 2010, Taniuchi et al., 1986, Bibel et al., 1999).

trkB in Peripheral Nerve Injury - Axons regenerate through the formation of growth
cones, which need cytoskeletal proteins, such as actin and tubulin, to extend and stabilize the
new growth. Beta actin mRNA is localized to peripheral axons, and peripheral nerve injury
triggers actin mRNA to be transported down the axon for local protein synthesis (Willis et al.,
2011, Koenig et al., 2000, Sotelo-Silveira et al., 2008). BDNF/trkB signaling triggers local
translation of transported mRNAs through a Ca?*-dependent mechanism, and this is required for
bidirectional turning toward BDNF (Yao et al., 2006). BDNF application to injured axons
increases the number of actin waves (transport of actin filaments and associated proteins
toward the growth cone) per hour (Difato et al., 2011, Inagaki and Katsuno, 2017).
Neurotrophins also stimulate growth cone sprouting and actin accumulation in the sprouts (Gallo
and Letourneau, 1998). Both of these processes are mediated through the PIP3/PI3K signaling

pathway described above (Asano et al., 2008). When an actin wave reaches the growth cone,
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the growth cone enlarges, branches, and undergoes forward expansion (Flynn et al., 2009).
Application of BDNF to growth cones results in microtubule reorganization to form lamellipodial
as well as filopodial elongation (Gibney and Zheng, 2003).

In addition to local protein synthesis, trkB signhaling has effects on cyclic AMP (CAMP)
production, which may be important for the initial extension of growth cones across the site of
injury. The MAPK/ERK pathway of BDNF/trkB signaling results in inhibition of
phosphodiesterases (PDE) which normally degrade cAMP (Gao et al., 2003). As such,
BDNF/trkB signaling results in increased levels of cCAMP (Souness et al., 2000, Gao et al.,
2003). This pathway has been shown to be necessary to overcome inhibition by MAG, and
therefore PDE inhibition has been most thoroughly studied in models of spinal cord injury,
where MAG inhibition of axon growth creates a substantial barrier to regeneration (Gao et al.,
2003, Cai et al., 1999, Batty et al., 2017). Although injured peripheral nerves do not suffer
inhibition by MAG to the same extent as that seen in the central nervous system, early in the
regeneration process, inhibitory proteoglycans and myelin debris form an impermissible
environment for axon regeneration (Shen et al., 1998). Increasing cAMP through PDE inhibition
enhances peripheral regeneration after injury, and it is likely that trkB activation contributes to
this cAMP-mediated effect on regeneration (Udina et al., 2010, Gordon et al., 2009).

The different neurotrophin signaling pathways activated through trk receptors converge
at the level of transcription in the nucleus. CREB, resulting from trkB-generated PI3K-Akt
activation, increases sensory neurite outgrowth (White et al., 2000). Inhibiting phosphatase and
tensin homolog (PTEN), an endogenous inhibitor of the PI3K pathway, through genetic knock
out or pharmacology, enhances peripheral nerve regeneration in vivo and neurite outgrowth in
vitro (Christie et al., 2010, Park et al., 2008). Numerous other transcription factors downstream
of MAPK/ERK signaling, such as c-jun, STAT3, and ATF-3, have all been associated with
changes in gene expression after injury that enhance survival and regeneration (Makwana and

Raivich, 2005). mTOR, also downstream of MAPK/ERK signaling and repressed by PTEN,
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regulates protein synthesis and is also beneficial for DRG regeneration after injury (Abe et al.,
2010, Park et al., 2008).

p75"™Rin Peripheral Nerve Injury - Because of its roles in both pro-death and pro-
survival signaling, it is not surprising that the role of p75N™in regeneration after injury has been
controversial. Although generally considered an anti-growth signal, its role is far more complex
as evidenced by conflicting results using p75N™? knock-out mice.

Although expression is high during development, mature Schwann cells do not express
p75NTR. Schwann cell expression of p75N™R increases after injury (Heumann et al., 1987a,
Heumann et al., 1987b, Taniuchi et al., 1986). Deletion of p75N™Rin Schwann cells mediates
improved regeneration in DRG neurons (Scott and Ramer, 2010). Conversely, for motoneurons,
Schwann cell p75N™R deletion results in diminished functional recovery and axonal growth
(Tomita et al., 2007). Expression of p75N™R is thought to mediate remyelination through a BDNF-
dependent mechanism. Disruption of endogenous BDNF signaling impairs myelination (Zhang
et al., 2008, Cosgaya et al., 2002), as does p75N™® knockout from Schwann cells (Song et al.,
2006, Cosgaya et al., 2002, Tomita et al., 2007).

In motoneurons, p75N™R levels rise dramatically after injury, returning to baseline levels
by 30 days (Ernfors et al., 1989, Gschwendtner et al., 2003, Koliatsos et al., 1991, Saika et al.,
1991, Rende et al., 1995, Raivich and Kreutzberg, 1987, Yan and Johnson, 1988). This
upregulation in p75N™R does not result in motoneuron cell death, however (Kuzis et al., 1999,
Bueker and Meyers, 1951). Treating injured motoneurons with low-levels of recombinant human
BDNF enhances their regeneration. Higher doses, however, result in failure to regenerate,
which can be reversed by p75N™? blockade (Boyd and Gordon, 2002). There is currently no
motoneuron-specific p75N™ knockout model, but conflicting results have been found with regard
to motoneuron regeneration in p75N™® pan-knockout mice. Boyd and Gordon found improved
motor axon regeneration in knockout mice after peroneal nerve transection (Boyd and Gordon,

2001). Gschwendtner et al. found no effect of knocking out p75N™ on facial nerve axon
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regeneration (Gschwendtner et al., 2003). Ferri et al. found worse axon regeneration but
improved functional recovery after facial nerve crush (Ferri et al., 1998). Song et al. found fewer
regenerating axons in p75N™R knockout mice using both sciatic nerve and facial nerve crush
injuries (Song et al., 2009). Most recently, Zhang et al. found worse axonal regeneration among
p75NTR knockout mice using a facial nerve crush model (Zhang et al., 2010). Using cell-type
specific knockout of p75NTR or targeting the binding partners of p75NR that result in different
signaling could provide clarity to these conflicting results in how p75N™R is affecting motoneuron
regeneration.

Sensory neurons decrease expression of p75NTR after injury (Zhou et al., 1996). Unlike
adult motoneurons, there is significant cell death of DRG neurons after an injury, but this is
restricted to small-diameter, mainly cutaneous afferent neurons (Wiberg et al., 2018, Welin et
al., 2008). Cell death in these smaller DRG neurons can be blocked by application of NGF (Rich
et al., 1987, Ljungberg et al., 1999). Likewise, in injured DRG neurons, BDNF acts in an
autocrine loop to prevent cell death, and disruption in BDNF expression increases cell death
(Acheson et al., 1995). A decrease in expression of p75N™R could act as a survival signal, such
that the endogenous increased neurotrophin secretion would be more likely to bind trk receptors
and result in pro-survival signaling. In support of this hypothesis, in cultures of DRG neurons in
which p75N™R has been rendered inactive, cell survival is higher, and increased neurotrophin
concentration does not result in increased cell death (Zhou et al., 2005). Similarly, disrupting the
NT binding domain of p75N™R results in increased sprouting after injury in DRG neurons (Scott et
al., 2005).

Despite the upregulation of BDNF and its receptors after injury, neither BDNF nor the
other neurotrophins (NGF, NT3, and NT4/5), is required for spontaneous regeneration of
peripheral neurons (Streppel et al., 2002, Wilhelm et al., 2012, Diamond et al., 1987, Diamond
et al., 1992). However, application of exogenous BDNF enhances axonal regeneration,

functional recovery and decreases synaptic stripping (Lewin et al., 1997, Boyd and Gordon,
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2002, Boyd and Gordon, 2003, Davis-Lopez de Carrizosa et al., 2009). Recently, small
molecule trkB agonists have been developed, and these also enhance regeneration after injury
(English et al., 2013).
Activity Dependent Treatments Enhance Regeneration

The first published report using activity-dependent treatments to enhance peripheral
nerve regeneration was from Hines in 1942. He tested both electrical stimulation (ES) and
different exercise paradigms in enhancing functional outcome in rats with tibial nerve
transections (Hines, 1942). Since then, there has been great interest in treatments which
activate injured neurons, collectively known as activity-dependent treatments, to enhance nerve
regeneration (Udina et al., 2011a). These treatments include ES (Table 1), exercise (Tables 2-
4), and more recently, optogenetic stimulation (Table 5). One benefit of activity-dependent
treatments is the potential for easy translation from bench to bedside—using ES and exercise in
human patients would require meeting far fewer regulatory requirements than the use of an
experimental drug. Moreover, for nerve injuries that require surgical intervention, ES could be
performed easily at the time of surgical repair of the nerve, as has already begun with clinical
trials for patients requiring surgery for carpal tunnel release and complete digital nerve
transection (Gordon et al., 2010, Wong et al., 2015). Exercise has the advantage of being low
cost and allowing patients to take control of their recovery. However, in the case of extensive
injuries, exercise may not be an option for a recovering patient. For this reason, finding
treatments that mimic the effects of exercise, such as optogenetic stimulation, may be
advantageous in treating patients. To accomplish such a goal, an understanding of the
biological basis for the enhancement seen with these treatments is necessary.

Electrical Stimulation - Immediately after a peripheral nerve injury, a calcium wave
propagates along the cut axons toward their cell bodies. Blocking this calcium wave through
inhibition of voltage gated calcium channels or inhibition of calcium release from the neuronal

endoplasmic reticulum blocks regeneration (Ghosh-Roy et al., 2010). It has been proposed that
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ES mimics the retrograde calcium wave that propagates at the time of injury in order to elicit
cell-autonomous mechanisms that initiate regeneration (Mar et al., 2014). This hypothesis is
supported by evidence that ES enhances early regeneration by accelerating the process of
axons crossing the site of injury to enter endoneurial tubes in the segment of the nerve distal to
the injury (Brushart et al., 2002). ES results in a doubling of the number of motoneurons
crossing the site of injury into the distal nerve at one week after nerve injury
(Brushart et al., 2002). Without treatment, axons can take as long as four weeks to cross the
site of injury, but by three weeks after injury, Al Majed et al. found all electrically stimulated
motoneurons had already regenerated to their target muscle compared to 8 weeks for untreated
controls (Al Majed et al., 2000b, Brushart et al., 2002).

The first applications of ES focused on the functional recovery of the affected muscles.
In 1983, Nix and Hopf described that as early as 2 weeks after injury, treatment with 4Hz
stimulation 24 hours daily increased twitch force, tetanic tension, and muscle action potentials
(Nix and Hopf, 1983). In 1985, Pockett and Gavin found earlier return of the plantar extensor
reflex with just 15-60 minutes of 20Hz stimulation (Pockett and Gavin, 1985). Al Majed et al.
chose their 20Hz regimen based on the mean physiological frequency of motoneuron discharge
and tried numerous stimulation regimens, stimulating continuously for one hour, one day, one
week, and two weeks. They were the first to examine the effect of ES on the regenerating axons
(Al Majed et al., 2000b, Loeb et al., 1987). Just one hour of 20Hz stimulation resulted in long-
lasting enhancement of peripheral nerve regeneration. Following publication of this paper, 20Hz
stimulation became the standard for studying ES (Table 1).
Without treatment, axon regeneration into motor or sensory pathways in the distal segment of a
cut nerve is random for the first two weeks following injury (Brushart, 1993). Motoneurons
whose axons have entered only sensory pathways (endoneurial tubes previously occupied by
cutaneous axons) remain permanently mistargeted (Brushart, 1993). Enhancing the speed of

regeneration but increasing mistargeting could result in poorer functional recovery.
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Regimen Model Result Reference
Unspecified  3min/day Rat tibial nerve crush Functional recovery 1 (Hines, 1942)
4Hz 24hrs/4wks Rabbit soleus nerve crush Functional recovery 1 (Nix and Hopf, 1983)
20hz 15-60min Rat sciatic nerve crush Functional recovery . (Pockett and Gavin, 1985)
20Hz 60min, Rat femoral nerve Axonal growth
2dnes. 1 transection £ (Al Majed etal., 2000b)
weeks
20Hz svr;reslicsiaym Rat sciatic nerve avulsion Functional Recovery (Tam et al., 2001)
100hz 10 Cultured rat retinal ganglion ~ Neurite outgrowth
pulses/2min  cell 1 (Goldberg et al., 2002)
utes
20Hz 1hr tFEZ; :g(r::ic:)rr?l nerve Axonal growth 1 (Brushart et al., 2002)
20Hz 1hr tFE::]:g(r:rgicgsl nerve Axonal growth + (Brushart et al., 2005)
20Hz 1hr Thyl-H-YFP mouse fibular ~ Axonal growth .
ner¥/e transection ’ ¢ (Bnglishetal, 2007)
20Hz 1hr, 3hrs, Rat femoral nerve 1hr-Axonal growth
atr;rks, él transection Others—no change (Geremia et al., 2007)
weeks
20Hz 1hr i\r/la%i?e?:tfiir:oral nerve Functional recovery (Ahlborn et al., 2007)
? 30min/day Rat facial nerve transection Functional recovery
until T (Laletal, 2008)
recovery
20Hz 1hr Rat sciatic nerve transection ~ Functional Recover .
Axonal growth y ¢ (Vivoetal,2008)
20hz 1hr Human carpal tunnel Functional recovery 1 (Gordon et al., 2010)
syndrome release surgery
20Hz 3 days r:{:ljr%c:]uslt cultured DRG Neurite outgrowth ‘ (Enes et al., 2010)
20Hz 1hr Rat sciatic nerve crush Myelination and (Wan et al., 2010)
myelin thickness 1 !
20Hz 1hr Thy1-H-YFP mouse sciatic Axonal growth .
nerve transection ¢ (Singhetal, 2012)
20Hz 1hr Rat cultured DRG neurons Neurite outgrowth 1 (Singh et al., 2012)
20Hz if);;g;iay Rat facial nerve crush Functional recovery 1 (Foecking et al., 2012)
20Hz 20min Rat sciatic nerve Axonal growth
Delayed repair 2hr-24 weeks  Functional recovery 1 (Huang etal., 2013)
20Hz 1hr Human digital nerve Functional sensory
transection recovery 1 (Wong etal., 2015)
20Hz 1hr Rat common peroneal nerve  Axonal growth
transection 4 (Elzingaetal., 2015)

Delayed repair 3 months

Table 1. Effect of Electrical Stimulation on Peripheral Nerve Regeneration. Regimen specifies
stimulation paradigm. Model specifies which animal and injury model was used. Result specifies
what outcome measure was analyzed. 1 Denotes improvement in outcome measured, ! |

denotes worse outcome.

However, ES has been shown to increase the sensorimotor specificity of regenerating axons

after peripheral nerve injury. More motoneurons regenerate exclusively into motor pathways in
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rats treated with ES (Al Majed et al., 2000b). Fewer than 40% of injured DRG neurons
reinnervated sensory pathways in controls compared to 75% in ES-treated animals (Brushart et
al., 2005). However, innervating a motor endoneurial tube does not necessitate reaching the
appropriate muscle target. Indeed, topographic analysis of motoneuron regeneration after ES
revealed increased misdirection of regenerating motor axons to functionally inappropriate
targets by over 500% (English, 2005). This misdirection resulted in motoneurons previously
innervating flexor muscles reinnervating antagonistic extensor muscles.

ES increases Schwann cell neurotrophin secretion (Koppes et al., 2014). This could
account for the effect of ES on earlier appropriate pathway preference for motor and sensory
neurons. Schwann cells in the cutaneous nerves express high levels of NGF after injury,
whereas Schwann cells in ventral roots express high levels of glial cell line-derived neurotrophic
factor (GDNF) (Hoke et al., 2006, Brushart et al., 2013). This difference in growth factor
expression has been proposed to be the mechanism through which preferential motor
reinnervation occurs, with DRG neurons choosing paths with high NGF, and motoneurons
entering paths with high GDNF. With no treatment, in rodents, neurotrophin expression peaks
15 days after injury and declines back to baseline by day 30. The day 15 peak coincides with
the onset of pathway preference for regenerating axons (Gordon, 2015). ES, however,
dramatically increases NGF secretion from Schwann cells for three days following stimulation
(Koppes et al., 2014), possibly providing an earlier signal to regenerating sensory axons as to
which pathways to take, and thus improving pathway targeting.

