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Abstract

The role of neurotrophin-4/5 in the enhancement of axon regeneration in peripheral nerves
produced by treadmill training was studied in mice. Common fibular nerves of animals of the H
strain of thy-1-YFP mice, in which a subset of axons in peripheral nerves is marked by the
presence of yellow fluorescent protein, were cut and surgically repaired using nerve grafts from
non-fluorescent mice. Lengths of profiles of fluorescent regenerating axons were measured using
optical sections made through whole mounts of harvested nerves. Measurements from mice that
had undergone one hour of daily treadmill training at modest speed (10 m/min) were compared to
those of untrained (control) mice. Modest treadmill training resulted in fluorescent axon profiles
that were nearly twice as long as controls at one, two and four week survival times. Similar
enhanced regeneration was found when cut nerves of wild type mice were repaired with grafts
from neurotrophin-4/5 knockout mice or grafts made acellular by repeated freezing/thawing. No
enhancement was produced by treadmill training in neurotrophin-4/5 knockout mice, irrespective
of the nature of the graft used to repair the cut nerve. Much as had been observed previously for
the effects of brief electrical stimulation, the effects of treadmill training on axon regeneration in
cut peripheral nerves are independent of changes produced in the distal segment of the cut nerve
and depend on the promotion of axon regeneration by changes in NT-4/5 expression by cells in the
proximal nerve segment.
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Introduction

Despite the considerable capacity for axon regeneration following peripheral nerve injury,
functional recovery is poor (Brushart, 1998; Scholz et al., 2009). Even though modest
injuries to nerves can result in adequate functional recovery, the outlook for such recovery
after injuries that disrupt the endoneurial tubes that surround individual axons and their
myelinating Schwann cells (Sunderland stage 5) is poor (Sunderland, 1970). Following
injuries of this sort, axons distal to the site of injury undergo anterograde (Wallerian)
degeneration. Regenerating neurites from the proximal segment of the injured nerve must
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enter a regeneration pathway in the distal segment of the injured nerve and regenerate in that
pathway to reinnervate peripheral targets in muscle or skin. Two important factors
contributing to poor functional outcomes following these types of injuries are the slow
growth of regenerating axons in the regeneration pathway (Fawcett & Keynes, 1990) and the
misdirection of regenerating axons to reinnervate functionally inappropriate targets
(Brushart et al., 2002; Valero-Cabre & Navarro, 2002; English, 2005; de Ruiter et al., 2008;
Robinson & Madison, 2009).

Gordon and co-workers have pioneered the use of brief electrical stimulation (ES) to
enhance axon regeneration following peripheral nerve transection. If the proximal stump of
a cut nerve is stimulated for as little as one hour at the time of its surgical repair,
regenerating axons grow more than twice as far during the first two post-repair weeks
(English et al., 2007) and the regeneration of axons of nearly twice as many motoneurons
has been observed over the same period (Al-Majed et al., 2000; English, 2005; Hetzler et
al., 2008). Similar enhancement of regeneration has been demonstrated by other groups
using different model systems (Franz et al., 2008; Lu et al., 2008; Asensio-Pinilla et al.,
2009; Huang et al., 2009). Brief ES results in an increased expression of brain derived
neurotrophic factor (BDNF) and its receptor, trkB, in motoneurons (Al-Majed et al., 2000)
and dorsal root ganglion neurons (English et al., 2007; Geremia et al., 2007), and in the
enhanced expression of regeneration related-genes in motoneurons (Al-Majed et al., 2004;
Sharma et al., 2010). Using a combination of transgenic and knockout mice, we have
provided evidence that the efficacy of ES in enhancing axon regeneration in cut peripheral
nerves is dependent on neurotrophin signaling originating in cells in the proximal nerve
segment, especially neurotrophin-4/5 (NT-4/5) (English et al., 2007).