Exercise Treatment - For years, the evidence for exercise enhancing regeneration was not as
clear as the evidence for ES. Over the years, many different types of exercise with varying
intensities applied at different times prior to or after injury have resulted in conflicting results. It
was hypothesized that increased neuronal activity through exercise would enhance

regeneration as early as 1979, but early studies utilizing treadmill training, voluntary wheel
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Regimen Duration Delay Model Result Reference
6.5-27m/min 1-2/day 2-3 weeks Rat sciatic nerve crush 9 Functional ‘ (Herbison et al.,
10-40 recovery 1980a)
minutes/day
27m/min 3-4 weeks 2-3 weeks Rat sciatic nerve crush @ No change (Herbison et al.,
1-2/day 1980b)
5 days/week
lhr/day 10 weeks Prior to Rat L4 root transection 9 Increased (Gardiner et al.,
26.8m/min injury sprouting 1984)
10m/min 21 days None Rat sciatic nerve crush & Functional ‘ (van Meeteren et
30min/twice/day recovery al., 1998)
10m/min 10 weeks 1 week Rat peroneal nerve transection  Functional t (Marqueste et al.,
1.5hr/twice/day Q recovery 2004)
5 days/week
18m/min 2 weeks 12hrs Rat sciatic nerve crush & Axonal t (Seo et al., 2006)
30min/twice/day growth
10m/min*1lhr/day 2 weeks 3 days Thyl-H-YFP mouse sciatic Axonal t (Sabatier et al.,
20m/min nerve transection growth 2008)
Or
2min*4/day
5 days/week
8m/min 2 weeks 12hrs Rat sciatic nerve crush & Axonal t (Seo et al., 2009)
30min/twice/day DRG culture & growth

Neurite length
10m/min*1lhr/day 2 weeks 3 days Mouse sciatic nerve Axonal t (English et al.,
20m/min transection growth 2009)
2min*4/day
5 days/week
20Hz 1hr ES + 4 weeks 5 days Rat sciatic nerve transection Axonal t (Asensio-Pinilla
5m/min Q growth et al., 2009)
2hr/day
20cm/sec- 5or52days 3days Mouse sciatic nerve chronic Functional t (Cobianchi et al.,
54cm/sec constriction injury & recovery 2010)
60min/day
5 days/week
4.6m/min 4 weeks 5 days Rat sciatic nerve transection Functional t (Udinaetal.,
30min/twice/day Q Recovery 2011b)

Axonal

growth
1.8-3m/min 3 weeks 7 days Rat ulnar nerve crush & Functional t (Pagnussat et al.,
20min/day recovery 2012)
10m/min 2 weeks 3 days Rat sciatic nerve transection Functional t (Boeltz et al.,
1hr/5days/week Q recovery 2013)
10m/min 2 weeks 3 days Mouse sciatic nerve Synaptic t (Liu et al., 2014)
1hr/5days/week transection @ & stripping
10m/min 6 weeks 3 days Mouse median nerve Functional t (Park and Hoke,
1hr/5 days/week transection & recovery 2014)
20m/min 2 weeks 3 days SLICK::BDNF" mouse Synaptic t (Krakowiak et
2min*4/day sciatic nerve transection 9 stripping al., 2015)
5 days/week

Table 2. Effect of Treadmill Training on Peripheral Nerve Regeneration. Regimen is the speed
of running and for how long each day. Duration is how many days TT was performed. Delay
refers to how long after injury before exercise was performed. Model specifies what type of
injury and in what animal. Sex of animals is specified by ¢ or &. If this is not listed, it was not
specified. Result specifies what outcome measure was analyzed. f Denotes improvement in
outcome measured, $ denotes worse outcome.
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running, and swimming found unfavorable results (Hoffer et al., 1979, Herbison et al., 1980a,
Gardiner et al., 1984, Badke et al., 1989, van Meeteren et al., 1998, Tam et al., 2001). These
experiments largely focused on the effect of exercise on muscle fiber alterations and muscle
function, and did not probe the effect of exercise on axon regeneration.

Table 3. Swimming

Regimen Delay Model Result Reference

lhr/day Unspecified Rat tibial nerve transection  Functional recovery t (Hines, 1942)

10min/day 4,11,18days Rabbit sciatic nerve crush Myelination t (Sarikcioglu and Oguz, 2001)
10 days

30min/day None Rat sciatic nerve crush & Decreased sprouting (Teodori et al., 2011)

2 weeks 2 weeks

10-30min/day 7 days Rat sciatic nerve No change (Liao et al., 2017)

3 days/week transection

3 weeks

Table 3. Effect of Swimming Exercise on Peripheral Nerve Regeneration. Regimen specifies
how long swimming exercise lasted each day and how many days swimming was performed.
Delay refers to how long after injury before exercise was performed. Model specifies what type
of injury and in what animal. Sex of animals is specified by @ or J. If this is not listed, it was not
specified. Result specifies what outcome measure was analyzed. * Denotes improvement in
outcome measured, % denotes worse outcome.

The change in emphasis from the effect of exercise on denervated muscle to the effect
of exercise on injured spinal motoneurons and DRG neurons encouraged scientists to continue
researching exercise, despite previous underwhelming results. In 2008, English and colleagues
tested the efficacy of interval training (short high-speed sprints followed by periods of rest) in
enhancing regeneration as a model that resembles how mice voluntarily run (Sabatier et al.,
2008, De Bono et al., 2006). They found the surprising result that this regimen was effective
only in female mice, and in fact the more commonly used training regimen of slow continuous
treadmill walking was effective only in males (Wood et al., 2012). This previously unknown sex
difference could have affected outcomes in numerous exercise experiments. For example, Seo
et al. treated intact male rats with either high or low intensity treadmill training before culturing
their DRGs and found only low intensity treadmill training increased neurite outgrowth (Seo et
al., 2009). Their treadmill training regimen was very similar to the one used by Wood et al. that

proved effective only in male mice, and the results of this experiment could have been different
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had females been included. Many of the prior experiments mentioned used animals of only one
sex, and this could explain some of the variability in the effects of exercise (Table 3).

Table 4. Other exercise.

Exercise Regimen Delay Model Result Reference
Forced Wheel  2hrs/day Unspecified  Rat tibial nerve Functional t (Hines, 1942)
Running transection Recovery
Overwork Chronic none Rat sciatic nerve crush @ Functional t (Herbison et al.,
recovery 1973)
Voluntary 4 weeks none Mouse tibial nerve Functional t (Badke et al.,
wheel running transection recovery 1989)
Axonal growth ‘
Stretch 24 days none Rat sciatic nerve crush Q Functional t (van Meeteren et
Training recovery al., 1997)
Voluntary 8hr/day none L4 and L5 avulsion Q Axonal growth ‘
wheel running Functional (Tam et al., 2001)
Recovery ‘
Voluntary 3or 7 days Prior to Rat DRG culture Neurite t (Molteni et al.,
wheel running injury Rat sciatic nerve crush outgrowth 2004)
Axonal growth
Passive bicycle  45rpm 5 days Rat sciatic nerve Functional 1 (Udina et al.,
training 30min/twice/day transection Recovery 2011b)
4weeks Axonal growth
Skilled Motor ~ 20min/day 7 days Rat ulnar nerve crush & Functional 1 (Pagnussat et al.,
Task 3 weeks recovery 2012)

Table 4. Effect of Other Exercise Paradigms on Peripheral Nerve Regeneration. Exercise refers
to what type of paradigm was used. Regimen specifies how long exercise lasted each day and
how many days exercise was performed. Delay refers to how long after injury before exercise
was performed. Model specifies what type of injury and in what animal. Sex of animals is
specified by @ or J. If this is not listed, it was not specified. Result specifies what outcome
measure was analyzed. ¥ Denotes improvement in outcome measured,  denotes worse
outcome.

There are a few advantages to exercise over ES. For example, while ES may increase
misdirection of motoneurons reaching target muscles, treadmill training enhances motoneuron
regeneration without decreasing topographic specificity (English et al., 2009). The mechanism
of ES is to accelerate crossing the site of injury by regenerative sprouts; exercise does the
same but also sustains pro-growth signaling throughout the process of regeneration (Gordon
and English, 2016). There is also evidence that the enhancing effects of two weeks of exercise
are more robust than that of a single bout of ES (Sabatier et al., 2008, Wood et al., 2012,
Gordon and English, 2016). In 2009, Asensio-Pinilla et al. combined treadmill training with a
single bout of ES given at the time of injury, and found greater enhancement of muscle

reinnervation in the initial phase of recovery compared to either treatment alone (Asensio-Pinilla
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et al., 2009). Thus, after inauspicious beginnings, exercise has shown great promise as a
treatment in the field of peripheral nerve regeneration.

Optogenetic stimulation - The advent of optogenetics enabled cell-specific neuronal
activation with the use of the light-sensitive cation channel, Channelrhodopsin (ChR2) (Krook-
Magnuson et al., 2014). Whereas ES stimulates all cells within the nerve (including Schwann
cells and various immune cells) and exercise likely affects cells throughout the entire body,
specific neuronal activation can be achieved using optogenetics by expressing ChR2 only in
neurons. Park et al. were the first to demonstrate the efficacy of light stimulation in enhancing
regeneration by replicating the common ES protocol using light stimulation of 20Hz for one hour
on explanted neonatal DRGs (Park et al., 2015). Although they tested a number of different
stimulation regimens, the one hour of 20Hz stimulation provided the largest effect on neurite
outgrowth. Ward et al. recapitulated this in vivo, finding that one hour of 20Hz light stimulation of
light-sensitive neurons enhanced axon regeneration only in the light-sensitive cells (Ward et al.,
2016, Ward et al., 2018).

Table 5. Optogenetic Stimulation

Regimen Mouse Model Result Reference

lhr ThylChR2 Neonate DRG explant Neurite t (Park et al., 2015)
20Hz outgrowth

5ms pulse

lhr ThylChR2 Sciatic nerve transection Axonal t (Ward et al., 2016)
20Hz outgrowth

1ms pulse

1-2hr Avil-Cre::ChR2- Sciatic nerve transection Axonal t (Ward et al., 2018)
10-20Hz (72k pulse  YFPf outgrowth

total) Chat-ChR2-YFP

1ms pulse

Table 5. Effect of Optogenetic Stimulation on Peripheral Nerve Regeneration. Regimen
specifies stimulation paradigm. Mouse specifies what transgenic mouse model was used.
Result specifies what outcome measure was analyzed.fDenotes improvement in outcome
measured, & denotes worse outcome.

Mechanisms
Neurotrophins - Activity-dependent treatments require neuronal neurotrophin production.
ES increases neurotrophin expression in Schwann cells, DRG neurons, and motoneurons (Al

Majed et al., 2000a, English et al., 2007, Koppes et al., 2014, Wan et al., 2010). Electrically
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stimulating Schwann cells increases their secretion of NGF specifically, and not BDNF (Koppes
et al., 2014). While Schwann cell NGF is sufficient to promote axon growth, the study of axon
regeneration through nerve grafts made acellular by repeated freezing and thawing has
demonstrated that stimulation of Schwann cells (and other cell types) is not required for the
efficacy of ES to enhance axon regeneration (Koppes et al., 2014, English et al., 2007).
Moreover, the use of optogenetics to stimulate neurons selectively has shown that specific
neuronal activation is sufficient to enhance regeneration (Ward et al., 2016). ES is also effective
in promoting regeneration in nerves that have been repaired months after injury, when Schwann
cells have stopped secreting neurotrophins and have started to die off (Elzinga et al., 2015,
Huang et al., 2013, Sulaiman and Gordon, 2000, Brushart et al., 2013, Hoke et al., 2006).
Thus, while activity-dependent treatments may increase Schwann cell neurotrophin secretion,
this is not required for their enhancing effects.

Unlike non-neuronal cells, neuronal neurotrophin secretion is required for the efficacy of
activity-dependent treatments. Genetically deleting NT4/5 or BDNF from Schwann cells does
not alter the efficacy of ES or treadmill training in enhancing axon growth, but deleting these
neurotrophins from neurons abolishes the effectiveness of these activity-dependent treatments
(English et al., 2007, Wilhelm et al., 2012). Both exercise and ES have been shown to increase
neuronal BDNF and its receptor, trkB (Al Majed et al., 2000a, Park and Hoke, 2014, Park et al.,
2015, English et al., 2007, Gomez-Pinilla et al., 2002). Through co-culturing light-sensitive DRG
explants with wild type DRGs, Park et al. demonstrated that the BDNF secreted in response to
light stimulation was sufficient to increase neurite outgrowth not only from cells in a light-
sensitive (ChR2-expressing) DRG, but also in neighboring ganglia derived from wild type mice.
Protein analysis of the media revealed increased BDNF and NGF secretion in response to
optical stimulation from the light-sensitive DRGs only (Park et al., 2015).

There is a dose-dependence in activity-dependent treatments for enhancing nerve

regeneration. Whereas one hour of 20Hz stimulation has been shown to enhance DRG



32

regeneration after injury, an increase to just 3 hours of ES decreased sensory neuron
regeneration, and was associated with a downregulation in expression of the regeneration
associated gene, GAP-43 (Geremia et al., 2007). In vitro, neurites from DRG explants
containing ChR2 had higher rates of growth with stimulation paradigms resulting in 72k pulses
of light (1 hour 20Hz, 2 hours 10Hz, 4 hours 5Hz) than stimulation paradigms that resulted in a
higher number of pulses (20Hz for 1-3 days) or much lower number of pulses (20Hz for 15
minutes) (Park et al., 2015). Three days of continuous depolarization through ES or high
concentrations of KCI results in complete failure of dissociated DRG neurons to grow neurites in
culture (Enes et al., 2010). For motoneurons, high intensity exercise or repeated bouts of ES
results in decreased sprouting and fewer synaptic contacts at neuromuscular junctions (Tam et
al., 2001). Application of one hour of 20 Hz ES every third day for two weeks after sciatic nerve
transection and repair did not enhance the regeneration of motor axons in mice (Park et al.,
2018). Interestingly, exogenous application of BDNF resulted in a dose-dependent
enhancement of axon regeneration as well (Boyd and Gordon, 2002). Low to modest doses
produced enhances axon regeneration, but higher doses inhibited regeneration. Treatments
with high doses of BDNF caused p75N"R activation, which prevented DRG neurite outgrowth
(Boyd and Gordon, 2002).

Neuronal Activity - The success of activity-dependent treatments in promoting axon
regeneration requires activation of the injured neurons. Treating the neurons proximal to the
stimulation site with tetrodotoxin (TTX) to block their ability to conduct antidromic action
potentials abolishes the effect of ES, despite the continued orthodromic firing of distal axons
and muscle fibers (Al Majed et al., 2000b). Similarly, inhibition of motoneuron activity during
treadmill training, using bioluminescent optogenetics (BL-OG), abolishes the enhancing effect of
exercise on motoneuron regeneration (Jaiswal et al., 2017). Whether the increased activation
needed to promote axon regeneration requires action potential generation is not entirely clear.

Enhancement of regeneration of axons of many more motoneurons than are likely to be brought
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into full activity is found after treatments with exercise at a slow treadmill speed (Gordon and
English, 2016). Simply increasing the excitability of injured neurons using chemogenetics could
be sufficient to enhance regeneration (Jaiswal et al., 2018).

Although Park et al. found that BDNF secretion from neighbors can stimulate
regeneration in neurons that were not activated in vitro, optogenetic stimulation in vivo of only
motoneuron axons did not enhance DRG axon regeneration, nor vice versa (Ward et al., 2018).
When BDNF is knocked out in only a subset of neurons, those specific neurons do not benefit
from exercise treatment (Wilhelm et al., 2012). Thus, it appears neuronal BDNF is acting as an
autocrine signal facilitating enhanced regeneration (English et al., 2014, Gordon, 2016).

Androgens - The sex difference found in response to different exercise regimens led to
the hypothesis that androgen receptor signaling was involved in activity-dependent treatments.
The effect of androgens in enhancing peripheral nerve regeneration had already been
thoroughly explored several years prior (Fargo et al., 2009). All motoneurons contain androgen
receptors, though testosterone is not required for spontaneous regeneration—treating animals
of both sexes with the androgen receptor blocker flutamide does not inhibit regeneration, nor
does castration of males (Thompson et al., 2013, Freeman et al., 1995). Application of
exogenous androgens in males and females, however, enhances axon regeneration in both
cranial and spinal nerve injuries (Kujawa et al., 1991, Kujawa et al., 1989, Brown et al., 1999,
Freeman et al., 1995, Tanzer and Jones, 1997, Jones, 1993). This effect is androgen receptor-
dependent, and blocking the androgen receptor with flutamide prevents testosterone-induced
enhanced regeneration (Kujawa et al., 1995). In females, treating mice with anastrazole, an
aromatase inhibitor which blocks the conversion of testosterone into estradiol, also dramatically
enhanced axon regeneration, without increasing serum androgen levels (Thompson et al.,
2013).

The sex difference in response to exercise regimens was evidence that androgen

receptor signaling and activity-dependent treatments were linked. Slow, continuous treadmill
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training resulted in an increase in serum testosterone levels in males, though no similar
increase was found for females with interval training (Wood et al., 2012). Castrating males prior
to treadmill training abolishes its enhancing effect, which cannot be rescued with interval
training (Wood et al., 2012). Treating both sexes with flutamide before appropriate exercise
regimens abolishes the effectiveness of this treatment in enhancing peripheral nerve
regeneration (Thompson et al., 2013). Testosterone is also necessary for the beneficial effects
of ES—castrated rats treated with ES have poorer regeneration compared to littermates who
are treated with exogenous testosterone (Hetzler et al., 2008, Sharma et al., 2009). As with
exercise, flutamide blocks the enhancing effects of ES in both males and females (Thompson et
al., 2013). Conversely, combined exogenous androgen treatment with ES enhances facial nerve
regeneration in gonadally intact rats (Sharma et al., 2010b).

Androgens regulate BDNF and its receptor, trkB, in motoneurons (Osborne et al., 2007,
Ottem et al., 2010, Sharma et al., 2010a, Verhovshek et al., 2010). Exercise elicits an
upregulation of testosterone that is sustained and could result in an increased duration of BDNF
and trkB expression (Thompson et al., 2013, English et al., 2014). ES elicits an early increase in
BDNF expression, whereas exogenous androgen application results in a later and longer-
duration increase in expression. Combining the two treatments results in an additive
upregulation of BDNF and could explain the improved recovery over either treatment alone
(Sharma et al., 2010a).
Synaptic Rearrangements

After peripheral nerve injury both excitatory and inhibitory synaptic inputs onto injured
motoneurons are withdrawn (Blinzinger and Kreutzberg, 1968, Linda et al., 2000, Brannstrom
and Kellerth, 1998, Oliveira et al., 2004). If motor axons regenerate and reinnervate muscle
targets, many of these inputs are restored but, for those expressing the vesicular glutamate
transporter 1 (VGLUT1) and arising from muscle spindles, a gradual withdrawal of their central

axonal processes from the ventral horn follows, resulting in a permanent loss of these synaptic
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inputs (Alvarez et al., 2011, Rotterman et al., 2014). In animals treated with exercise during the
first few days following sciatic nerve transection and repair, the extent of synaptic contacts
between these important sources of proprioceptive feedback and motoneurons is not reduced
(English et al., 2011, Liu et al., 2014, Krakowiak et al., 2015). This robust connectivity by
VGLUT1+ inputs is retained at least 12 weeks later. No similar effect is found if the onset of the
exercise treatment is delayed (Brandt et al., 2015). Application of one hour of 20 Hz ES had no
effect on synaptic coverage after nerve injury, but repeated applications every third day for two
weeks resulted in an effect similar to that observed using exercise (Park et al., 2018). It is not
clear whether this effect of these activity-dependent therapies is the prevention of the original
synaptic withdrawal, a stimulation of new synapse formation to replace the withdrawn inputs, or
some combination of both. More studies are needed.

It is clear that BDNF plays a role in maintaining and preserving synaptic inputs on
motoneurons. Without exercise, axotomized motoneurons lose approximately 35% of their
overall synaptic coverage (Krakowiak et al., 2015). This effect is BDNF-dependent—knocking
out BDNF in a subset of motoneurons reduces synaptic coverage in those specific cells in intact
animals, and this synapse loss cannot be rescued with exercise (Krakowiak et al., 2015). Wild-
type motoneurons within an animal maintain their synaptic contacts after nerve injury with
exercise, but those in which BDNF has been knocked out do not (Krakowiak et al., 2015).
BDNF Val66Met Polymorphism

Given the relationship between activity-dependent treatments and BDNF, any genetic
mutations altering BDNF signaling among the human population could affect the success of
these treatments. Such a mutation exists—a common single nucleotide polymorphism in the
bdnf gene. The G to A mutation at site 196 results in a Valine to Methionine substitution in the
66" codon (Figure 1). This polymorphism was first described by Egan et al. in 2003 and was
quickly identified as incredibly common—the met allele of the bdnf gene is present in 25% of the

American population and up to 50% of East Asian populations (Egan et al., 2003, Shimizu et al.,
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2004). Carrying the met allele was originally described as a risk factor for schizophrenia (Egan

4 N

BDNF Gene Structure with rs6265 Val66Met SNP

Exon IX: Pt 5 Pro-domain Mature BDNF

[ AACAC[G/A]TGATAG !
Val/Met

et al., 2003). It has since been linked to numerous other disorders and diseases, including

Alzheimer’s disease, obsessive compulsive disorder, anorexia nervosa, and bipolar disorder
(Sklar et al., 2002, Hall et al., 2003, Ribases et al., 2003, Neves-Pereira et al., 2002, Notaras et
al., 2015, Egan et al., 2003). Physiologically, Met-carriers have been found to have decreased
hippocampal volume, and cells transfected with the Met allele have altered activity-dependent
secretion of BDNF (Egan et al., 2003).

Figure 1. Structure of BDNF gene and location of Val66Met SNP in the

coding exon IX. The G to A substitution in the prodomain results in a valine

to methionine substitution and decreased Ca?*- dependent release of BDNF

Testing for deficient activity-dependent secretion of BDNF in humans can be tricky.

Generally, BDNF secretion is measured through serum as an indirect measure of neuronal
BDNF, and exercise is a reliable method to increase serum BDNF levels (Elfving et al., 2010,
Klein et al., 2011, Berchtold et al., 2005, Szuhany et al., 2015). Although one study has found
that healthy adult Met-carriers did have increased serum BDNF after exercise (Helm et al.,
2017), others have found serum levels of BDNF did not increase after high intensity exercise in
elderly (Nascimento et al., 2015), spinal cord injured (Leech and Hornby, 2017), or healthy Met-
carriers (Lemos et al., 2015). In mice expressing the met allele, exercise results in deficient
MRNA production as well as decreased protein expression of BDNF (leraci et al., 2016). These

deficiencies in exercise-induced BDNF secretion mirror the findings in cultured neurons
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expressing the Met allele. The use of cells transfected with the met allele in vitro as well as the
development of a transgenic mouse have allowed researchers to elucidate the mechanism
behind this deficient secretion (Egan et al., 2003, Chen et al., 2006, Chen et al., 2004).

The valine to methionine substitution in this SNP occurs in the prodomain of the BDNF
protein (Egan et al., 2003). Although it does not affect the ability of mature BDNF to bind its
receptor, this substitution results in disorganized folding of the prodomain, resulting in abnormal
interactions with sortilin (see above) (Chen et al., 2004, Anastasia et al., 2013). BDNFe is thus
packaged inefficiently into calcium-sensitive secretory vesicles trafficked to the distal dendrites
and axon, accounting for the deficient activity-dependent secretion that has been reported
(Chen et al., 2004). Being heterozygous for the met allele does not protect from this deficient
BDNF secretion—BDNF forms homodimers, and in cells heterozygous for the met allele,
BDNFwet dimerizes with BDNFva and prevents its packaging into Ca?*-regulated secretory
vesicles (Kolbeck et al., 1994, Chen et al., 2004). Analysis of activity-induced BDNF secretion
from cultured hippocampal cells bears this out—those cells heterozygous for the Met allele have
deficient activity-dependent secretion despite the presence of one copy of the BDNFv4 allele
(Chen et al., 2006). This effect appears to be dose-dependent. Heterozygous cells have more
activity-dependent secretion of BDNF than homozygous cells (Chen et al., 2006). Furthermore,
once secreted, BDNF availability may be affected by binding with the cleaved prodomain. The
prodomain binds BDNF with high affinity, and the met allele results in enhanced BDNF binding
and slower dissociation once bound (Uegaki et al., 2017). This could limit the availability of
BDNF to bind its receptors.

Activity-dependent secretion of BDNF relies not only on packaging into calcium-sensitive
vesicles, but also on the spatial targeting of mMRNA into distal processes where BDNF can be
locally translated (Chiaruttini et al., 2008). This targeting is achieved through binding of BDNF
MRNA with translin, a DNA/RNA binding protein involved in dendritic trafficking of mRNAs (Li et

al., 2008). The G to A mutation at site 196 disrupts translin binding of BDNF mRNA, and thus
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Met-carriers have deficient trafficking of BDNF mRNA to distal processes (Chiaruttini et al.,
2009). Moreover, the transcripts containing exon VI, which is upregulated by exercise, and
exon IV, which is calcium-sensitive, are found in reduced levels in the hippocampus of mice
homozygous for the met allele (Baj et al., 2012, Mallei et al., 2015, Tao et al., 1998). These
transcripts, along with those containing exon Il, are generally trafficked to distal processes (Baj
et al., 2011).

In addition to deficient activity-dependent BDNF secretion, the met allele may result in
increased p75NTR activation. Unlike BDNFva, when the prodomain is cleaved from BDNFyey, it is
bioactive and able to activate p75NTR with the help of SorCS2, a member of the sortilin family of
receptors (Anastasia et al., 2013, Deinhardt et al., 2011). In vitro, application of exogenous
prodomain protein results in growth cone collapse and dendritic spine disassembly (Anastasia
et al., 2013, Giza et al., 2018). Stimulating cells with high KCI concentration results in activity-
dependent secretion of both Val and Met prodomains, though secretion is deficient in Met-
carriers (Anastasia et al., 2013). Although endogenous secretion of the Met prodomain has yet
to be linked to alterations in dendrites, decreased arborization has been found in hippocampal
and cortical neurons (Chen et al., 2006, Liu et al., 2012).

Dissertation Overview

The deficit in activity-dependent release of BDNF led to the hypothesis that activity-
dependent treatments to enhance axon regeneration after peripheral nerve injury would be
ineffective in this population. Using a mouse model of this polymorphism which recapitulates
certain phenotypic aspects of the human population such as decreased hippocampal volume
and increased anxiety-like behavior (Chen et al., 2006), we tested the efficacy of two weeks of
treadmill training in enhancing sensory and motoneuron regeneration (Chapter 2). We also
cultured adult DRG neurons and tested the effect of optogenetic stimulation in enhancing
neurite outgrowth (Chapter 2).

Peripheral axon regeneration in Met-carriers was surprisingly enhanced without any



39

treatment (Chapter 2). To ascertain the mechanism behind the enhanced regeneration, we
treated the Met-carriers with pharmacological agents to block trkB receptor activity and p75N™R
receptor activity (Chapter 3). These treatments were administered both in vivo at the time of
injury as well as in vitro to cultured DRG neurons. Additionally, we treated cultured DRG
neurons with trkB-Fc, a fusion protein that sequesters all trkB ligands.

In summary, the main goal of this thesis was to analyze the axon regeneration of Met-
carriers after peripheral nerve injury as well as probe the translational potential of activity-

dependent treatments in enhancing axon regeneration.
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Abstract

Activity-dependent treatments to enhance peripheral nerve regeneration after injury have shown
great promise, and clinical trials implementing them have begun. Success of these treatments
requires activity-dependent release of brain derived neurotrophic factor (BDNF). A single
nucleotide polymorphism (SNP) in the BDNF gene known as Val66Met, which is found in nearly
one third of the human population, results in defective activity-dependent BDNF secretion and
could impact the effectiveness of these therapies. Here, we used a mouse model of this SNP to
test the efficacy of treadmill exercise in enhancing axon regeneration in animals both
heterozygous (V/M) and homozygous (M/M) for the SNP. Axon regeneration was studied four
weeks after complete transection and repair of the sciatic nerve, using both electrophysiological
and histological outcome measures. Regeneration was enhanced significantly without treatment
in V/IM mice, compared to wild type (V/V) controls. Unlike V/V mice, treatment of both V/M and
M/M mice with treadmill exercise did not result in enhanced regeneration. These results were
recapitulated in vitro using dissociated neurons containing the light-sensitive cation channel,
channelrhodopsin. Three days after plating, neurites of neurons from V/M and M/M mice were
longer than those of V/V neurons. In neurons from V/V mice, but not those from V/M or M/M
animals, longer neurites were found after optical stimulation. Taken together, Met carriers
possess an intrinsically greater capacity to regenerate axons in peripheral nerves, but this

cannot be enhanced further by activity-dependent treatments.
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Introduction

Every year in the US, there are more than 200,000 new cases of peripheral nerve injury
(PNI). Despite the common belief that axons in peripheral nerves will spontaneously regenerate,
recovery is slow, and over 90% of adults who sustain a PNI never regain full motor function
(Portincasa et al., 2007, Scholz et al., 2009). Currently, there are no commonly-used non-
surgical treatments for PNI (Isaacs, 2010).

Experimental treatments, such as exercise, electrical stimulation (ES), and optical
stimulation, have repeatedly been shown to be effective in promoting elongation of regenerating
axons, increasing recruitment of motor and sensory neurons into the regeneration process, and
accelerating restoration of muscle responses to nerve stimulation (Al Majed et al., 2000b,
English et al., 2007, English et al., 2009, Haastert-Talini et al., 2011, English et al., 2011b,
Boeltz et al., 2013, Park et al., 2015, Ward et al., 2016, Ward et al., 2018). The success of these
treatments requires increased activity of the participating neurons (Jaiswal et al., 2017), and
thus they are collectively considered activity-dependent treatments (Udina et al., 2011).

Neuronal brain derived neurotrophic factor (BDNF) secretion and signaling is required
for the enhancing effects of activity-based treatments (Al Majed et al., 2000a, Gordon, 2010,
Wilhelm et al., 2012). Enhancement of axon regeneration is abolished in animals in which either
BDNF or its receptor, tropomyosin receptor kinase B (trkB), have been selectively knocked out
of neurons, indicating that neuronal BDNF as well as trkB activation are required for the
enhancing effects of ES and exercise (Al Majed et al., 2000a, Gordon, 2010, Wilhelm et al.,
2012, English et al., 2013). This BDNF-dependence could impose a barrier to translation of
activity-dependent treatments. About 30% of Americans have a single nucleotide polymorphism
(SNP) in the BDNF gene in which a methionine is substituted for a valine at the 66" residue
(Val6bMet, see Figure 1A) (Egan et al., 2003, Shimizu et al., 2004). BDNF is secreted through
both a constitutive pathway and a regulated pathway (Lessmann et al., 2003). Cells expressing

the Met allele have deficits in regulated, calcium-dependent release of BDNF, but not
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constitutive release (Egan et al., 2003, Chen et al., 2004). This observation is mirrored by the
finding that in Met-carriers, exercise-dependent increases in plasma BDNF are absent
(Nascimento et al., 2015, leraci et al., 2016). This deficit in activity-dependent release of BDNF
could inhibit the effectiveness of activity-dependent treatments for enhancing peripheral nerve
regeneration.

Therefore, we tested the efficacy of two activity-based experimental therapies, treadmill
training and optical stimulation, in enhancing nerve regeneration after injury in mice

heterozygous and homozygous for the Val66Met polymorphism.
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Methods

Animals and Surgical Treatments. All experimental procedures were reviewed and approved
by the Institutional Animal Care and Use Committee of Emory University and conformed to the
Guidelines for the Use of Animals in Research of the Society for Neuroscience. Transgenic
C57BL/6J mice heterozygous (V/M) and homozygous (M/M) for the met allele of the Val66Met
polymorphism and their wild type littermates (V/V) were bred and maintained at the Division of
Animal Resources at Emory University. Founders for these mice were a generous gift from
Doctor Frances Lee (Chen et al., 2006). Mice were group housed with ad libitum access to food
and water. Both males and females were used in control experiments. Only females were used
for exercise experiments.

Mice were anesthetized with 2% isoflurane and treated with Meloxicam analgesic
(2mg/kg). The right sciatic nerve was exposed in the mid-thigh, placed on a small rectangle of
SILASTIC film (Dow Corning 501-1) and secured with fibrin glue: a mixture of fibrinogen and
thrombin (1:2, Sigma-Aldrich, St Louis, MO) (de Vries et al., 2002, MacGillivray, 2003). The
nerve was fully transected using sharp scissors three millimeters proximal to the sciatic
branching. The aligned stumps on the mat were then secured with more fibrin glue. The left side
of each mouse served as an unoperated control. After nerve repair, the surgical site was
sutured closed, and the animal was allowed to recover from anesthesia before returning to its

cage.

Treadmill Training. Female mice were exercised using an interval training protocol previously
shown to be effective in enhancing axon regeneration (Wood et al., 2012). Three days after

transection surgery, mice were exposed to interval training, in which the animal performed four
bouts of two minutes of high intensity running (20 m/min), each separated by 5 minutes of rest.

This training protocol was repeated five days per week for two weeks during their light cycle, a
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regimen that has previously been shown to be effective in enhancing axon regeneration

(Sabatier et al., 2008).

Motor Unit Number Estimation (MUNE). Four weeks post-injury, the extent of muscle
reinnervation was investigated using motor unit number estimation (MUNE). MUNE allows for
the estimation of the number of functional motor units, in this case the number of motoneurons
reinnervating the lateral gastrocnemius (McComas et al., 1971, Willand et al., 2011, Gooch et
al., 2014). Briefly, a stimulating cuff electrode was placed around the sciatic nerve proximal to
the injury site, and three monopolar fine wire electromyography EMG electrodes (California Fine
Wire Company, Grover Beach, CA) were implanted together into the belly of the lateral
gastrochemius muscle using a 25G hypodermic needle. The tips of the wires were hooked such
that they were each 1mm apart from each other. The wires were attached to three separate
recording amplifiers, as shown in Figure 1B, to enable detection of distinct signals within the
muscle. Electrical stimulation of the nerve was applied to evoke three compound muscle action
potentials (CMAPs). CMAPs were elicited with 0.1ms pulses with two second intervals and
recorded using custom LabVIEW software (National Instruments, Austin, TX). We have adapted
the multiple point stimulation technique used in humans, in which small electrical currents were
passed through the stimulating cuff and increased in amplitude until an all-or-nothing EMG
response was noted (Stein and Yang, 1990, Doherty and Brown, 1993). This lowest-threshold
response on each channel was assumed to be produced by activation of a single motor unit
(SMU). To be counted as an SMU, the response needed to be biphasic or triphasic and to occur
more than once while stimulating voltage was held steady at just the threshold needed for
activation. The average rectified voltage within an empirically determined time window for each
SMU potential was calculated in LabVIEW software (Sabatier et al., 2011). The stimulating cuff
was then moved to stimulate different points along the nerve until at least nine SMU potentials

could be recorded. The stimulus intensity was then increased until a maximal CMAP was
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evoked. The amplitude of this potential was measured as above. It was assumed that this
maximum CMAP was produced by the near synchronous activation of all of the motoneurons
innervating the muscle. The average maximal CMAP amplitude for each animal was divided by
the average of the SMU amplitudes to estimate the number of functional motor units in the

reinnervated muscle (Major et al., 2007).

Retrograde-Labeling of Motoneurons and Muscle Afferent Neurons. Immediately following
electrophysiological recordings, the lateral gastrocnemius muscles of both the intact and injured
sides were exposed and injected with 1pl of a 1% solution of Cholera toxin B (CTB) conjugated
to a fluorescent label (Alexafluor 555; Life Technologies, Grand Island, NY, catalog number C-
34776). Injections were performed using a Hamilton syringe (Hamilton, Reno, NV), and CTB
was injected in 30 second intervals in two locations in the belly of the lateral gastrocnemius.
This approach was used to mark sensory and motoneurons that had successfully regenerated
into the muscle. After allowing three days for sufficient transport of the tracer, mice were
euthanized. Animals were deeply anesthetized with pentobarbital (150mg.kg, i.p.) and perfused
transcardially with cold 0.9% saline followed by 4% periodate-lysate-paraformaldehyde fixative
(McLean and Nakane, 1974). Lumbar 3-5 dorsal root ganglia (DRGs) and spinal cord segments
were harvested, cryoprotected in 20% sucrose, sectioned (20um for spinal cord sections, 14um
for DRG sections), and mounted onto slides in serial sections. Using a Leica DM6000 upright
microscope and low light camera, 20x images were obtained with HClmage software
(Hamamatsu, Sewickley, PA). Motoneurons labeled with CTB were counted if their somata
contained dense granular fluorescence extending into the primary dendrites and contained a
dark region, indicating a nucleus (English, 2005). Counts of labeled neurons on the intact side of
each mouse served as an uninjured control. For DRG neurons, the visibly fluorescent-labeled
cells were traced using ImageJ software, and the mean gray value and area were recorded.

Twenty cells that were visibly not fluorescently labeled were also recorded in order to determine
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the background intensity. The fluorescently labeled cells were then counted if the mean gray
value was greater than the mean + 2.5 standard deviations of the background. Only cells of the

L4 segment were counted.