Recently we also showed that axon regeneration can be enhanced by modest treadmill
training (Sabatier et al., 2008). The magnitude of this enhancement is comparable to that
noted with ES but includes less misdirection of the regenerating axons to reinnervate
functionally inappropriate targets (English et al., 2009). Using slightly different training
paradigms and outcome measures, a similar observations have been made following crush
injury in mice (Seo et al., 2006; Ilha et al., 2008) and after transection injury in rats
(Asensio-Pinilla et al., 2009). Exercise is well known to produce an increase in BDNF
content in both brain (Neeper et al., 1996; Adlard et al., 2004) and spinal motoneurons
(Gomez-Pinilla et al., 2001; Perreau et al., 2005), and to increase axon outgrowth in cultured
neurons (Molteni et al., 2004). However, whether our effective treadmill training paradigm
requires the other trkB ligand, NT-4/5, to be effective is not known. Thus we wanted to use
the mouse strategy described above to investigate a role for this neurotrophin in the
enhancing effects of treadmill training. We report here that, much as noted previously for
ES, treadmill training enhances axon regeneration in cut peripheral nerves in a manner that
is independent of cells in the pathway surrounding the regenerating axons and is likely
dependent on the presence of NT-4/5 in the regenerating axons.

All experimental procedures were approved by the Institutional Animal Care and Use
Committee of Emory University and were in accordance with the Principles of the Use of
Animals in Research of the Society for Neuroscience. All regeneration experiments were
conducted using two month old males of the H strain of thy-1-YFP mice. In these mice,
yellow fluorescent protein (YFP) is expressed under the control of the thy-1 promoter (Feng
et al., 2000). In the H strain (thy-1-YFP-H), YFP is expressed in the axons of a subset of
sensory and motor neurons (Groves et al., 2005) and marks axons completely (Feng et al.,
2000). We assume that the behavior of the marked axons in these mice represents a
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reasonable sample of that of all of the axons in their peripheral nerves. A total of 44 nerves
was studied in these experiments.

Experiments were conducted using the common fibular (CF) nerve as a model system (Fig.
1). The methods used are described in more detail elsewhere (Groves et al., 2005). Briefly,
under pentobarbital (90 mg/kg, IP) anesthesia, the CF nerve was cut near its branching point
from the sciatic nerve and repaired with a short (5—10 mm long) nerve graft obtained from
the CF nerve of a strain-matched non-fluorescent mouse. The stumps of the cut nerve were
aligned to the ends of the graft on a small piece of Gore-Tex that had been cut from a tube.
The aligned segments of the cut nerve were then secured in place using fibrin glue
(Menovsky & Beek, 2001; MacGillivray, 2003). Grafts were used for two purposes. First,
they provide a dark background against which YFP positive regenerating axons can be
visualized using fluorescence microscopy. Especially at short survival times, this avoids any
problems with fluorescent products of anterograde (Wallerian) degeneration among
regenerating axons. Second, the grafts were used experimentally to alter the environment or
pathway through which regenerating axons grew. All mice were treated daily with oral
meloxicam (Boehringer Ingelheim & Merial)(1 mg/Kg) during the first post-surgical week.

To investigate the role of neurotrophin 4/5 (NT-4/5) in treadmill training enhancement of
axon regeneration, we used NT-4/5 knockout mice, both as graft donors (eight nerves) and,
after breeding with thy-1-YFP-H mice, as hosts (16 nerves). Founders of NT-4/5 knockout
mice were obtained from The Jackson Laboratories (Bar Harbor, ME). These mice were
developed originally on a strain 129 background, but in our laboratory they have been back
crossed for at least six generations with mice of the C57B6 strain to insure that they are both
immune- and strain-compatible with the background strain (C57B6) of thy-1-YFP-H mice
(Evans et al., 1994). All knockout mice were genotyped using tail DNA before being used.
Half of these nerves were studied in treadmill trained mice and half were studied in
untrained controls.

In eight experiments, cut CF nerves were repaired unilaterally using acellular nerve grafts.
Four of these nerves were studied in treadmill trained mice, four were studied in untrained
controls. Segments of CF nerves from non-fluorescent donor mice were removed from
anesthetized animals, placed on a small piece of aluminum foil, and then frozen rapidly in
liquid nitrogen. Once frozen, the nerve segment was then rapidly thawed by immersion in a
saline bath at 37°C. This freeze thaw cycle was repeated three times, after which the nerve
segment was used to repair the cut CF nerve of a host mouse, as described above. We
(English et al., 2007) and others (Nadim ef al., 1990; Anderson et al., 1991; Haninec et al.,
2000; Krekoski et al., 2001) have shown that this procedure results in nerve grafts in which
Schwann cells have been killed but endoneurial tubes and their associated Schwann cell
basal laminae are preserved.