Motor Endplate Reinnveration. The medial and lateral gastrocnemius muscles from both the
intact and injured side of mice were harvested concurrently with the spinal cord and DRGs. The
muscles were cryoprotected in 20% sucrose, sectioned longitudinally (20 pm), and mounted
onto slides. Sections underwent antigen retrieval in boiling 10 mM Sodium Citrate buffer (pH
8.5). Immediately following, sections were washed with 0.1M PBS, then blocked with 0.3% triton
in 0.1M PBS and 10% natural goat serum for 1 hour at room temperature and incubated at 4°C
overnight (14-16 hours) with antibody against the vesicular acetylcholine transporter (VAChT,
1:500, Synaptic Systems, Goéttingen, Germany) to label motoneuron synaptic terminals. The
following morning, sections were washed in 0.1M PBS and incubated for two hours at room
temperature with secondary antibody, goat anti-guinea pig conjugated to Alexafluor 647 (1:200
Thermo Fisher Scientific, Waltham, MA ) and a-bungarotoxin conjugated to Alexafluor 555
(aBT, 1:500, Sigma-Aldrich, Darmstadt, Germany) to label motor endplates. Glass coverslips
were mounted using Entellan (Millipore, Darmstadt, Germany). For each muscle, 50 motor
endplates were imaged, as above, and scored as reinnervated only if VAChT

immunofluorescence completely filled the endplate (see Figure 4A).

Dorsal Root Ganglion Cell Culture. Previously described V/M mice were bred with transgenic
mice expressing the light—sensitive cation channel, channelrhodopsin, under the control of the

Thyl1 promoter (ThylChR2, https://www.jax.org/strain/007612). To prepare cultures, adult mice

of both sexes were euthanized with an overdose of isoflurane. The entire vertebral column was
removed, and all of the DRGs were immediately dissected out bilaterally and placed in ice cold

Hank’s Balanced Salt Solution (HBSS, Corning, Corning, New York). After incubation in dispase
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(2.5u/mL Sigma-Aldrich) and collagenase (200u/mL Worthington Biochemical, Lakewood, NJ) in
a 37°C bead bath for 45 minutes with gentle agitation applied every 15 minutes, DRGs were
then treated in 37°C DNase (Worthington Biochemical) for 2.5 minutes before addition of room
temperature HBSS. Cells were triturated using a fire polished glass pipette and centrifuged for 3
minutes at 3000 rpm. The HBSS was removed and cells were resuspended in Neurobasal
medium A (NB-A, Invitrogen, Carlsbad, CA) containing 2% B-27 (Invitrogen), 1%
Penicillin/Streptomycin (Lonza Biowhittaker), and 1% Glutamax (Invitrogen). Cells were seeded
at a density of 1000 cells per well in 48-well Opticlear plates (Axion Biosystems, Atlanta, GA)
coated in laminin (Thermo Fisher Scientific, Waltham, MA) and poly-L-lysine (Sigma-Aldrich).
Cells were incubated at 37°C with 5% CO..

Twenty-four hours after plating, the NB-A solution was replaced. Plates were removed
from the incubator and placed on an Axion Biosystems plate holder on top of a 37° warming
plate with 5% CO; piped in. Cells were then stimulated using the Lumos System (Axion
Biosystems) under control of their AxIS software (Axion Biosystems). Cells were exposed to 475
nm light at an intensity of 0.59 mW/mm?and at a rate of 20hz for one hour for a total of 72K
pulses (Park et al., 2015). Control stimulation was the same regimen, but with light of an
inappropriate wavelength (655 nm). Unstimulated cells received no light input. Media was
collected immediately after stimulation and stored at -80°C for analysis of BDNF protein levels.
This time point was chosen based on a previous study reporting a significant increase in BDNF
protein in the media from DRG explants from Thy1ChR2 animals (Park et al., 2015). Analysis
was performed with help from the Emory Multiplexed Immunoassay Core. Undiluted samples
were analyzed in duplicate using the BDNF U Plex plates (Meso Scale Discovery, Rockville,
MD).

Seventy-two hours after plating, cells were fixed with 4°C periodate-lysate-
paraformaldehyde fixative. Fixed cells were incubated with anti-tubulin 3-3 antibody overnight

(14-16 hours, Biolegend, San Diego, CA), followed by application of a secondary, goat anti-
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mouse antibody conjugated to Alexafluor 555 (Invitrogen) and DAPI (Invitrogen). Cells were
imaged with a 20x objective on an epifluorescence microscope (Ti Eclipse; Nikon) equipped
with a cooled charge-coupled device (CCD) camera (HQZ2; Photometrics) using Nis Elements
Imaging Software (Nikon). The cell soma area and longest processes from each cell were

measured from these images using the Fiji software package (ImageJ).

Experimental Design and Statistics. All results were scored while blinded to treatment
and genotype. Data analyses were performed in Statistica 64, except for 95% confidence
intervals (Cl) and Mann-Whitney U tests, which were performed in Microsoft Excel. Power
analyses were performed a priori (0=0.05, Power=0.8) using data from previous studies to
select adequate sample sizes for all outcome measures except for MUNE, which had not
previously been performed in mice. For MUNE, power analysis was performed using preliminary
data. To test the assumption of homoscedasticity required for ANOVA, Levene’s test was used.
Unless otherwise specified, one-way ANOVA was performed with Fisher's LSD post-hoc test.

For samples with unequal variance, Kruskal-Wallis ANOVA was performed.

Sample Sizes and Statistical Analysis by Experiment

SMU Distributions: V/V Intact: 124 SMUs from 16 animals (6 males, 10 females); V/M Intact:
205 SMUs from 24 animals (9 males, 15 females); M/M Intact 158 SMUs from 17 animals (5
males, 12 females). Data analyzed with Mann-Whitney U test. Figure 2A.

MUNE and CMAP: Untreated (UT): V/V n= 13 (7 males, 6 females); V/IM n=14 (8 males, 6
females); M/M n=11 (6 males, 5 females). Data analyzed by Kruskal-Wallis, multiple
comparisons post hoc test. Figure 2B. Fold change with Treadmill Training (TT): n=6 females for
all genotypes. Data analyzed by Kruskal-Wallis ANOVA, multiple comparisons post-hoc test.

Figure 2C.
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Motoneuron Labeling Untreated: V/V n=5 (3 males, 2 females); UT V/M n=5 males; UT M/M n=5
(3 males, 2 females). Analyzed by one-way ANOVA, Fisher’s LSD post-hoc test. Figure 3B.
Fold change with TT: n=5 females for all genotypes. Data analyzed by one-way ANOVA,
Fisher’s LSD post-hoc test. Figure 3C.

Muscle Fiber Reinnervation: UT V/V n=7 (4 males, 3 females); UT V/M n=6 (4 males, 2
females); UT M/M n=5 (3 males, 2 females). Data analyzed by one-way ANOVA, Fisher’s LSD
post hoc-test Figure 4B. Fold change with TT: n=6 females for all genotypes. Data analyzed by
Kruskal-Wallis ANOVA, multiple comparison post hoc test.. Figure 4C.

DRG Labeling: UT V/V n=5 (4 females, 1 male); TT V/V n=6 females; UT V/M n=6 (5 males, 1
female); TT V/IM n=5 females; UT M/M n=5 (3 males, 2 females); TT M/M n=6 females. Cell
counts analyzed by two-way ANOVA, Fisher’s LSD post-hoc test. Figure 5C. Average median
cell area after injury analyzed by two-way ANOVA, genotype by treatment. Figure 5D. Intact Cell
Size Analysis: V/V Intact: n=5 (1 male, 4 females); V/M Intact n=5 (2 males, 3 females); M/M
Intact n=6 (1 male, 5 females). Distribution of cell size in intact animals analyzed by Mann-
Whitney U test. Average median cell area analyzed by one-way ANOVA. Figure 5A.

In vitro Neurite Outgrowth and Protein Analysis: For each animal/treatment, at least 30 cells
were measured and averaged. ThylChR2 V/V n=4 (3 females, 1 male); ThylChR2 V/M n=5 (2
females, 3 males); ThylChR2 M/M n=3 males; WT n=4 (3 males, 1 female). Data were
analyzed with one-way ANOVA (Figure 6B, C, F, G) or two-way ANOVA (genotype by
treatment, Figure 6E), followed by Fisher's LSD where appropriate. For protein analysis, one

ThylChR2 V/M animal was excluded as an outlier as identified in the Grubb’s outlier test.
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Results
Functional recovery is enhanced in untreated V/M and M/M mice.

Single motor unit potentials were recorded from intact mice four weeks after injury
without treatment, and four weeks after injury in animals treated with TT. Animals in three
genotypes were studied: V/V; VIM; and M/M. The distributions of the amplitudes of these
potentials in intact mice, and in mice four weeks after sciatic nerve transection and repair, with
or without treatment with treadmill training, are shown for the three genotypes in Figure 2A. As
previously reported in both humans and rodents (Gordon et al., 2010, Gordon et al., 2011,
Gordon and Tetzlaff, 2015), in untreated V/V mice, the sizes of SMU potentials four weeks after
injury were greater than those found in intact animals of the same genotype (Mann-Whitney
test, U= 76, p=0.009, Figure 2A, top panel). No significant difference in SMU amplitude, relative
to intact mice was found in animals of this genotype treated with TT. In V/M or M/M mice no
significant differences in the amplitudes of SMU potentials were found regardless of treatment
(Figure 2A, bottom two panels).

To estimate the number of functional motor units, the average maximal CMAP amplitude
was divided by the average SMU amplitude in each muscle studied prior to and four weeks after
sciatic nerve transection and repair (Major et al., 2007). In intact animals, MUNE did not differ
between the three genotypes (V/V=266.4+30.3, V/IM=288.3+33.7, M/M=287.5+34.5; one-way
ANOVA, F(2,64)=0.15, p=0.86). Previous studies have not reported the effect of the met allele
in females as well as males. Therefore, we tested the effect of sex and genotype on MUNE four
weeks after transection and repair (n=5-8). There was a significant effect of genotype
(F(2,32)=6.0, p=0.006) but not sex, so data from the UT males and females were pooled based
on genotype. Once pooled, the Levene’s test for homogeneity of variance was significant
(p=0.0089), indicating non-homoscedastic variance, so non-parametric Kruskal-Wallis ANOVA
was used to analyze MUNE in untreated animals. A significant effect of genotype on MUNE

(H(2)=11.56, p=0.0031) was found, with a mean rank of 11.00 for V/V, 23.86 for V/M, and 24.00
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for M/M. Both V/M and M/M had a significantly higher mean rank than V/V (p=0.0080 and
p=0.013 respectively, Figure 2B). A similar effect of genotype was found for maximal CMAP
amplitude (H(2,34)=10.53, p=0.0052; mean rank of 11.15 for V/V, 23.39 for V/M, and 23.09 for
M/M) (Figure 2C). Based on post-hoc testing, the maximal CMAP in V/V animals (0.10+0.014)
was significantly smaller than V/M animals (0.30+0.070, p=0.012) and M/M animals
(0.23+0.042, p=0.021).

The effect of treadmill training on motor unit reinnervation differed across genotypes. In
treadmill trained V/V animals, a nearly four-fold increase in MUNE was found relative to
untreated controls (95% CI [2.72, 5.11] Figure 2C). In contrast, the fold change in treadmill
trained V/M animals was not different from untreated (1.31-fold change, 95% CI [0.59, 2.04]).
Treadmill training may actually result in decreased functional recovery in M/M animals (95% CI
[0.32, 0.90]). A significant difference in response to treadmill training was found between
genotypes (Kruskal-Wallis ANOVA, H(2)=11.09, p=0.0039), with a mean rank of 15.17 for V/V,
8.17 for VIM, and 5.17 for M/M. Ranks for V/V and M/M were significantly different from each

other (p=0.0035).

Motor axon regeneration is enhanced in untreated but not treadmill trained mice
heterozygous for BDNFmet

To assay the extent of successful motor axon regeneration, we injected a retrograde
tracer bilaterally into the lateral gastrochemius muscles and counted the number of labeled
motoneurons (Figure 3A). The ratio of counts on the injured side to the intact side of each
mouse was used to evaluate the proportion of the entire pool of motoneurons reinnervating the
muscle. Four weeks after peripheral nerve injury, fewer than half of injured motoneurons had
regenerated into the lateral gastrocnemius muscle in untreated V/V mice (0.45+ 0.077, Figure
3B), as has been shown previously (Ward et al, 2018). Regeneration in untreated V/M mice was

almost twice that of V/V (0.81+0.068). Motoneuron regeneration in M/M mice was similar to V/V
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mice at 0.50+0.16. The omnibus result of a one-way ANOVA comparing the three genotypes
was significant (F(2,12)=6.31, p=0.01). Post-hoc paired testing revealed that the injured/intact
ratio in untreated V/M mice was significantly larger than that in either untreated V/V mice or M/M
mice (p=0.009 and p=0.01 respectively, Figure 3B). There was no significant difference between
untreated V/V and M/M mice (p=ns).

To analyze the effect of genotype on response to treadmill training, the fold change
(TT/UT) in number of retrogradely labeled motoneurons was calculated. Treadmill training
increased the number of labeled motoneurons in V/V mice to 1.72-fold (95% CI [1.31, 2.13]). In
contrast, treadmill training may have been detrimental to motoneuron regeneration in V/M mice
(0.62-fold change, 95% CI [0.47, 0.76]). Treadmill training had no effect on motoneuron
regeneration in M/M mice (0.93-fold change, 95% CI [0.20, 1.66]). The omnibus result of a one-
way ANOVA comparing the three genotypes was significant (F(2,13)=7.7, p= 0.006, Figure 3C).
Using post-hoc paired testing, significant differences in the fold-change of the proportion of
labeled motoneurons were found between V/V and V/M mice (p=0.002) and V/V and M/M mice

(p=0.01). No difference was found between treadmill trained V/M and M/M mice (p=ns).

Muscle fiber reinnervation is enhanced in untreated but not treadmill trained mice
heterozygous for BDNFmet

Muscle fiber reinnervation was analyzed by determining the proportion of alpha
bungarotoxin-positive motor endplates where VAChT, a marker of cholinergic motoneuron
terminals, was expressed. Only motor endplates with complete coverage by VAChT
immunofluorescent structures were counted (Figure 4A). With no treatment, 18.6+8.1% of motor
endplates in V/V animals were occupied by motoneuron terminals four weeks after sciatic nerve
transection and repair (Figure 4B). In untreated V/M mice, 46.3+9.84% of motor endplates were
occupied by motoneuron terminals, and in M/M mice, 22+2.37% of motor endplates were

occupied. The results of a one way ANOVA of genotype were significant (F(2,15)=4.11,
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p=0.038). Post hoc testing revealed that in muscles collected from untreated V/M mice, a
significantly greater percentage of motor endplates were covered by VAChT positive motor
nerve terminals than in untreated V/V mice (p=0.016) and M/M mice (p=0.046) (Fig. 4B). In VIV
animals, treadmill training resulted in a 2.6-fold change in percent of VAChT positive motor
endplates (95% CI [1.71, 3.57], Fig. 4C). In contrast, treadmill training had no effect on
percentage of VAChT positive motor endplates in V/M mice (95% CI [-0.40, 1.45]) or M/M mice
(95% CI1[0.53, 2.39]). A Levene’s test of variance was significant (p=0.0077). There was a
significant difference in response to treadmill training between genotypes (H(2)=7.04, p=0.030)
with a mean rank of 13.50 for V/V, 5.33 for V/M, and 9.67 for M/M. Post hoc testing revealed a
significant difference between V/V and V/M mice (p=0.024). The difference between V/M and

M/M mice was not significant (p=ns).

Treadmill training does not enhance DRG regeneration

To count the number of sensory neurons that successfully reinnervated the lateral
gastrochemius, a retrograde tracer was injected into the muscle four weeks after injury, and the
number of labeled L4 DRG neurons was counted (Figure 5). Two way factorial ANOVA of
genotype and treatments revealed a significant effect of genotype on the number of labeled
DRG neurons (F(2,27)=6.53, p=0.0049, Figure 5C). Treadmill training did not increase the
number of DRG neurons innervating the lateral gastrocnemius in any genotype (p=ns), and in
fact may have decreased the number of DRG neurons innervating the muscle in V/V mice,
though the results were not significant (p=0.18). Unlike the previous measures, there was no
significant difference between untreated V/V and V/M mice (p=0.11), though post hoc testing
revealed a significant difference between untreated V/M and M/M mice (p=0.013).

DRG neurons are often categorized by size: nociceptive cells are generally small (areas
between 100 and 500um?), and proprioceptive and low threshold mechanoreceptive cells are

generally larger (areas between 500 and 1500um?) (Lawson, 1979, Lawson and Waddell,
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1991). In intact animals, the distribution of cell areas of DRG neurons in M/M animals was
shifted significantly to the left of that of V/V animals (Figure 5A, Mann-Whitney U test, U=179,
p=0.026), meaning that relatively more small DRG neurons and fewer large DRG neurons were
found in the M/M mice. A leftward shift of the size distribution of V/M DRG neurons was not
significantly from that of either V/V (U=216, p=0.14) or V/IM (U=222, p=0.18) mice. The omnibus
result of a one-way ANOVA of the average median cell sizes of the three genotypes was
significant (Figure 5A inset, F(2,12)=5.77, p=0.018). The median cell area for V/V DRG neurons
was significantly larger than that found in M/M mice (p=0.0055) but not V/M mice (p=0.12).
Median cell areas of V/M and M/M mice were not significantly different (p=0.10). After nerve
transection, regardless of treatment, no differences in the sizes of sensory neurons whose
axons had regenerated successfully were noted (Figure 5D). Median cell area did not differ
significantly across genotypes (two-way ANOVA, no effect of genotype (Figure 5D,
F(2,27)=0.53, p=0.60); treatment (F(1,27)=0.27, p=0.61); or interaction of genotype by treatment

(F(2,27)=0.36, p=0.70).