Altogether, 28 nerves were studied in treadmill trained male mice. Treadmill training was
begun on the third day after transection and surgical repair of the CF nerve. Mice were
placed on a motor driven treadmill at a belt speed of 10 m/min and were treadmill trained
continuously for one hour. Animals generally required little incentive to walk at this modest
speed. Training was conducted five days per week.

After survival periods of one, two, or four weeks, mice were euthanized with pentobarbital
(150 mg per kilogram IP), and perfused transcardially, first with normal saline and then
followed by periodate-lysate-paraformaldehyde fixative (McLean & Nakane, 1974). The
repaired nerves including the entire graft were removed from the animals and placed on a
microscope slide in the same orientation as in the animal. This whole mount was then cover
slipped using Vectashield (Vector Labs, Burlingame, CA). Cover slips were sealed at their
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edges using clear nail polish. Stacks of optical sections were made at relatively low
magnification through the full thickness of the nerve at 10 pm intervals using a laser
scanning confocal microscope (Zeiss LSM510). Capture of several stacks of overlapping
microscope fields was required to include all of the regenerating axons. Each of the images
in each stack was aligned with and connected to the corresponding slice of contiguous
stacks, in register, using Adobe Photoshop. The net result of this image stitching was a
single large stack of connected optical sections encompassing the entire length and thickness
of the repaired nerve. Lengths of profiles of individual fluorescent axons were measured
throughout their courses in these stacks, from the proximal surgical repair site to their
growth cones.

Measurements of axon profile lengths in each nerve were expressed as cumulative
histograms (bin size equal 100 um) and then averaged within different treatment groups.
Significance of differences between pairs of average distributions was evaluated using the
Mann-Whitney U-test. This non-parametric method evaluates the probability that two
frequency distributions are samples drawn from the same population. In addition, the
median axon profile length was determined for each nerve studied and averages were
computed for each treatment group. Significance of differences between groups was
evaluated using analysis of variance, with appropriate post-hoc (Fisher's least significant
differences (LSD)) paired testing.

The effects of treadmill training on axon regeneration

The profiles of YFP positive regenerating axons were reconstructed from stacks of optical
sections made through the cut and repaired nerves. Fluorescent axons are very bright in
these sections and their profiles can be followed easily from the proximal surgical repair site
to their termination as growth cones. Measurements of the lengths of regenerating axon
profiles were studied as frequency distributions. The effects of treadmill training were
studied by comparison of these distributions between trained and untrained mice at three
different survival times. These are shown in Figure 2A—C. Examples of regenerating axons
in trained and untrained mice and lengths of regenerating axon profiles at the two week
survival time have been published elsewhere (Sabatier et al., 2008). Data for trained mice at
the one and four week survival times are new. Each data point in these graphs (trained and
untrained) represents an average of data from four nerves. The size of each symbol
represents the SEM about that average. At each time, the distributions of axon profile
lengths measured in nerves from treadmill trained mice were shifted to the right relative to
the distribution obtained from measurements from untrained mice. At all three times studied,
this shift was statistically significant (U-Test, p< 0.01 for all). The mean number of
regenerating axons measured did not differ between treatment groups (data not shown), but
average median axon profile lengths (Fig. 2D) were significantly longer in the treadmill
trained mice than in untrained controls (ANOVA, F=4.72, DF= 10, LSD test, p < 0.05) at all
three times. Thus, modest treadmill training applied for two weeks resulted in enhanced
axon regeneration and this enhancement persists past the termination of the training period.

Effects of altering the environment surrounding regenerating axons

We studied the effects of treadmill training when regenerating axons were constrained to
grow into an experimentally manipulated environment. We showed previously (English et
al., 2005) that regenerating axons grew very poorly through grafts from NT- 4/5 knockout
mice. The original background strain of the NT-4/5 knockout mice is different (129) from
that of the thy-1-YFP-H (host) mice that we use (C57B6). In our previous experiments with
NT-4/5 knockout mice we used direct descendents of the founders that we obtained from the
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Jackson Laboratories because differences in major histocompatability complex antigens
between these strains that might give rise to graft rejection are minor (Evans et al., 1994).
However, in an attempt to eliminate any effects of these strain differences that are not
immunological, all of the NT-4/5 knockout mice used in the present study were back crossed
extensively to C57B6 mice. The distribution of lengths of profiles of axons of thy-1-YFP-H
host mice that had regenerated into grafts from these mixed-strain NT-4/5 knockout mice is
shown in figure 3A. In marked contrast to our previous findings, we found that regenerating
axon profile lengths were slightly longer under these circumstances than in controls (nerves
in untrained wild type mice repaired with grafts from wild type mice). For axon profile
lengths <4000 pm, no significant differences were noted (U-test, p=0.13), while for axon
profile lengths >4000 um, a significant (U-test, p<0.01) shift toward longer lengths was
noted. Overall median axon profile lengths are not significantly different (ANOVA F=25.57,
DF=5, LSD, p=0.37) from that of controls (Fig. 3C). Thus, although we cannot rule out
entirely that any effects we observed previously were due to the lack of NT-4/5 in the grafts
from strain 129-based NT-4/5 knockout mice, it is clear that differences in background
strain are profound.

Poor growth of regenerating axons through acellular grafts is well-documented (Nadim et
al., 1990; Sondell e? al., 1998; Ghalib et al., 2001; Krekoski et al., 2001; English et al.,
2007). This poor growth during the first two weeks following nerve transection and repair is
noted in our data by a statistically significant (U-Test, p< 0.01) shift to the left in the
distribution of axon profile lengths (Fig. 3B) and significantly (ANOVA F=17.61, DF=5,
LSD, p< 0.004) smaller average median axon profile lengths (Fig. 3C).

If animals whose cut nerves were repaired in this manner are treated with modest daily
treadmill training a different outcome is obtained. The distributions of axon profile lengths
measured in these mice two weeks following transection and surgical repair of the CF nerve
(Fig 3A: NT-4/5 KO & Trained; Fig. 3B: AC & Trained) are shifted significantly (U-Test,
p< 0.01) to the right of both their appropriately matched untrained controls (Fig 3A: NT-4/5
KO & Untrained; Fig. 3B: AC & Untrained) and to that of untrained animals whose cut
nerves had been repaired with grafts from wild type donor mice (Fig. 3A, B: WT &
Untrained). These differences are noted in the much larger average median axon profile
lengths in all of the treadmill trained mice (Fig. 3C). Among these groups of mice, only very
small (and not statistically significant) differences in average median axon profile lengths
were found (Fig. 3C). These findings are strong evidence that the effects of treadmill
training on enhancing axon regeneration occur independent of the environment surrounding
the regenerating axons.

Treadmill training and axon regeneration in the NT-4/5 knockout mouse

Enhancement of axon regeneration produced by brief electrical stimulation has been shown
to depend on the availability of NT-4/5 in cells of the proximal nerve segment (English ef
al., 2007). To investigate whether the same dependence might underlie the effects of
treadmill training, we studied axon regeneration in NT-4/5 knockout mice. We bred thy-1-
YFP-H mice with mixed strain NT-4/5 knockout mice, and then back-crossed offspring until
homozygous knockout mice carrying the transgene were obtained. We then cut and repaired
CF nerves in these mice using grafts from non-fluorescent wild type or mixed strain NT-4/5
knockout mice. Half of these mice were subjected to two weeks of daily treadmill training
and half served as untrained controls. Four nerves were studied in each of these treatment
groups.