Neurite outgrowth is enhanced in V/M and M/M neurons

Adult DRG neurons derived from mice expressing the light-sensitive cation channel,
channelrhodopsin, were cultured for 72 hours. Wild type (WT) neurons were also cultured as
light-insensitive controls. To evaluate the effects of activity and genotype on neurite outgrowth,
the longest neurite length for each neuron studied was measured. Figure 6A is a representative
image of ThylChR2 V/V DRG neurons. Seventy-two hours after plating, the average longest
neurite length for untreated Thy1ChR2 V/V neurons was 235.22+4.6um (Figure 6B). ThylChR2
V/M and ThylChR2 M/M neurons grew substantially longer neurites, with averages of
325.1048.8um and 357.22+22.1um respectively. The omnibus result of one-way ANOVA was
significant for an effect of genotype (F(3,12)=15.84, p=0.00018). Average longest neurite length

from ThylChR2 V/V neurons was significantly shorter than average neurite length from
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ThylChR2 V/M neurons (p=0.013) and ThylChR2 M/M neurons (p=0.00016), but not WT
neurons (p=0.95). ThylChR2 V/M and ThylChR2 M/M neurons did not differ in longest neurite

length (p=0.91).

Optical stimulation enhances neurite elongation in V/V neurons in vitro

To measure neurite outgrowth in response to activity-dependent treatment, cells were
exposed to one hour of 20 Hz light stimulation at 24 hours in culture, and were fixed and stained
48 hours later. Longest neurite length was measured, and fold-change (optically
stimulated/untreated) was calculated. A 1.2-fold change in neurite length was recorded in
ThylChR2 V/V cells stimulated with light (95% CI [1.12, 1.36] Figure 6C). In contrast, no
response to light stimulation was found in the other three genotypes studied (ThylChR2 V/M
0.92-fold change, 95% ClI [0.82, 1.03]; ThylChR2 M/M 0.87-fold change, 95% CI [0.61, 1.13];
WT 0.96-fold change, 95% CI [0.78, 1.15]). The omnibus result of a one-way ANOVA was
significant (F(3,12)=4.03, p=0.034). Post-hoc testing revealed ThylChR2 V/V fold change was
significantly different from ThylChR2 V/M fold change (p=0.013), ThyChR2 M/M fold change
(p=0.011), and WT fold change (p=0.034). As a control, cells were also stimulated with an
inappropriate wavelength of light (655nm). Neurite length did not differ with this control
stimulation in any genotype, and there was no difference between any of the genotypes (p=ns).

These differences in longest neurite length could be due to neurons growing longer
neurites or differences in the proportion of cells that grew any neurites. To test this, we analyzed
the proportion of cells with neurites for each genotype and treatment group, and found no effect
of genotype (F(2,18)=1.79, p=0.20), treatment (F(1,18)=1.27, p=0.28), or an interaction of
genotype*treatment (F(2,18)=1.20, p=0.32, Figure 6E). There also was no significant difference
between genotypes or treatments in the soma sizes of the cultured neurons studied (see Figure

6D).
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There is no difference in basal release of BDNF between genotypes

Immediately after light stimulation, media was collected from the DRG culture for
analysis of secreted BDNF protein (Figure 6F). The omnibus result of a one-way ANOVA
revealed no significant effect of genotype (F(3,11)=1.10, p=0.39). Optical stimulation increased
BDNF concentration two-fold in media collected from Thy1ChR2 V/V cells (Figure 6G, 2.21,
95% CI [2.059, 2.306]). In contrast, there was no difference in BDNF concentration in media
collected from stimulated Thy1ChR2 V/M neurons (1.40, 95% CI [0.50, 2.31]), ThylChR2 M/M
neurons (1.17, 95% CI [0.216, 2.13]), or WT neurons (1.42, 95% CI [0.36, 2.49]). Due to high
within group variability, one-way ANOVA revealed no significant effect of genotype on fold-

change of BDNF concentration (F(3,10)=1.30, p=0.33).
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Discussion

Activity-dependent treatments have proven useful in enhancing axon regeneration after
peripheral nerve injury. Their effectiveness requires BDNF-trkB signaling in the neurons whose
axons are regenerating. We used neuroanatomical and electrophysiological methods to analyze
the ability of one such treatment, treadmill training, to enhance axon regeneration in mice
carrying the Met allele of the Val66Met SNP, which have deficient activity-dependent release of
BDNF. Here, we present two main findings. First, without treatment, axon regeneration in
heterozygous V/M mice is enhanced in vivo and neurite outgrowth of cultured DRG neurons
from both V/M and M/M mice is longer in vitro when compared to cells from V/V mice. Second,
treadmill training, which is a powerful activity-dependent promoter of axon regeneration, did not
enhance regeneration in Met-carriers in vivo, and optical stimulation did not enhance neurite
outgrowth in vitro.

Without any treatment, motor axon regeneration in V/M mice was enhanced significantly
compared to V/V mice. Our results from MUNE, retrograde labeling of motoneurons and DRG
neurons, and analysis of motor endplate reinnervation support the conclusion that axons of
more motoneurons have effectively regenerated and reinnervated a muscle target in untreated
V/M mice. The simplest interpretation of these findings is that the process of
regeneration/reinnervation is accelerated in these animals. As motor axons regenerate into
muscles, the first axons to innervate the muscle capture a large number of muscle fibers,
skewing this innervation ratio higher (Rafuse and Gordon, 1998). Over time, more axons reach
the muscle, and innervation ratios return to those found pre-injury. Our finding of larger SMU
amplitudes four weeks after injury in untreated V/V mice would be consistent with such an
increase in innervation ratio. That SMU amplitudes were not larger in untreated Met-carriers at
the same post-injury time could indicate that at four weeks, regeneration is more advanced than

in V/V mice. Our finding that neurites from cultured DRG neurons expressing the Met allele
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were significantly longer 72 hours after plating than those derived from V/V mice also is
interpreted as more rapid regeneration.

The enhanced regeneration of axons in the Met-carriers was an unexpected result. The
valine to methionine replacement in this SNP occurs in the pro-domain of the BDNF molecule,
which is cleaved to produce mature BDNF. The presence of the Met allele results in inefficient
packaging of BDNF into calcium-sensitive vesicles, making activity-dependent release of BDNF
deficient in V/M and M/M mice (Egan et al., 2003, Chen et al., 2004). These vesicles release
BDNF in response to calcium influx, such as might occur in motoneurons during exercise
(Lessmann et al., 2003). In contrast, no difference in basal release of BDNF has been reported
(Chen et al., 2006, Notaras et al., 2017). In addition, the Met-containing prodomain of bdnf has
been shown to selectively activate the common neurotrophin receptor, p75N™R, which has been
associated with growth cone retraction and dendritic spine disassembly (Anastasia et al., 2013,
Giza et al., 2018). Both motoneurons and DRG neurons express p75NR, but whether
endogenous levels of secreted Met-containing prodomain are sufficient to impact axon
regeneration in these cell types remains an open question (Zhou et al., 1996, Ibafiez and Simi,
2012). For these reasons, we did not anticipate improved regeneration in the untreated V/M and
M/M mice. If anything, we anticipated worse regeneration among the Met-carriers.

The mechanism behind the observed enhanced regeneration/neurite outgrowth in Met-
carriers is currently unknown. One possibility could be greater constitutive release of BDNF
resulting from the deficiency in regulated release described above. However, we found no
difference in basal levels of BDNF secretion in our culture experiments, consistent with previous
studies (Chen et al., 2006, Notaras et al., 2017). Another possible explanation could be
increased trkB expression in the regenerating the axons, resulting in more effective ligand-
binding despite less available ligand. Higher levels of full length trkB and lower levels of the
dominant-negative truncated form of trkB have been found in the dorsal hippocampus in M/M

mice (Notaras et al., 2017). A similar elevation of trkB expression in DRG neurons and
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motoneurons in mice with the Met allele could be a part of a mechanism explaining the
enhanced axon growth observed. Additionally, compensatory changes in other ligands for trkB,
such as neurotrophin 4/5 (NT4/5), could also account for differences in axon regeneration.
Neuronal release of NT4/5 contributes to axon regeneration after injury (English et al., 2005,
English et al., 2011a), though basal levels of neuronal NT 4/5 secretion have not been studied,
nor has activity-dependent secretion (Lessmann et al., 2003). These possible mechanisms
should be explored further in future studies.

Carrying the Met allele of the BDNF Val66Met polymorphism has been reported as a risk
factor for numerous diseases and disorders, including Alzheimer’s disease, obsessive
compulsive disorder, anorexia nervosa, and bipolar disorder (Sklar et al., 2002, Hall et al., 2003,
Ribases et al., 2003, Neves-Pereira et al., 2002, Notaras et al., 2015). Here, we find a possible
beneficial result of this allele—better axon regeneration after injury. We are not the first to report
a surprising benefit of carrying the Met allele. Met-carriers more effectively recover executive
functioning after traumatic brain injury, although no effect is seen on recovery of general
intelligence (Krueger et al., 2011, Rostami et al., 2011). Additionally, Met-carriers have a lower
risk of mortality following severe TBI (Failla et al., 2015). In stroke models, the Met allele was
associated with enhanced motor performance after a transient middle cerebral artery occlusion
(Qin et al., 2014). These findings taken together could indicate that having this allele is not
simply bad—indeed, it would be hard to explain the high prevalence of the allele in East Asian
populations if the results were unequivocally negative (Shimizu et al., 2004).

Neither treadmill training nor optical stimulation further enhanced regeneration in Met-
carriers. This result was expected due to the BDNF-dependence of these treatments and the
deficient activity-dependent BDNF-release found in Met-carriers (Egan et al., 2003, Chen et al.,
2006, Wilhelm et al., 2012). As expected, treadmill training markedly improved MUNE,

motoneuron labeling, and motor endplate occupation in V/V mice.
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An unexpected result was the difference in DRG cell size found in intact animals. The L4
DRGs from M/M animals contained smaller neurons than those from V/V animals. BDNF is a
trophic signal in the DRG, but trkB is not expressed by all DRG neurons. In intact animals, 20-
50% of DRG neurons express trkB, and those neurons tend to be large diameter neurons as
well as medium diameter low threshold mechanoreceptors (McMahon et al., 1994, Wright and
Snider, 1995, Li et al., 2011). The lack of large neurons in M/M DRGs could be developmental—
insufficient BDNF secretion could have led to the death of large neurons. Further investigation
of genotypic differences in DRG neuron type through probing molecular expression is
warranted.

We hypothesized that treadmill training would increase the number L4 DRG neurons
innervating the lateral gastrocnemius in V/V mice. Previous studies had found that activity-
dependent treatments such as electrical stimulation and voluntary exercise enhanced DRG
regeneration in vivo and neurite outgrowth in vitro (Molteni et al., 2004, Geremia et al., 2007).
However, another study found electrical stimulation markedly enhanced regeneration in
cutaneous DRG neurons but decreased the number of successfully regenerating muscle
afferents (Brushart et al., 2005). We found no effect of treadmill training on DRG axon
regeneration in any of our genotypes. In contrast, in our in vitro studies, optogenetic stimulation
increased neurite length in V/V cells. This could be because our cultures primarily favored large
DRG neurons, which may respond favorably to increased neural activity (Modol et al., 2015).
The role for activity-dependent treatments in enhancing axon regeneration in DRG neurons
could therefore depend entirely on cell-type, and further exploration into cell type could elucidate
differences in the effects of neuronal activity. Our in vitro results are also in contrast to (Enes et
al., 2010), who found that continuous depolarization through high levels of KCI or electrical
stimulation decreased neurite outgrowth in dissociated DRG neurons. However, Park et al.,

demonstrated that limited depolarization increases DRG growth, whereas stimulating for longer
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than 3 hours abolishes this enhancement. Thus, in addition to cell-type specific reactions to

activity-dependent treatments, there may also be a dose-dependence in how cells respond.

Conclusion

Clinical trials testing the efficacy of activity-dependent treatments for nerve damage have
already begun (Gordon et al., 2007, Gordon et al., 2010). In these studies, brief electrical
stimulation is applied after carpal tunnel release surgery, resulting in increased MUNE 6-8
months after surgery. While promising, the enhancing effects of electrical stimulation could be
diminished by inclusion of Met-carriers, who, based on the results presented above, might be
expected to have naturally better outcomes under control conditions and not to respond to this
activity-dependent treatment. Without genotyping of patients, benefits of activity-dependent
treatments for non-met-carriers could be masked. More importantly, as activity-based
treatments increase in popularity to treat peripheral neuropathies, health care professionals
need to account for patient genotype. For the substantial portion of the population carrying the
Met allele, personalized medicine that does not rely on endogenous BDNF secretion may be

necessary.
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A BDNF Gene Structure with Val66Met SNPP

Pro-domain Mature BDNF
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Figure 1. A. Structure of BDNF gene and location of Val66Met SNP in the coding exon IX. The
G to A substitution in the prodomain results in a valine to methionine substitution and a
decreased Ca?*- dependent release of BDNF. B. Recording single motor unit (SMU) potentials
using a tripolar electrode. A stimulating cuff is placed around the sciatic nerve. A tripolar

electrode is inserted into the lateral gastrocnemius muscle, and amplitudes of SMU potentials

are recorded in three channels.
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Figure 2. Treadmill training enhances functional recovery in V/V but not Met-carriers. A.
Cumulative histograms of single motor unit potential (SMU) amplitudes. In V/V mice, sciatic
nerve transection resulted in larger amplitude potentials four weeks after injury (top panel), and
TT did not. In Met-carriers, SMU potential amplitude was not significantly different, regardless of
injury or treatment (bottom two panels). B. Motor unit number estimation (MUNE) is shown four
weeks after injury for the three genotypes. Data from individual animals are solid symbols
overlaid on the bars. Bars indicate mean value. Asterisks denote p<0.05 with respect to V/V
mice. C. Maximum CMAP potential is shown four weeks after injury in the three genotypes
studied. Data from individual animals are solid symbols overlaid on the bars. Bars indicate mean
value. Asterisks denote p<0.05 with respect to V/V mice. D. Fold change in MUNE with treadmill
training (TT) is represented for the three genotypes. Data represented as mean (+SEM).

Asterisks denote p<0.05 with respect to V/V mice.
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Figure 3. Motor axon regeneration is enhanced in untreated but not treadmill trained mice
heterozygous for BDNFme: A. A single motoneuron labeled by a retrograde tracer that had
been injected into the lateral gastrocnemius muscle four weeks after sciatic nerve transection
and repair. Motoneurons like this one were counted as labeled if the soma was labeled with
dense granular fluorescence which extends into the primary dendrites and contains a dark
region, indicating a nucleus. Red is CTB-555, Blue is DAPI. B. The ratio of the number of
labeled motoneurons (injured/intact) is shown. Data from individual animals are solid symbols
overlaid on the bars. Bars indicate mean value. Asterisks denote p<0.05 with respect to V/V
mice. C. Fold-change in the ratio of retrogradely labeled motoneurons is represented for the
three genotypes. Data represented as mean (+SEM). Asterisks denote p<0.05 with respect to

V/V animals.
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Figure 4. Muscle fiber reinnervation is enhanced in untreated but not treadmill trained
mice heterozygous for BDNFmet A. Using the binding of fluorescent alpha bungarotoxin (aBT),
two motor endplates are shown (top and bottom left panels). Immunoreactivity to VAChT marks
motoneuron terminals (top and bottom middle panels). Motor endplates were counted as filled if
the VAChT completely covered the motor endplate (top panels). Fifty motor endplates were
scored for each animal. Scale bar=25 pm. B. A higher percentage of motor endplates were
scored as VAChT+ in muscles harvested from untreated V/M mice than V/V or M/M mice.

Asterisks denote p<0.05 with respect to V/V mice. C. Effect of treadmill training (TT) on motor
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endplate reoccupation. Mean (x SEM) fold change in TT animals relative to untrained controls
(UT) are shown for the three genotypes studied. Asterisks denote p<0.05 with respect to V/V

mice.
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Figure 5. Treadmill training does not enhance DRG regeneration. A. In intact animals, the
DRG cell size distribution was significantly smaller in M/M mice compared to V/V mice. The
median cell size was significantly smaller in M/M mice compared to V/V mice. Asterisk denotes
p<0.05 with respect to V/V mice. B. Representative image of labeled DRG neuron: CTB 555 in
red; DAPI in green. C. Treadmill training did not increase the number of labeled DRG neurons in
any genotype. Significantly more labeled DRG neurons were found in V/M mice than M/M mice.
Asterisk denotes p<.05. D. The median cell area for DRG neurons that successfully innervated

the lateral gastrocnemius did not differ with treatment or genotype.
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Figure 6. A. Representative images of cultured V/V DRG neurons immunofluorescent
for beta tubulin 1ll. B. The mean longest neurite length is shown for untreated cultures of
the four genotypes studied. Data from individual cultures are shown as solid symbols
overlaid on the bars. Asterisks denote p<0.05 with respect to Thy1ChR2 V/V mice. C.
Fold-change in longest neurite length after 1hr light stimulation is shown for the four
genotypes studied. Data from individual cultures are shown as solid symbols overlaid on
the bars. Asterisk denotes significant difference from 1. D. A cumulative histogram of
the areas of cultured DRG neurons for the four genotypes. E. The percent of neurons
that grew neurites is shown for the four genotypes. Cells were untreated, stimulated
optically with 472nm light, or stimulated with control stimulation of light of an
inappropriate wavelength. Data are represented as mean (x SEM). F. Media was
collected for protein analysis of basal levels of secreted BDNF protein. Data are
represented as mean (x SEM). G. Immediately after light stimulation, media was
collected for protein analysis of BDNF secretion. Fold-change of BDNF secretion is
represented. Data expressed as mean (£ SEM). Asterisks denote p<0.05 with respect to

1.
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Abstract

The BDNF Val66Met polymorphism results in deficient activity-dependent secretion of BDNF.
We previously reported that transgenic mice expressing the Met allele of this polymorphism
have enhanced axon regeneration after peripheral nerve injury in vivo and enhanced neurite
outgrowth in vivo. Here we treated animals with antagonists to the two receptors for BDNF, trkB
and p75NTR, at the time of injury. We also applied these drugs to cultured adult DRG neurons as
well as a fusion protein, trkB-Fc, which sequesters trkB ligands. Antagonizing trkB resulted in
decreased motoneuron regeneration in the heterozygous Met-carriers and decreased neurite
outgrowth in vitro in both heterozygous and homozygous Met-carriers. Additionally, trkB-Fc
abolished the enhanced neurite outgrowth in the Met-carrying cells. The p75N™R inhibitor,
LM11A-31, had a modest enhancing effect in axon regeneration in wild type mice, but no effect

in the Met-carriers.
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Introduction

Peripheral nerves have the capacity to regenerate after injury, but the process is slow
and often incomplete (Portincasa et al., 2007). Treatments that enhance the cell-intrinsic
mechanisms for regeneration, such as electrical stimulation, have been gaining attention in past
years, and have even garnered clinical trials (Gordon et al., 2010, Wong et al., 2015). These
treatments depend on the injured neuron’s ability to secrete brain derived neurotrophic factor
(BDNF) (English et al., 2014, Wilhelm et al., 2012).