The distributions of regenerating axon profile lengths in NT-4/5 knockout mice are shown as
cumulative histograms in Figure 4 A & B. In panel A data from mice repaired with grafts
from wild type mice are shown. Data from mice in which cut nerves were repaired with
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grafts from NT-4/5 knockout mice are summarized in panel B. Median axon profile lengths
measured in these groups of mice are shown in figure 4C. If regenerating axons from
NT-4/5 knockout mice are constrained to grow through grafts from wild type mice, axon
regeneration is enhanced. The distribution of axon profile lengths is shifted significantly (U-
test, p< 0.05) to the right of untrained wild type mice whose nerves were repaired with grafts
from wild type donors (Fig.4A: compare dark grey circles to black circles). The extent of
this shift is similar to that observed in wild type mice that were trained for two weeks (Fig.
4A: compare dark grey circles to white circles). This is noted also in comparing median
axon profile lengths in these groups (ANOVA, F=5.52, DF=6, p<0.01)(Fig. 4C). However,
if cut nerves from NT-4/5 knockout mice are repaired with grafts from wild type mice and
then subjected to two weeks of treadmill training, there is no significant difference in the
distributions of axon profile lengths from those of untrained wild type mice whose nerves
were repaired with grafts from wild type donors (Fig. 4A: compare light grey circles to
black circles, Fig. 4C: medians). If cut nerves from NT-4/5 knockout mice are repaired with
grafts from NT-4/5 knockout mice, regeneration is enhanced in neither untrained mice nor
treadmill trained mice (Fig. 4B,C). Thus, the enhancement of axon regeneration produced by
treadmill training is dependent on the availability of NT-4/5 in the proximal stump.

Discussion

A common reason given for the poor functional outcomes following peripheral nerve injury
in humans is the relatively slow growth of regenerating axons (Fawcett & Keynes, 1990;
Scholz et al., 2009). Using a mouse model of axon regeneration in injured peripheral nerves,
we have shown that modest treadmill training following transection and conventional
surgical repair of peripheral nerves results in a significant enhancement of axon regeneration
(Sabatier et al., 2008). We have combined that model system with mice null for the gene for
NT-4/5 to investigate the role played by this neurotrophin in the enhancement. Our principal
findings are that treadmill training enhances axon regeneration in cut peripheral nerves
irrespective of the environment through which they grow and that NT-4/5 in the proximal
stumps of cut nerves is implicated in the treadmill training-induced enhancement of axon
regeneration.

During axon regeneration in cut peripheral nerves, regenerating neurites form from axons in
the proximal stump, migrate past the injury site, and if they can invade endoneurial tubes,
they elongate in the distal stump. Because transformed Schwann cells in the distal stump
begin to express the trkB ligands, BDNF and NT-4/5, within the first week following nerve
transection (Funakoshi et al., 1993), it is widely held that regenerating neurite elongation is
promoted by these neurotrophins. The growth of regenerating axons is very poor if the
Schwann cells surrounding them are devoid of one or more of these neurotrophins or their
receptor (Boyd & Gordon, 2002; Gordon et al., 2003) or if the Schwann cells are destroyed
(Nadim et al., 1990; Sondell et al., 1998; Ghalib et al., 2001; Krekoski et al., 2001; English
et al., 2007). Brief topical application of either recombinant human BDNF or NT-4/5 to
transected nerves overcomes these deficits (English et al., 2005). In this study we observed
that if modest daily treadmill training is applied following nerve transection and repair,
regenerating axons grow robustly through grafts in which either no NT-4/5 is expressed by
transformed Schwann cells or no Schwann cells exist. The lengths of these regenerating
axons are similar to those measured in treadmill trained mice in which regenerating axons
grew through grafts from wild type mice, suggesting that the effects of the treadmill training
occurred independent of the Schwann cell environment of the regenerating axons. The
enhancing effects of treadmill training are thus dependent on cells in the proximal stump.

The results of our experiments studying axon regeneration in the NT-4/5 knockout mouse
are interpreted as evidence that the enhancing effects of treadmill training on axon
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regeneration include NT-4/5 in the proximal stump. A population of primary afferent
neurons does not survive to adulthood in the NT-4/5 knockout mouse, and some of these
NT-4/5 dependent neurons are present in lumbar dorsal root ganglia (Liu ef al., 1995; Liebl
et al., 2000). One might assume that in the NT-4/5 knockout mouse, only neurons whose
axons do not require NT-4/5 to stimulate their growth would have survived. Such an
hypothesis might be used to explain why, when cut nerves in NT-4/5 knockout mice are
repaired with nerve grafts from NT-4/5 knockout mice, axon regeneration is similar to wild
type controls. Other growth promoting molecules would be adequate. However, if cut nerves
in NT-4/5 knockout mice are repaired with grafts from wild type mice, axon regeneration is
enhanced relative to controls. The simplest interpretation of this finding is that even though
regenerating axons in the NT-4/5 knockout mouse have never interacted with NT-4/5, they
must be capable of responding to NT-4/5 in their environment, presumably produced by
transformed wild type Schwann cells in the grafts. In either of these host-graft scenarios,
treadmill training was ineffective in enhancing axon regeneration, suggesting that NT-4/5 in
the proximal stump is one molecule responsible for the enhancing effects of treadmill
training.

The results presented above are strikingly similar to those we have published on the role of
NT-4/5 in enhancing axon regeneration using brief electrical stimulation (ES). Gordon and
colleagues (Al-Majed et al., 2000) have shown that application of as little as one hour of ES
at the time of repair of a peripheral nerve results in an enhancement of axon regeneration.
Using the same combination of transgenic and knockout mice, we showed that this
enhancement was independent of the environment of the regenerating axons and dependent
on NT-4/5 in the cells of the proximal stump (English et al., 2007). Since blocking neural
transmission proximal to the site of ES also eliminates its enhancement of axon regeneration
(Al-Majed et al., 2000), we proposed that the most likely source of NT-4/5 in the proximal
stump is in the regenerating axons themselves (English et al., 2007). We thus concurred with
Gordon and colleagues (Al-Majed et al., 2000) that the effectiveness of ES may be the result
of an autocrine/paracrine neurotrophin stimulation of axon elongation. We postulated that
this stimulation involved neuronal NT-4/5 (English et al., 2007).

In the present study, neurons whose axons are regenerating are presumed to have been
activated by the spinal circuitry related to the generation of treadmill locomotion, so that we
cannot infer the source of origin of enhancement of axon regeneration as simply as with ES.
Although it is well established that treadmill exercise results in an increased expression of
BDNF in spinal motoneurons (Gomez-Pinilla et al., 2001; Ying et al., 2008), any effects of
exercise on its synthesis by non-neuronal cells in the proximal stump are not known. Similar
measurements of the effects of treadmill training on the expression of NT-4/5 in neurons or
non-neuronal cells are not yet available. Until we are able to knock out NT-4/5 or/and
BDNF in a cell type specific manner we will not be able to determine the extent to which
Schwann cells, neurons, or other cell types in the proximal stump might mediate the effect
of treadmill training.

We believe that the results presented above are further evidence for the existence of two
distinct neurotrophin signaling mechanisms regulating axon regeneration. Elongation of
regenerating neurites could be stimulated by the release of neurotrophins from Schwann
cells in the environment surrounding them (Funakoshi ef al., 1993), a classical retrograde
signaling pathway. Alternatively, neurotrophins could be released by cells in the proximal
nerve segment, either the regenerating axons themselves or surrounding non-neuronal cells.
This would then lead to autocrine/paracrine enhancement of axon regeneration. Under most
circumstances, the former mechanism seems to predominate, but the latter mechanism can
be invoked by ES or treadmill training.
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We have confined most of our observations to NT-4/5 because the NT-4/5 knockout mouse
is viable and fertile and can be used in our experiments. Mice homozygous null for BDNF
die as neonates (Ernfors et al., 1994) so that they cannot be used in our experiments. If cut
nerves in thy-1-YFP-H mice are repaired with grafts from heterozygous BDNF knockout
mice, axon regeneration is not different from controls (English et al., 2005). It is possible
that BDNF in cells in the proximal stumps of cut nerves plays a role similar to or even more
important than that proposed for NT-4/5 in enhancing axon regeneration following either ES
or treadmill training. This hypothesis is especially attractive given the large increase in
BDNF expression found in neurons following treadmill training.

Acknowledgments

This work was completed with support from grant NS057190 from the USPHS. Manning J Sabatier was supported
by the USPHS NIH Institutional Research and Academic Career Development grant, K12 GM00680-05. Thanks to
W. L. Gore & Associates, Inc., for the gift of the Gore-Tex tubing. Thanks to Saiyaka Heno and Hasan Saiyed who
helped with some of the treadmill training. Special thanks to Dr. Jennifer Wilhelm for her insightful comments on
the manuscript.