Genetic differences in the human population can lead to high variance in response to
treatment and difficulty in translating treatments from bench to bedside. Of particular interest is
the single nucleotide polymorphism (SNP) in the BDNF gene Val66Met, which results in a valine
to methionine substitution at the 66" codon (Egan et al., 2003). This polymorphism is very
common—a third of Americans carry the Met allele, as do up to 50% of East Asians (Egan et
al., 2003, Shimizu et al., 2004). Expressing the met form of BDNF (BDNFwet) results in
decreased activity-dependent secretion of BDNF as well as possible increased activation of the
common neurotrophin receptor (p75N™?) (Egan et al., 2003, Chen et al., 2004, Chen et al., 2006,
Anastasia et al., 2013). Both the deficiency of secreted BDNF and increased p75N™R activation
could lead to a decreased response to activity-dependent treatments, and indeed, we have
shown this to be true in an animal model of the SNP (McGregor et al., 2018).

BDNF has two receptors—tropomyaosin receptor kinase B (trkB) and the common
neurotrophin receptor, p75N™R. TrkB activation enhances axon growth, whereas p75NR is
involved in anti-growth signaling and growth cone retraction (Boyd and Gordon, 2003, Anastasia
et al., 2013). Mature BDNF has a higher affinity for trkB than p75N™?, but when a high
concentration of exogenously BDNF is applied, growth is inhibited as p75N™R is activated (Boyd
and Gordon, 2002). Unlike BDNFva, the prodomain of BDNFye: is bioactive and able to activate
p75N™R once cleaved from mature BDNF, resulting in dendrite collapse and growth cone

retraction (Anastasia et al., 2013, Giza et al., 2018). Surprisingly, we discovered that in mice
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either heterozygous or homozygous for the Met allele, enhanced axon regeneration compared
to wild-type valine/valine mice was found after sciatic nerve transection and repair with no
treatment. Understanding the mechanism behind this enhanced regeneration as well as finding
treatments that can enhance axon regeneration in Met-carriers is of the utmost importance for
furthering the field of peripheral nerve regeneration.

We hypothesized that blocking p75N™® activation with an antagonist, LM11A-31 (Massa
et al., 2006), would enhance regeneration in mice heterozygous, homozygous, or lacking the
Met allele. We further hypothesized that antagonizing trkB with a competitive antagonist, ANA-
12, (Cazorla et al., 2011) would inhibit the enhanced regeneration found in mice carrying the
met allele of BDNF. We tested these pharmacological agents on the effect of axon regeneration
in vivo and neurite outgrowth in vitro. We found that LM11A-31 was ineffective in enhancing
regeneration in any of the mice, but that blocking the trkB receptor with ANA-12 resulted in

abolishment of the enhanced regeneration in the Met-carriers.
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Methods

Animals and Surgical Treatments. All experimental procedures were reviewed and
approved by the Institutional Animal Care and Use Committee of Emory University and
conformed to the Guidelines for the Use of Animals in Research of the Society for
Neuroscience. A transgenic C57BL/6J mouse homozygous for the met allele (M/M) was
received as a generous gift from Dr. Frances Lee (Chen et al., 2006). This founder was used to
breed heterozygous (V/M) and wild type (V/V) offspring. Mice were bred and maintained at the
Division of Animal Resources at Emory University. Mice were group-housed on a 12/12 light
dark schedule with ad libitum access to food and water. Both males and females were used for
all experiments.

Mice were anesthetized with 2% isoflurane and treated with Meloxicam analgesic
(2mg/kg). The right sciatic nerve was exposed in the mid-thigh, placed on a small rectangle of
SILASTIC film (Dow Corning 501-1) and secured with fibrin glue (de Vries et al., 2002,
MacGillivray, 2003). Fibrin glue was used to deliver the antagonists LM11A-31 (791mg/mL in
sterile water, Tocris, Minneapolis, MN) and ANA-12 (2mg/mL in 40% PEG300, 40% DMSO, and
20% sterile water, Tocris). This concentration of ANA-12 was chosen because it was the
maximum drug we could get into solution. Mixing the drug with the fibrin glue has been shown to
release the drug over the course of three days (Spicer and Mikos, 2010). Fibrin glue was mixed
1:1:2 (fibrinogen: drug: thrombin). The nerve was fully transected using sharp scissors three
millimeters proximal to the sciatic branching. The left side of each mouse served as an
unoperated control. After nerve repair, the surgical site was sutured closed, and the animal was
allowed to recover from anesthesia before returning to its cage.

Motor Unit Number Estimation (MUNE). Four weeks post-injury, functional muscle
reinnervation was investigated using motor unit number estimation (MUNE) (McComas et al.,
1971). MUNE was performed as previously described (McGregor et al., 2018). Briefly, a bipolar

stimulating cuff, constructed from silastic tubing and fine wire (Cooner Wire, Chastworth, CA;



105

part number AS631) was placed around the injured nerve. Three monopolar fine wire
electromyography (EMG) electrodes (California Fine Wire Company, Grovery Beach, CA) were
implanted into the lateral gastrocnemius using a 25G hypodermic needle. One mm of insulation
was removed from the tips of the wires and hooked such that they were each at least 1mm
apart from each other when placed in the muscle. The three wires were attached to three
differential amplifiers, which allowed for simultaneous recording from three channels.
Stimulations consisted of 0.1ms pulses applied at two second intervals and muscle EMG activity
was recorded using custom LabVIEW software (National Instruments, Austin, TX). Stimulus
intensity was graded until a single all-or-none EMG response was observed. This lowest-
threshold response on each channel was assumed to be produced by activation of a single
motor unit (SMU). To be counted as an SMU, the response needed to be biphasic or triphasic
and to occur more than once while stimulating voltage was held steady at just the threshold
needed for activation. The average rectified voltage within an empirically determined time
window for each SMU potential was calculated in LabVIEW software (Sabatier et al., 2011).
Multi-point stimulation was used by moving the cuff electrode to different points along the nerve
to increase the number of SMUs recorded (5-12 per animal) (Doherty and Brown, 1993, Stein
and Yang, 1990). Stimulus intensity was then increased to reach the maximal compound
muscle action potential (CMAP). The average maximal CMAP amplitude for each animal was
divided by the average of the SMU amplitudes to estimate the number of functional motor units
in the reinnervated muscle.

Retrograde Labeling of Motoneurons. Immediately following electrophysiological
recordings, the lateral gastrocnemius of both the injured and intact sides of each mouse were
exposed and using a Hamilton syringe (Hamilton, Reno, NV), 1pL of a 1% solution of Cholera
toxin B (CTB) conjugated to a fluorescent label (Alexafluor 555; life Technologies, Grand Island,
NY, catalog number C-34776) was slowly injected into the muscle over 30 seconds.

Motoneurons which had successfully regenerated into the muscle took up the tracer. After
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allowing three days for sufficient transport of the tracer into the cell body, mice were euthanized
with an overdose of pentobarbital (150mg/kg, i.p.) and perfused transcardially with cold 0.9%
saline followed by 4% periodate-lysate-paraformaldehyde fixative (McLean and Nakane, 1974).
Lumbar 3-5 spinal cord segments were harvested and cryoprotected in 20% sucrose, sectioned
on a cryostat (20 um sections), and mounted onto slides in serial sections. Images were
obtained using a fluorescence microscope (Leica DM6000) with a lowlight camera (Hamamatsu,
Sewickley, PA) using HCImage software (Hamamatsu, Sewickley, PA). Motoneurons labeled
with CTB were counted if their somata contained dense granular fluorescence extending into
the primary dendrites and contained a dark region indicating a nucleus (Figure 2A (English,
2005)).

Motor Endplate Reinnervation. Concurrent to spinal cord harvest, both the intact and
injured gastrocnemius muscles were harvested. The muscles were cryoprotected in 20%
sucrose, sectioned longitudinally (20 um), and mounted onto slides in hon-serial sections.
Antigen retrieval was performed using boiling 10mM Sodium Citrate buffer (pH 8.5). After 20
minutes, sections were washed three times with 0.1M PBS, then blocked with 0.3% triton in
0.1M PBS and 10% natural goat serum for 1 hour at room temperature. Sections were
incubated overnight (14-16 hours) with antibody against the vesicular acetylcholine transporter
(VAChKT, 1:500, Synaptic Systems, Goéttingen, Germany) to label motoneuron synaptic
terminals. The following morning, sections were washed three times in 0.1M PBS and incubated
for two hours at room temperature with secondary antibody (goat anti-guinea pig conjugated to
Alexafluor 647, 1:200, Thermo Fisher Scientific, Waltham, MA) and a-bungarotoxin conjugated
to Alexafluor 555 (aBT, 1:500, Sigma-Aldrich, Darmstadt, Germany) to label motor end plates.
Once sections were dry, glass coverslips were mounted using Entellan (Millipore, Darmstadt,
Germany). For each muscle, 50 motor endplates were imaged as above. Endplates were scores

as reinnervated only if VAChT immunofluorescence completely filled the endplate (Figure 3A).
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Dorsal Root Ganglion Cell Culture. Adult mice (>2 months of age) were deeply
anesthetized with an overdose of isoflurane. The vertebral column was removed and washed
with cold, sterile Hank’s basal salt solution (HBSS, Corning, Corning, New York). All dorsal root
ganglia (DRG) were dissected out bilaterally and placed in fresh cold HBSS. Once the
dissection was complete, DRGs were incubated in dispase (2.5u/mL Sigma-Aldrich) and
collagenase (200u/mL Worthington Biochemical, Lakewood, NJ) in a 37°C bead bath for 45
minutes with gentle agitation applied every 15 minutes. Dispase was then removed, and DRGs
were incubated with 37°C DNase (Worthington Biochemical) for 2.5 minutes. Room temperature
HBSS was added, and cells were triturated using a fire polished glass pipette and centrifuged
for 3 minutes at 3000 rpm. The HBSS was removed and cells were resuspended in Neurobasal
medium A (NB-A, Invitrogen, Carlsbad, CA) containing 2% B-27 (Invitrogen), 1%
Penicillin/Streptomycin (Lonza Biowhittaker), and 1% Glutamax (Invitrogen). Cells were plated
on glass coverslips coated in laminin (Thermo Fisher Scientific, Waltham, MA) and poly-L-lysine
(Sigma-Aldrich). Twenty-four hours after plating, the NB-A solution was replaced. For drug
groups, LM11A-31 (100nM), trkB-FC (5.63nM), or ANA-12 (100nM) was included in the NB-A.
Media was collected at 24 hours for future analysis of protein levels.

Seventy-two hours after plating, cells were fixed with cold PLP for fifteen minutes. After
three washes and blocking with natural goat serum and triton, cells were incubated overnight
with anti-tubulin B-3 antibody overnight (14-16 hours, Biolegend, San Diego, CA). The following
morning, cells were washed with 0.1M PBS and incubated with a secondary antibody, goat anti-
mouse antibody conjugated to Alexafluor 555 (Invitrogen) and DAPI (Invitrogen). Coverslips
were mounted onto slides using Entellan. The cell soma area and longest processes from each
cell were measured from these images using the Fiji software package (ImageJ).

Experimental Design and Statistics. All results were scored while blinded to treatment
and genotype. Data analyses were performed in Statistica 64. Two-way ANOVA of genotype by

treatment were performed for the different experiments. Post-hoc testing was performed using
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Fishers LSD. Planned comparisons were performed using student’s t-test. Untreated control
values for MUNE were previously reported in McGregor et al., 2018 (n=11-14). For in vivo ANA-
12 and LM11A-31 experiments, n=4-6. For in vitro experiments, at least 30 cells per well were

measured, and they were averaged. Averaged values from 2-4 animals were used.
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Results

trkB blockade inhibited functional recovery in heterozygous Met-carriers. Four weeks
after injury, the number of successfully reinnervated motor units was investigated through EMG
recording of the lateral gastrocnemius. Individual single motor unit amplitudes were recorded as
well as the maximum compound muscle action potentials. By dividing, we calculated the
estimated number of motor units innervating the lateral gastrocnemius. Control values for the
three genotypes were previously reported in McGregor et al., 2018.

A trkB antagonist (ANA-12) was applied to the nerve at the time of injury, and MUNE
was recorded four weeks later. This method of drug delivery results in drug release over three
days (Spicer and Mikos, 2010). Two-way ANOVA revealed a significant effect of
genotype*treatment on MUNE (F(2,45)=3.72, p=0.032). As previously reported in McGregor et
al., the untreated V/V MUNE value is significantly smaller than V/M and M/M (p=0.0034 and
p=0.0079 respectively). ANA-12 application resulted in significantly decreased MUNE in V/M
only from 43.37+8.19 to 12.23+4.19 (p=0.011, Figure 1A). This value was not significantly
different from untreated V/V (p=0.76). In homozygous M/M animals, ANA-12 application
resulted in a moderately decreased MUNE (42.11+7.29 to 26.68+7.96), but this did not reach
significance (p=0.25). Treatment with ANA-12 did result in decreasing M/M MUNE such that it
was no longer significantly different from untreated V/V (p=0.40). ANA-12 treatment resulted in
a slight increase in MUNE in wild type V/V animals (15.21+2.26 to 29.80+10.92), but this also
did not reach significance (p=0.20).

The application of a p75N™R antagonist (LM11A-31) to the injured nerve at the time of
injury did not result in a significant overall change in MUNE (two-way ANOVA, Figure 1B). A
planned comparison between untreated V/V animals (15.21+2.26) and V/V animals treated with
LM11A-31 (43.08+£16.29) revealed a significant effect of the drug on MUNE (p=0.017). There

was no significant effect of LM11A-31 on V/M or M/M MUNE (p=ns).
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trkB blockade inhibited motor axon regeneration in V/M mice. To assay successful motor
axon regeneration into the lateral gastrocnemius, we injected a retrograde tracer into the muscle
and counted the number of labeled motoneurons. The uninjured side was used as a control, and
values are given as a ratio of injured/intact.

Application of ANA-12 to the injured nerve resulted in decreased motor axon
regeneration in all three genotypes (two-way ANOVA, significant effect of treatment
(F(1,27)=4.68, p=0.039). trkB blockade had no effect on fold-change on the ratio of injured/intact
motoneurons in V/V mice (0.54, 95% CI [-0.15, 1.2]) or M/M mice (0.73, 95% CI [0.14, 1.59]
Figure 2B). Fold-change in the ratio of injured/intact labeled motoneurons was significantly
inhibited in V/M mice (0.46, 95% CI [0.17, 0.76]). The omnibus result of a one-way ANOVA
revealed no significant effect of genotype on fold-change with ANA-12 treatment (F(2,12)=1.07,
p=0.37).

The omnibus result of a one-way ANOVA revealed a significant effect of genotype on
fold-change in motoneuron proportion in response to treatment with LM11A-31 (F(2,11)=5.65,
p=0.020, Figure 2C). V/V had almost 2-fold change in proportion of retrogradely labeled
motoneurons with LM11A-31 treatment (95% CI [1.11, 2.68]). This was significantly different
from both V/M (p=0.010) and M/M (p=0.018). V/M and M/M were not different from each other
(p=0.96).

trkB blockade increased motor endplate reoccupation. To assay successful reinnervation
of the muscle fibers, we determined the proportion of motor endplates covered by motoneuron
terminals. Endplates were labeled with a-bungarotoxin, a marker of acetylcholine receptors, and
motor terminals were labeled with VAChT, a marker of cholinergic motor terminals (Figure 3A).
Two-way ANOVA revealed a significant effect of genotype (F(2,26)=4.11, p=0.028), treatment
(F(1,26)=6.93, p=0.014), and genotype*treatment interaction (F(2,26)=7.55, p=0.0026) on motor
endplate reinnervation. Application of ANA-12 at time of injury significantly increased the

percentage of filled motor endplates in M/M mice from 23.67+5.87% to 51.6+7.96% (p=0.0026,
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Figure 3B). The percentage of VAChT-positive motor endplates in V/V mice also increased from
8.4+2.71% to 32.5+6.29% (p=0.015). The decrease in proportions in V/M mice from 32.331£6.21
to 19.33+5.46% was not statistically significant (p=0.12). Similar to previous reports, muscles
collected from untreated V/V mice had a significantly smaller percentage of VAChT-positive
motor endplates compared to muscles from untrained V/M mice (p=0.0083, McGregor et al.,
submitted).

Applying the p75NTR antagonist LM11A-31 to the nerve at the time of injury had no
significant effect on motor endplate coverage (two-way ANOVA, genotype (F(2,26)=2.37,
p=0.11); treatment (F(1,26)=0.032, p=0.86); or genotype*treatment (F(2,26)=1.63, p=0.22),
Figure 3C). A planned comparison between LM11A-31 treated V/V animals and untreated V/V
animals did not reveal a significant difference in VAChT covered motor endplates (p=0.078).

trkB inhibition results in decreased longest neurite length in DRG neurons from M/M
mice. Adult DRG neurons were cultured for three days. For 48 hours, cultures were incubated
with media containing trkB-Fc, ANA-12, or LM11A-31. After three days, cells were fixed and
labeled for beta tubulin so that longest neurite lengths could be analyzed (Figure 4A).

As previously reported, there was a significant effect of genotype (F(2,13)=16.51,
p=0.00027) on longest neurite length (Figure 4B). Untreated M/M neurons grew the longest
neurites with an average of 218 + 12.2 um. This was significantly longer than both V/M neurites
(127.7+£27.7 pm, p=0.0028) and V/V neurites (101.68 + 21.5 um, p=0.00016). V/M neurites were
not significantly longer than V/V neurites (p=0.16).

Two-way ANOVA of genotype by treatment revealed a significant effect of ANA-12
treatment on longest neurite outgrowth (F(1,13)=7.25, p=0.018, Figure 4B). In DRG neurons
from M/M mice, the endogenous increased neurite outgrowth was blocked by treatment of
100nM ANA-12 for 48 hours (133.6 £ 13.0 um, p=0.0026, Figure 4B). In cells from M/M mice

treated with ANA-12, longest neurite lengths were not significantly different than untreated V/V
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cells (p=0.093). ANA-12 had no significant effect on neurite length in V/M or V/V neurons
(p=ns).

Two-way ANOVA of genotype by treatment revealed a significant effect of treatment on
longest neurite length in DRG neurons treated with trkB-Fc (F(1,15)=4.72, p=0.046, Figure 4C).
Treatment with the trkB fusion protein that sequesters all trkB ligands blocked the endogenous
enhanced neurite outgrowth in M/M cells (153.3+9.38, p=0.034). Longest neurite length in trkB-
Fc treated M/M cells were not significantly different from untreated V/V cells (p=0.086).

Two-way ANOVA of genotype by treatment revealed a significant effect of genotype on
longest neurite length (F(1,7)=8.08, p=0.25, Figure 4D). Treatment of DRG neurons from M/M

mice with LM11A-31 resulted in decreased longest neurite length (132.4+8.9, p=0.042).
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Discussion

We have previously reported that axon regeneration after peripheral nerve injury is
enhanced in mice carrying the met allele of the BDNF Val66Met polymorphism (McGregor et al.,
2018). Here, we tested the effect of antagonizing two different BDNF receptors—the trkB
receptor, which is involved in progrowth signaling, and p75N™?, which is involved in anti-growth
signaling—in order to elucidate how this allele might be conferring enhanced regeneration.
Application of trkB antagonist ANA-12 to the nerve at the time of injury attenuated the enhanced
regeneration in V/M mice and abolished enhanced neurite outgrowth in cultured DRG neurons
both heterozygous and homozygous for the met allele, indicating that this enhancement is trkB-
dependent. Furthermore, application of trkB-Fc, a soluble fusion protein which sequesters
BDNF ligands, also attenuated enhanced neurite outgrowth in Met-carriers. Application of the
p75NTR antagonist, LM11A-31, produced a enhancement on regeneration in V/V mice, but no
effect on regeneration in the Met-carriers.

The trkB-dependence of the enhanced regeneration seen in Met-carriers has led us to a
number of hypotheses. The first is that trkB expression is increased in the injured sensory and
motor neurons of mice with the met allele. With increased expression of trkB, limited ligand
secretion could result in more efficient signaling. Higher levels of trkB protein and lower levels of
the dominant-negative form of trkB have been found in the hippocampus of M/M animals
(Notaras et al., 2017). If this were the mechanism of basal levels of enhanced peripheral axon
regeneration in Met-carriers, application of a trkB inhibitor to the injured nerve would result in
worse regeneration, and application of LM11A-31 would have no effect, as all available ligand
already preferentially binds trkB. This prediction of the hypothesis is consistent with our results.
Further evidence through trkB protein analysis of motoneurons, DRG neurons, and Schwann
cells is warranted.

Another possible mechanism to explain the enhanced axon regeneration found in met

allele carrier mice is increased secretion of ligands for trkB. Basal levels of BDNF secretion
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have not been found to be different in Met-carriers in vitro, in tissue samples, nor in human
serum (Chen et al., 2006, Egan et al., 2003, Lemos et al., 2015, Notaras et al., 2017, McGregor
et al., 2018). Increased secretion of neurotrophin 4/5 (NT4/5), which binds trkB and is not
released in an activity-dependent manner, could account for higher levels of ligand (Lessmann
et al., 2003). Application of ANA-12 would block the effects of increased ligand, as would the
soluble antibody, trkB-FC. While this is consistent with our results, application of a p75N™R
antagonist would likely enhance regeneration in this scenario, as high levels of ligand generally
result in p75N™R activation and anti-growth signaling (Boyd and Gordon, 2002, Boyd and
Gordon, 2001). This is inconsistent with our findings, in which LM11A-31 applied to the fibrin
glue had no effect on regeneration in vivo nor did LM11A-31 in the media have any effect in
vitro in the Met-carriers.

We also considered the hypothesis that in Met-carriers, trkB could be ligand-
independently transactivated to compensate for decreased BDNF availability. It is known that
trkB can be transactivated downstream for the activation of a number of receptors, as well as by
zinc ions (Lee and Chao, 2001, Lee et al., 2002, lwakura et al., 2008, Hwang et al., 2005). Our
data do not support this hypothesis, as trkB-FC, which sequesters all ligands for trkB, blocked
enhanced neurite outgrowth when added to the media of the DRG cultures. Therefore, the
actions of trkB in the met-carrier mice must be ligand-dependent.

The application of LM11A-31 to the injured nerve at the time of injury did not enhance
regeneration in the Met-carriers, although in MUNE, retrograde labeling, and VAChT coverage
there was modest improvement in the V/V mice with LM11A-31 that did not reach statistical
significance with VAChT coverage. This could be a dosing issue—fibrin glue drug delivery lasts
for three days, and any effect could have been masked by the four week period before analysis
of axon regeneration (Spicer and Mikos, 2010). Others using oral administration of LM11A-31

have found increased neurogenesis and decreased activation of downstream effectors of
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p75NTR (Shi et al., 2013). Surprisingly, there was no effect of LM11A-31 on V/V DRG neurite
outgrowth in vitro.

The effect of blocking p75N™R on peripheral nerve regeneration is anything but clear. In
knockout studies, deleting p75N™R has been found to be detrimental to regeneration, particularly
with regard to Schwann cell remyelination (Song et al., 2009, Cosgaya et al., 2002). Others
have found deletion of p75N™R enhances regeneration of DRG neurons and motoneurons (Scott
and Ramer, 2010, Boyd and Gordon, 2001). Both drug antagonism and genetic knockout affect
all cells—although by adding the antagonist to glue, we limited the site of action to cells at site
of injury—mainly the Schwann cells and growth cones of the injured neurons. Further
investigation using cell-type specific knock out of p75N™R could elucidate the role of this
complicated protein in peripheral axon regeneration.

Met-carriers, both human and rodent, have been found to have smaller hippocampi,
perhaps resulting from decreased dendritic arborization (Egan et al., 2003, Chen et al., 2006).
Indeed, Chen et al., used Golgi staining to visualize the dendritic arbors of M/M hippocampal
neurons, and found them to be smaller than their wild type counterparts (Chen et al., 2006).
Previous reports have indicated that the prodomain of BDNFye is bioactive, and could play a
role in inhibiting dendritic and axonal growth through p75N™R, providing a mechanism for this
deficient growth (Anastasia et al., 2013, Giza et al., 2018). Here, we applied a p75N™R
antagonist, but did not find further enhancement of V/M or M/M regeneration or neurite
outgrowth. In fact, p75N™R antagonism resulted in shorter neurites in DRG neurons cultured from
M/M mice. This could be because p75"™R is required for axonal transport of BDNF/trkB signaling
endosomes, which travel to the cell body to influence somal signal transduction (Curtis et al.,
1995, von Bartheld et al., 1996).

Unlike motoneuron regeneration and DRG neuron neurite outgrowth, application of ANA-
12 to the injured nerve stump enhanced motor endplate reoccupation both in V/V mice and M/M

mice. ANA-12 decreased the proportion of motoneurons regenerating into the muscle by over
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half in the V/V mice, but significantly increased the percentage of VAChT-positive endplates by
almost four times. BDNF has been shown to inhibit the maturation of neuromuscular synapses
(Song and Jin, 2015), and our results are consistent with this conclusion.
Conclusion

The enhanced regeneration is found in Met-carriers is trkB-dependent. Further protein
analysis of both trkB and its ligands would provide further insight into how trkB is enhancing
regeneration. In peripheral nerve regeneration in Met-carriers, p75"R has little effect on basal

regeneration.
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Figure 1. Motor unit number estimation four weeks after injury with treatment with trkB
antagonist ANA-12 and p75N™® antagonist LM11A-31. A. As previously reported, V/M and
M/M mice had increased MUNE four weeks after injury with no treatment. Inhibiting trkB blocked

basal levels of enhanced regeneration in V/M mice. There was no significant effect in V/V or
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M/M mice. Asterisk denotes p<0.05 with respect to untreated V/M. B. Treatment with LM11A-31
resulted in enhancement of V/V MUNE four weeks after injury. No effect was seen in V/M or

M/M mice. Asterisk denotes p<0.05 with respect to UT V/V.
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Figure 2. Motor axon regeneration into the lateral gastrocnemius. A. CTB conjugated to

Alexafluor 555 was injected into the lateral gastrocnemius. Labeled motoneurons were counted

on both the injured and intact sides. B. Treatment with ANA-12 resulted in decreased motor

axon regeneration in all three genotypes. Values are given as injured over intact. C. LM11A-31

resulted in a modest enhancement in motor axon regeneration in V/V mice, but not V/IM or M/M

mice. Asterisks denote p<0.05. Error bars are SEM.
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Figure 3. VAChT labeling of motor endplates. A. Motor endplates were labeled with a-
bungarotoxin (left panel). Motor axon terminals were labeled with an antibody against VAChT
(middle panel). Motor endplates were scored as occupied when completely covered with VAChT

(top panel). B. Treatment with ANA-12 resulted in improved motor endplate occupation in V/V
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and M/M mice. V/M mice had increased motor endplate occupation with no treatment compared
to V/V mice. ANA-12 treated M/M mice had increased occupied motor endplates compared to
all other groups. Asterisks denote p<0.05 compared to untreated V/V. B. Treatment with
LM11A-31 had no effect on motor endplate occupation 4 weeks after peripheral nerve

transection.
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Figure 4. trkB inhibition blocked enhanced neurite outgrowth in cells from M/M mice. A.

Cells were labeled with anti-p tubulin Il seventy-two hours after plating and longest neurite

lengths were analyzed. B. Enhanced basal levels of neurite outgrowth were found from adult
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DRG neurons cultured from M/M mice. Treatment with 200nM ANA-12 blocked this enhanced
outgrowth. Asterisks denote p<0.05 with respect to UT M/M. C. Treatment with 5.63nM trkB-Fc
had a significant effect on longest neurite length. Enhanced neurite outgrowth from M/M
neurons was blocked by trkB-Fc treatment. Asterisk denotes p<0.05 with respect to UT M/M. D.
Treatment with 100nM of LM11A-31 had a significant effect on longest neurite length. Asterisks

denote p<0.05 with respect to UT M/M. Error bars are for SEM.
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Discussion

The underlying hypothesis of this thesis was that activity-dependent treatments to
enhance peripheral nerve regeneration would be ineffective in rodents both heterozygous and
homozygous for the met allele of the BDNF Val66Met polymorphism. This was tested both in
vivo using treadmill training as well as in vitro using optogenetic stimulation of cultured adult
DRG neurons expressing the light sensitive cation channel, channelrhodopsin (ChR2). The
original hypothesis was supported, and Met-carriers did not respond to these activity-dependent
treatments; however, enhanced axon regeneration was found in Met-carriers in vivo, which was
then recapitulated with the finding of enhanced neurite outgrowth in vitro. These results led to
two important questions—could axon regeneration in Met-carriers be further enhanced, and
what was mechanism behind their enhanced regeneration?

The enhanced regeneration was originally found in vivo. The first question regarding
mechanism was whether systemic changes within the animal led to the enhanced regeneration,
or whether there were intrinsic neuronal differences that caused enhanced axonal growth. Met-
carrying mice have some phenotypic differences from wild type—they are heavier, particularly
the males, more aggressive, and have increased anxiety-like behavior (Chen et al., 2006). Like
humans with the met allele, the mice have smaller hippocampi (Egan et al., 2003, Chen et al.,
2006). Importantly, M/M mice do not differ from their V/V counterparts in basal levels of activity
recorded in in open field tests (Chen et al., 2006, Lee et al., 2015, Yu et al., 2012, Li et al.,
2010) or in voluntary wheel running (Chen et al., 2017, leraci et al., 2016). Thus, to test whether
enhanced regeneration was a result of intrinsic neuronal properties, we cultured adult DRG
neurons. Neurite outgrowth was enhanced in both V/M and M/M cultures, indicating that the
enhancement in axonal outgrowth is a neuronal property and not a result of other phenotypic
changes. In fact, enhanced neurite outgrowth in the homozygous M/M cultures was more robust
than the enhanced axon regeneration seen in vivo, indicating that phenotypic changes might

actually inhibit natural regenerative capabilities in these animals.
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The prodomain of BDNFwe: has been found to activate the pan-neurotrophin receptor
p75NTR, resulting in growth cone retraction and dendrite retraction (Anastasia et al., 2013, Giza
et al., 2018). This differs from the cleaved prodomain of BDNFva, which is unable to activate the
receptor. Thus, to test whether axon regeneration could be further enhanced in Met-carriers, the
first target was manipulation of p75N'R signaling. Therefore, LM11A-31, a p75N™ inhibitor, was
applied to the site of injury in V/V, V/IM and M/M mice (Shi et al., 2013). The drug was mixed
with the fibrin glue used to secure the two nerve stumps together during repair. This method
results in drug dispersal over the course of three days (Spicer and Mikos, 2010). Although there
was a trend toward modest improvement in the V/V mice, this treatment did not enhance axon
regeneration in vivo in the V/M and M/M mice, nor did it have an effect in vitro on neurite
outgrowth, indicating that p75N™R activation after peripheral nerve injury has no significant effect
on basal levels of regeneration in Met-carriers, and blocking it could not further enhance their
regeneration.

To determine the mechanism behind the enhanced basal levels of regeneration in the Met-
carriers, the trkB antagonist ANA-12 was applied to the cultures of adult DRG neurons. Addition
of ANA-12 to the media resulted in abolishment of enhanced neurite outgrowth in both V/M and
M/M cultures. This was a surprise; it indicated that the basal levels of increased neurite
outgrowth were trkB-dependent, despite no differences in basal levels of BDNF secretion
between genotypes (Chen et al., 2006, Notaras et al., 2017, McGregor et al., 2018). Thus,
several possible trkB-dependent mechanisms for enhanced regeneration in Met-carriers were
hypothesized and will be explored below (Figure 1):

1. There is more trkB expression in Met-carriers.

2. There are higher levels of trkB ligand secretion in Met-carriers.
3. trkB is activated in a ligand-independent mechanism in Met-carriers4
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Figure 1. Possible mechanisms of enhanced regeneration in Met-Carriers. 1. Increased
expression of trkB receptor. With increased trkB receptor, secreted ligands are more
likely to bind trkB and less likely to bind p75N™R, 2. Increased constitutive secretion of
trkB ligands. NT-4/5 is a ligand for trkB, and a compensatory increase in secretion could
enhance regeneration. 3. Ligand-independent transactivation by other molecules which
activate SFKs to phosphorylate trkB. Numerous receptors including GPCRs, RTKs, as
well as zinc ions have been shown to transactivate trkB.

There is more trkB expression in Met-carriers
BDNF can bind both trkB and p75N™R. Both of these receptors are expressed by

motoneurons, DRG neurons, and Schwann cells, though in the case of the latter, only the non-

signaling, truncated form of trkB is expressed. It has been proposed that through these two

receptors, BDNF has a biphasic regulation of axon regeneration (Boyd and Gordon, 2003).

Mature BDNF has a higher affinity for trkB than p75N™R, and at lower levels of exogenous BDNF

application, trkB is activated, and axon regeneration is enhanced (Boyd and Gordon, 2002). As

levels of BDNF applied are increased, trkB receptors become saturated with ligand, and p75N™?
becomes activated and inhibits growth (Boyd and Gordon, 2002). Activation of p75N™ could
happen within the injured neurons or in nearby Schwann cells, but both result in growth
inhibition (Scott and Ramer, 2010). This balance of opposing actions of p75N™ and trkB could

be shifted by altered expression of the receptors. With higher trkB expression, similar ligand
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secretion would result in less activation of p75N™R, Similarly, lower p75N™R expression would
result in less anti-growth signaling. Thus, even with deficient activity-dependent BDNF
secretion, Met-carriers could have enhanced trkB signaling with basal levels of constitutive
secretion.

There is evidence for higher trkB expression in Met-carriers. Notaras et al., used
Western blotting to probe trkB expression in the dorsal hippocampus and cortex of mice
homozygous for the met allele and found increased full length trkB and decreased truncated
trkB protein in the Met-carriers (Notaras et al., 2017). leraci et al. similarly found increased basal
levels of trkB expression in the hippocampus of homozygous M/M mice (leraci et al., 2016). To
date, trkB expression in Met-carriers has not been studied in other neuronal areas. Protein
analysis on DRGs, motoneurons, and growth cones of regenerating axons could reveal whether
increased trkB expression is a mechanism behind enhanced regeneration in Met-carriers.
There are higher levels of trkB ligand secretion in Met-carriers

BDNF is unique to the other neurotrophins in that it is secreted through two separate
pathways. Like the other neurotrophins, BDNF is released constitutively in small vesicles that
exocytose near the cell body. The second pathway is unique to BDNF—activity-dependent
secretion through calcium-sensitive vesicles that are released in the distal dendrites and axon
(Lessmann et al., 2003, Mowla et al., 1999, Kuczewski et al., 2009, Brigadski et al., 2005). The
met allele of the Val66Met SNP results specifically in deficient packaging of BDNF into calcium-
sensitive secretory vesicles (Chen et al., 2004). Because BDNFye:is still able to be packaged
into constitutive secretory vesicles, one possible outcome of deficient activity-dependent
secretion is increased constitutive secretion.