Abbreviations
BDNF brain derived neurotrophic factor
CF common fibular
ES brief electrical stimulation
IP intraperitoneal
LSD Fisher's least significant difference
NT-4/5 neurotrophin-4/5
p75NTR common neurotrophin receptor
trkB neurotrophic tyrosine kinase, receptor, type 2
U-test Mann Whitney U test
YFP yellow fluorescent protein
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Figure 1.

Diagram of experimental design. One of the two main terminal branches of the sciatic nerve,
the common fibular (CF) nerve, was cut in thy-1-YFP-H mice and repaired with a graft
harvested from the common fibular nerve of a non-fluorescent, strain matched donor mouse.
The two ends of the graft were aligned with the cut stumps of the host mouse and secured in
place using fibrin glue.
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Figure 2.

The effects of treadmill training on axon regeneration in cut and repaired nerves are shown.
Panels A—C contain cumulative frequency histograms of axon profile lengths measured at
different times after nerve repair. The distributions shown in each graph are of the lengths of
YFP+ axon profiles measured in treadmill trained mice (white circles) or in sedentary
controls (black circles). Each point in each histogram represents the average of four nerves.
The sizes of the bubbles in these graphs are proportional to the SEM of each point (N=4). In
Panel D, the average median axon profile lengths (:SEM) are shown for the same groups of
mice.
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Figure 3.

The effects of manipulating the environment surrounding regenerating axons on
enhancement of axon regeneration produced by treadmill training are shown. Panels A and
B are cumulative histograms of axon profile lengths measured two weeks after transection
and surgical repair of the common fibular nerve. Each point in each histogram represents the
average of four nerves. The sizes of the bubbles in this graph are proportional to the SEM of
each point (N=4). Black bubbles represent the distributions of axon profile lengths in
untrained mice in which the cut nerve was repaired with a graft from a wild type donor
mouse. The white bubbles represent the distribution of axon profile lengths measured in
treadmill trained mice in which the cut nerve was repaired with a graft from a wild type
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donor mouse. These are the same data as shown in figure 2B. In panel A, data are presented
in a similar format (light grey bubbles = untrained, dark grey bubbles = treadmill trained)
from mice in which the cut CF nerve was repaired with a graft obtained from an NT-4/5
knockout mouse. In panel B, data are presented in a similar format (light grey bubbles =
untrained, dark grey bubbles = treadmill trained) from mice in which the CF nerve had been
cut and repaired with acellular nerve grafts. The graft type used and the treatment applied
are shown in the legend. In panel C, average (+SEM) median axon profile lengths are shown
for all six groups.
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Figure 4.

The effects of treadmill training on axon regeneration in NT-4/5 knockout mice are shown.
Panels A and B are cumulative histograms of axon profile lengths measured two weeks after
transection and surgical repair of the common fibular nerve. Each point in each histogram
represents the average of four nerves. The sizes of the bubbles in this graph are proportional
to the SEM of each point (N=4). Black bubbles represent the distributions of axon profile
lengths in untrained mice in which the cut nerve was repaired with a graft from a wild type
donor mouse. The white bubbles represent the distribution of axon profile lengths measured
in treadmill trained mice in which the cut nerve was repaired with a graft from a wild type
donor mouse. These are the same data as shown in figure 3 A & B. In panel A, data are
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presented in a similar format (light grey bubbles = untrained, dark grey bubbles = treadmill
trained) from NT-4/5 knockout mice in which the cut CF nerve was repaired with a graft
obtained from a wild type donor mouse. In panel B, data are presented in a similar format
(light grey bubbles = untrained, dark grey bubbles = treadmill trained) from NT-4/5
knockout mice in which the cut CF nerve was repaired with a graft obtained from an NT-4/5
knockout donor mouse. The Host-Graft combination and the treatment applied are shown in
the legend. In panel C, average (+SEM) median axon profile lengths are shown for all six
groups.

Eur J Neurosci. Author manuscript; available in PMC 2012 June 1.