Egan et al. originally explored this hypothesis in their paper first describing the Val66Met
polymorphism. In hippocampal cells transfected with constructs for GFP-bound BDNFya or
BDNFwet, basal levels of mMRNA expression and protein secretion were the same, but regulated

secretion was deficient only for BDNFue: (Egan et al., 2003). Chen et al. tested secretion of
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BDNF from hippocampal neurons cultured from their transgenic mouse that expressed the met
allele of the SNP. Once again, basal levels of BDNF secretion were not different between the
genotypes, though a marked deficiency was seen in activity-dependent secretion (Chen et al.,
2006). Additionally, BDNFwe: was found to dimerize with BDNFva, resulting in decreased
packaging of both forms of BDNF into the regulated pathway and higher accumulation of BDNF
near the cell soma (Chen et al., 2004). Using the mice developed by Chen et al., others
assayed protein levels using brain lysates from the hippocampus and prefrontal cortex. This
technique allows for information of what is happening in vivo but is not specific to secreted
BDNF. Regardless, Bath et al. and leraci et al. saw significantly less BDNF protein in M/M
hippocampal lysates than V/V (Bath et al., 2012, leraci et al., 2016). leraci et al. also analyzed
BDNF mRNA levels in the hippocampus through PCR and found significantly decreased BDNF
MRNA transcripts in M/M hippocampal lysates (leraci et al., 2016). Conversely, Notaras et al.
found no differences in basal levels of BDNF protein in either the hippocampus or cortex
(Notaras et al., 2017). These four experiments utilized hippocampal neurons, so we tested
BDNF secretion from cultured adult DRG neurons expressing ChR2 stimulated with 1 hour of
20Hz light. Like the previous groups, we found no difference in basal levels of BDNF secretion
(McGregor et al., 2018).

BDNF is not the only ligand for trkB. NT-4/5 also activates trkB and has also been found
to enhance peripheral nerve regeneration (English et al., 2011, English et al., 2005). Unlike
BDNF, NT-4/5 is released only through constitutive secretion (Lessmann et al., 2003).
Interestingly, NT-4/5 activation of trkB results in a slower internalization and degradation of the
receptor than BDNF activation, resulting in longer periods of signaling after ligand-binding
(Proenca et al., 2016). NT-4/5 could therefore be a more potent ligand for trkB than BDNF, and
increased constitutive release of NT-4/5 could explain the enhanced regeneration found in Met-

carriers.
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By treating cultures of adult DRG neurons with trkB-Fc, an antibody that sequesters all
ligands for trkB, the enhanced growth in the V/M and M/M cultures was blocked (Meyer-Franke
et al., 1998). This could be evidence for higher ligand secretion from cells carrying the met
allele. However, as mentioned above, as ligand increases, so does potential activation of
p75NTR. NT-4/5, like BDNF, can activate p75N™R. Consequently, if Met-carriers have higher
endogenous secretion of trkB ligands, one might expect higher p75N™R activation. Treatment
with a p75NT™R antagonist did not enhance either neurite outgrowth in vitro or peripheral nerve
regeneration in vivo in Met-carriers. Therefore this hypothesis is less likely than the increased
trkB expression hypothesis discussed above. More detailed protein analysis of culture media
would illuminate if there are differences in trkB ligand secretion.

Ligand-independent activation of trkB

In addition to ligand-dependent activation of trkB, trkB can also be transactivated
through ligand-independent mechanisms. trkB is a receptor tyrosine kinase (RTK).
Transactivation of RTKs by G protein-coupled receptors (GPCR) was first documented in
epidermal growth factor receptors (Daub et al., 1997, Luttrell and Luttrell, 2004). These
interactions are mediated through GPCR activation of Src family kinases (SFK) (Luttrell and
Luttrell, 2004). SFKs are intracellular tyrosine kinases that interact with activated
phosphorylated trks through the Src homology domain (SH2) in a similar mechanism to PLC,
(Iwasaki et al., 1998). As tyrosine kinases, SFKs are able to phosphorylate tyrosine residues,
and they may have a role in canonical ligand-dependent activation of trkB. Ligand activation of
trkB results in higher activation of SFKs, and inhibiting SFK activity can block phosphorylation of
residue Y705/706 on trkB (Huang and McNamara, 2010). While this residue is not associated
with specific downstream signaling molecules, it is the first residue to be phosphorylated upon
trkB activation, and phosphorylation of this residue may result in a conformational change that

allows for the phosphorylation of other residues (Segal et al., 1996). Therefore, SFKs may play
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an important role in ligand-dependent trkB activation as well as ligand-independent
transactivation.

Given the ability of SFKs and GPCRs to transactivate other RTKs, Lee and Chao
searched for GPCRs that might transactivate trkB. They found that adenosine activation of
adenosine 2A receptors resulted in trk phosphorylation (Lee and Chao, 2001). This trkB
activation was slower than that seen with neurotrophins (Lee and Chao, 2001). Ligand-
independent activation resulted in activation of downstream signaling events, such as
phosphorylation of Akt and increased cell survival (Lee and Chao, 2001, Wiese et al., 2007).
Like previously discovered RTK transactivation, adenosine transactivation of trkB is dependent
upon SFKs (Rajagopal and Chao, 2006). The adenosine receptor 2A has been studied in a
peripheral nerve injury model. Motoneurons and DRG neurons contain the adenosine 2A
receptor, and activation or this receptor results in increased motoneuron survival after neonatal
facial nerve transection (Wiese et al., 2007, Kaelin-Lang et al., 1998). Activation of this receptor
was insufficient to increase motoneuron survival in embryonic motoneurons lacking the trkB
receptor (Wiese et al., 2007).

Soon after the discovery of trkB transactivation by adenosine, other ligands/receptors
were investigated for their ability to activate the receptor. Pituitary adenylate cyclase-activating
polypeptides (PACAP) were found to transactivate trkB in dissociated hippocampal neurons
(Lee et al., 2002). This transactivation occurred mainly on intracellular membranes and not on
trkB receptors on the extracellular membrane (Rajagopal et al., 2004). PACAP is upregulated in
DRG neurons after peripheral nerve injury and motoneurons after facial nerve injury (Pettersson
et al., 2014, Zhang et al., 1996, Zhou et al., 1999). In a facial nerve injury model, application of
exogenous PACAP to the site of injury enhanced functional recovery (Kimura et al., 2004,
Suarez et al., 2006). PACAP also enhances DRG neurite outgrowth in vitro (Suarez et al.,

2006). Whether these effects were mediated by transactivation of trkB was not probed.
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In DRGs, low density lipoprotein receptor-related protein 1 (LRP1) is expressed in both
large and small DRG cells, and injection of the LRP1 ligand a2 macroglobulin (a2M) results in
trk phosphorylation (Shi et al., 2009). Unlike the previous two mentioned transactivators of trkB,
LRP1 is not a GPCR. Instead, it is a low-density lipoprotein receptor (LDLR) which has
numerous ligands and through interactions with other cell-surface receptors is involved in
numerous cell signaling events, such as activating protein kinase A (PKA) and the MAPK/ERK
pathway (Herz et al., 1988, Lillis et al., 2005). Cell signaling through LRP1 is mediated by
tyrosine phosphorylation of the receptor (Su et al., 2002). In cultured developing cerebellar
neurons and adult DRG neurons, addition of LRP1 ligand results in increased neurite outgrowth
(Shi et al., 2009, Yoon et al., 2013). Inhibiting SFKs blocked trk activity in response to LRP1
ligands in the adult DRG neurons (Yoon et al., 2013). In a model of sciatic nerve crush, addition
of a2M increased the number of axons in the distal nerve stump five days after injury
(Arandjelovic et al., 2007). The effects of a2M were LRP1-dependent, though in this study,
transactivation of trkB was not probed.

Other ligand/receptor transactivators of trkB include the dopamine D1 receptor (Iwakura
et al., 2008), which is a GPCR expressed in both DRG and motoneurons (Dubois et al., 1986,
Zhu et al., 2007, Galbavy et al., 2013), and pineal N-acetylserotonin (NAS), a metabolite of
serotonin and precursor to melatonin (Jang et al., 2010). Epidermal growth factor receptor
(ErbB), an RTK, has also been found to transactivate trkB (Puehringer et al., 2013). To date,
dopamine D1 receptors and NAS have not been tested in models of peripheral nerve
regeneration, but ErbB, which is expressed in both motor and sensory neurons (Pearson and
Carroll, 2004), enhances regeneration after sciatic nerve injury (Joung et al., 2010). Whether
this enhancement was trkB-mediated was not probed.

Zinc can also transactivate trkB (Hwang et al., 2005, Huang et al., 2008). Zinc has
numerous functions in the nervous system, reviewed by (Frederickson et al., 2005), but one

interesting property of zinc in the nervous system is that it is released from synaptic vesicles. In
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the spinal cord, zinc is localized to synaptic terminals on motoneuron cell bodies (Jo et al.,
2000). As a cation, zinc can enter the cell through cation channels (such as NMDARS) to act
intracellularly (Frederickson et al., 2005). Addition of zinc to the media of cultured neurons
increases trkB phosphorylation, as does cellular depolarization, resulting in the opening of
cation channels through which zinc can enter the cell (Huang et al., 2008). Like GPCRs, zinc
activates trkB through SFKs (Huang and McNamara, 2010, Huang et al., 2008, Xu et al., 2011).
Neonatal zinc deficiency leads to SFK- and trkB-mediated hippocampal cell death (Xu et al.,
2011). Interestingly, in this model, BDNF levels increased as in apparent compensation for
decreased zinc (Xu et al., 2011). To date, no studies have analyzed the effect of zinc on
peripheral nerve regeneration after injury, but it is possible that zinc activation of trkB would act
as a proregenerative signal in motoneurons and DRG neurons, and therefore increased zinc
secretion is a possible mechanism behind enhanced regeneration in Met-carriers.

This plethora of non-canonical activators of trkB provide numerous possibilities for
compensatory trkB activation in Met-carriers. Many pharmacological agents are available to
specifically investigate these activators and/or their receptors, and using our DRG culture
system, it would be possible to probe which, if any, of these ligands/receptors is responsible for
the enhanced regeneration in Met-carriers. However, first whether the enhanced neurite
outgrowth is ligand-independent was tested by treating cultures with TrkB-Fc. TrkB-Fc is a
soluble protein containing the ligand-binding domain of trkB, allowing for sequestration of
endogenous trkB ligands (Meyer-Franke et al., 1998). If trkB was enhancing neurite outgrowth
through transactivation, addition of trkB-Fc to the media would have no effect on neurite
outgrowth. In reality, there was a dramatic inhibition of neurite outgrowth with trkB-Fc treatment,
indicating that transactivation is not the mechanism by which Met-carriers have enhanced
regeneration after injury.

Three hypotheses for how Met-carriers could have trkB-dependent enhanced axon

regeneration after injury have been presented: modulation of receptor expression, modulation of
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ligand expression, and modulation of mechanism of receptor activation. The evidence from
cultured DRG neurons using a trkB antagonist and trkB ligand sequestration indicates the first
hypothesis, changes in trkB expression on the injured neurons, is the likeliest. Further protein
analysis could confirm this hypothesis.

Personalized medicine

The finding that Met-carriers do not respond to activity-dependent treatment means that
in the future, to appropriately treat peripheral nerve injuries using activity-dependent therapies,
patients will need to be genotyped. The strategy of genotyping patients in order to best treat
their ailments is a hallmark of the growing field of personalized medicine.

The field of personalized medicine is still new, but applications are diverse. Gene
expression profiling can identify asymptomatic carriers of various viruses, children with
undiagnosed diseases, and adults with difficult to diagnose ailments (Bryce and McWilliams,
2013). GWAS has also been implemented to identify gene variants that are risk factors for
common diseases (Li and Meyre, 2014). Genome studies are being used to anticipate adverse
reactions to certain drugs, such as Warfarin (Johnson et al., 2011). With regard to the Val66Met
SNP, certain drugs have been found less effective in the Met-carrying population. For example,
olanzapine, a schizophrenia drug, is less therapeutic for Met-carriers, whereas other commonly
prescribed drugs have no difference in efficacy (Nikolac Perkovic et al., 2014). Met-carriers,
particularly heterozygotes, respond better to selective serotonin reuptake inhibitors prescribed
for depression (Yan et al., 2014). In this study, we have identified a new application of
personalized medicine—genotyping patients in order to determine whether non-pharmacological
treatments will be effective.

Val66Met and neuronal insult
Carrying the Met allele of the BDNF Val66Met polymorphism has been reported as a risk
factor for increasing susceptibility and symptom severity in numerous diseases and disorders,

including Alzheimer’s disease, obsessive compulsive disorder, anorexia nervosa, and bipolar
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disorder (Sklar et al., 2002, Hall et al., 2003, Ribases et al., 2003, Neves-Pereira et al., 2002,
Notaras et al., 2015). Here, we find a possible beneficial result of the met allele—better axon
regeneration after peripheral nerve injury. The effect of the Val66Met polymorphism has been
researched with respect to other neuronal injuries, including stroke, traumatic brain injury (TBI),
and spinal cord injury, with some conflicting yet promising results.

Only two studies regarding the Val66Met polymorphism and spinal cord injury have been
performed. A survey of 11 Caucasian patients and one Native Hawaiian with cervical
myelopathy revealed a higher than average occurrence of the Met allele (60% of patients vs an
expected 30%) (Abode-lyamah et al., 2016). There was no difference found in gait performance,
although worse physical performance was self-reported by patients (Abode-lyamah et al.,
2016). Eleven patients with incomplete spinal cord injury were treated with low, medium, and
high intensity exercise, and their blood serum was collected and analyzed for BDNF protein.
Four of these patients were heterozygous for the met allele. Only high intensity exercise
increased serum BDNF levels, and as mentioned previously, exercise did not increase serum
levels of BDNF in the Met-carriers (Leech and Hornby, 2017). No animal models of spinal cord
injury have been used to examine the effect of the met allele. Further exploration of how the met
allele affects severity of spinal cord injuries and functional recovery would be illuminating.

The effect of the met allele of the Val66Met polymorphism has been far more extensively
researched with respect to stroke. Animal models of stroke have been limited, but Met-carriers
have been found to have worse earlier recovery from stroke followed by enhanced motor
recovery later (Qin et al., 2014, Qin et al., 2011). Studies of human patients have been more
equivocal, but there is some agreement that early outcomes are poorer in Met-carriers with no
difference in long term outcome (Balkaya and Cho, 2018). The contradicting outcomes in stroke
research may be a result of the effect of the met allele on hippocampal-based cognitive tasks.
As mentioned previously, Met-carriers have decreased hippocampal volume (Egan et al., 2003).

The met allele also impairs synaptic plasticity in the hippocampus, which could hamper



139

performance on certain cognitive tasks (Ninan et al., 2010). Indeed, memory is impaired in Met-
carriers without stroke (Egan et al., 2003, Chen et al., 2006, Hariri et al., 2003). Thus, in
outcomes that require learning, it would not be surprising to find poorer outcomes among Met-
carriers, and that is precisely what is reported (Charalambous et al., 2018, van der Vliet et al.,
2017). In measures of functional recovery, Met-carriers are generally found to be at no
disadvantage compared to Val homozygotes (Balkaya and Cho, 2018).

The effect of the Val66Met allele has also been studied with regard to TBI. Analysis of
cognition 30 years after injury revealed Met-carriers are protected from executive dysfunction
impairment and had higher scores on intelligence, working memory, and processing speed
(Krueger et al., 2011, Barbey et al., 2014). These differences are not seen in the uninjured
population. Met-carriers more effectively recover executive functioning after traumatic brain
injury, although no effect is seen on recovery of general intelligence (Krueger et al., 2011,
Rostami et al., 2011). Additionally, Met-carriers over 45 have a lower risk of mortality following
severe TBI (Failla et al., 2015). Concussed Met-carriers have improved olfactory performance
(Larson-Dupuis et al., 2015). The protectiveness of the met allele in TBI may be gender
specific—women with the met allele tend to fare better than male Met-carriers (Finan et al.,
2018). The mouse model of the Val66Met SNP has not been utilized in TBI studies, so the
mechanism of this protection is not currently understood.

Although the met allele may protect against certain aspects of neuronal insult, it can also
result in worse emotional outcome. Met-carriers are at higher risk for post-stroke depression
(Kim et al., 2008). Met-carriers, particularly males, are at higher risk for anxiety and depression
after TBI (Wang et al., 2018). In the study of cervical myelopathy, Met-carriers had worse self-
reported mental health (Abode-lyamah et al., 2016). This could confound analysis of functional
recovery—depression after injury impairs recovery (Bilge et al., 2008, van de Weg et al., 1999).
Moreover, emotional distress lowers quality of life, and thus the met allele of the Val66Met SNP

should be considered a risk factor for mental health complications after neuronal insult.
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These findings taken together could indicate that carrying the Met allele could be
protective from various forms of neuronal insult. Indeed, it would be difficult to explain the high
prevalence of the allele in East Asian populations if the results were unequivocally negative
(Shimizu et al., 2004, Petryshen et al., 2009). Further investigation into possible beneficial
effects of the met allele could inform health care providers on how best to care for their patients.
Future Directions

We were unable to further enhance regeneration in Met-carriers with either activity-
dependent treatments or with application of LM11A-31 to the injured nerve stump. Other
experimental therapies may prove useful, however, such as treatment with small-molecule trkB
agonists, which have proven to be effective in wild type mice (English et al., 2013). Even more
beneficial would be finding trkB-independent therapies to enhance peripheral nerve
regeneration. This could be accomplished through targeting downstream effectors of trkB, such
as transcription factors ATF-3, CREB, and STAT-3, which have all been associated with
enhanced peripheral nerve regeneration (Seijffers et al., 2007, White et al., 2000, Makwana and
Raivich, 2005).

As | transition to my postdoctoral work, one paossibility for continuing research on the
Val66Met polymorphism is to use human induced pluripotent stem cells (iPSCs). These cells
can be differentiated into motoneurons, allowing for an in vitro model of adult motoneuron axon
regeneration (Shimojo et al., 2015). Furthermore, using gene editing, Met-carrying cells can be
changed to a V/V genotype, and V/V cells can be made to express the Met allele (Barrangou
and Doudna, 2016). Changes in axon regeneration can then be further probed.

Conclusion

As activity-dependent treatments begin to be explored for human patients of peripheral
nerve injury, genotype will need to be considered. The prevalence of the Val66Met
polymorphism will undoubtedly affect treatments in realms beyond peripheral nerve injury.

However, despite the challenges identified here of enhancing peripheral nerve regeneration in
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Met-carriers, this body of work presents one of the few benefits associated with the met allele of

the Val66Met BDNF polymorphism.
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