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Mohammed Barham'*, Jonas Andermahr ® 2, Henryk Majczynhski?,
Urszula Stawinska®, Johannes Vogt!* and Wolfram F. Neiss®

1Department Il of Anatomy, University of Cologne and University Hospital of Cologne, Cologne, Germany,
2Kreiskrankenhaus Mechernich, Mechernich, Germany, *Nencki Institute of Experimental Biology, Polish
Academy of Sciences, Warszawa, Poland, *Cluster of Excellence for Aging Research (CECAD) and Center of
Molecular Medicine Cologne (CMMC), University of Cologne, Cologne, Germany, °Department | of Anatomy,
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Background and purpose: After peripheral nerve lesions, surgical reconstruction
facilitates axonal regeneration and motor reinnervation. However, functional recovery
is impaired by aberrant reinnervation.

Materials and methods: We tested whether training therapy by treadmill exercise (9
x 250 m/week) before (run—idle), after (idle—run), or both before and after (run—run)
sciatic nerve graft improves the accuracy of reinnervation in rats. Female Lewis rats
(LEW/SsNHsd) were either trained for 12 weeks (run) or not trained (kept under control
conditions, idle). The right sciatic nerves were then excised and reconstructed with
5 mm of a congenic allograft. One week later, training started in the run—run and idle—
run groups for another 12 weeks. No further training was conducted in the run—idle
and idle—idle groups. Reinnervation was measured using the following parameters:
counting of retrogradely labeled motoneurons, walking track analysis, and compound
muscle action potential (CMAP) recordings.

Results: In intact rats, the common fibular (peroneal) and the soleus nerve received
axons from 549 4 83 motoneurons. In the run—idle group, 94% of these motoneurons
had regenerated 13 weeks after the nerve graft. In the idle-run group, 81% of the
normal number of motoneurons had regenerated into the denervated musculature
and 87% in both run—run and idle—idle groups. Despite reinnervation, functional
outcome was poor: walking tracks indicated no functional improvement of motion in
any group. However, in the operated hindlimb of run—idle rats, the CMAP of the soleus
muscle reached 11.9mV (normal 16.3 mV), yet only 6.3-8.1 mV in the other groups.

Conclusion: Treadmill training neither altered the accuracy of reinnervation nor the
functional recovery, and pre-operative training (run—idle) led to a higher motor unit
activation after regeneration.

KEYWORDS

motoneuron, sciatic nerve, nerve regeneration, misdirected reinnervation, physical exercise,
recovery of function

1. Introduction

The ultimate goal of nerve repair is the morphological and functional recovery of the
motor and sensory systems. Numerous investigations were conducted in either the sciatic nerve
or the common fibular [peroneal] nerve to estimate the quality and quantity of regeneration
and recovery of function using retrograde neuronal labeling, stereology, and electrophysiology
(1-13), walking track measurements (5, 13-18), and video analysis of gait methodologies
(10, 19-22).
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Accuracy of motor and sensory reinnervation remains a major
challenge after peripheral nerve transection. The regenerating axons
tend to re-grow incorrectly and thus miss the original target (23,
24). Although motoneurons preferentially reinnervate motor nerves
(25, 26), they do not reinnervate the motor endplates of the original
muscle fibers. This misdirection of reinnervation in cranial and
spinal nerves dramatically changes the myotopic organization of
central motor nuclei (3, 4, 27-34). This results in an auto-paralytic
syndrome (24, 35, 36) or other permanent functional deficiencies
(3,4, 35,37, 38). Since the pioneering work of Otto von Biingner (39),
there is considerable, yet contradictory, evidence that rehabilitation
after peripheral nerve injury by adequate exercise may contribute to
functional recovery (40, 41).

Several researchers have reported a positive effect of training
following nerve crush or injury. This training included both an
elevated source of drinking water (17, 39, 40, 42, 43) and balance
and coordination training (44-46). However, no significant training
effect on sensorimotor function was observed after sciatic nerve crush
followed by endurance training (47). A detrimental training effect was
even reported by van Meeteren et al. (48).

Following nerve axotomy, a beneficial training effect has been
described (49-53). No training effect using forearm stimulation or
whole-body vibration was seen by Sinis et al. (54) and de Oliveira
Marques et al. (55), respectively. A negative training effect, that is,
better recovery of the SFI (sciatic functional index) in idle than in
trained rats was reported by Rustemeyer et al. (56).

Treadmill training has been used in several previous studies of
sciatic nerve transection (45, 52) or sciatic nerve graft (56). This
investigation differs from those markedly in two ways: First, no one
has previously studied the training effect on healthy animals before a
nerve lesion. Does better fitness at the onset of neuronal regeneration
make a difference in recovery? Second, we have trained rats until 13
weeks after surgery; only two other investigations report a similar
duration of treadmill training. Rustemeyer et al. (56) trained rats
for 16 weeks after sciatic nerve graft but only animals with FK506
therapy. Maqueste et al. (49) trained for 10 weeks after peroneal
nerve suture but focused on axonal regeneration of mechano- and
metabosensitive muscle afferents. For these reasons, this study was
designed to analyze the effects of treadmill training on the onset of
neuronal regeneration in healthy animals before a nerve lesion and
the effects of prolonged treadmill training on functional recovery
after sciatic nerve graft.

2. Materials and methods

2.1. Experimental design

All experimental procedures were performed according to
the guidelines of the European Union Council (86/609/EU),
and all experimental protocols were approved by the Local
Animal Protection Committee (Bezirksregierung Ko6ln, Az. 50.203.2-
K35, 34/2001). Thirty-two adult, female, and Lewis rats (175-
200g; LEW/SsNHsd, Harlan, Bicester, England) were used for
experimentation, and eight age-matched, male Lewis rats were used
as congenic nerve donors. Throughout the study, all animals were
fed standard laboratory food (Ssniff, D-59494 Soest, Germany) and
tap water ad libitum. All animals were maintained on an artificial
light-dark cycle of 12h on and 12 h off.
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The experimental animals were divided into four groups of eight
rats each: run-run, run-idle, idle-run, and idle-idle. All groups
received identical surgery but different physical exercises. They either
received treadmill training (run) or no training (idle) for 12 weeks
before and/or 12 weeks after the nerve transplant, starting 1 week
after surgery. During the 12-week training, walking track analyses
were performed to assess the differences in recovery of function. The
evoked compound muscle action potential (CMAP) was recorded
directly before nerve transection and once again 13 weeks post-
transplantation. After the second set of CMAP recordings, retrograde
fluorescent labeling was applied to count the number of regenerated
sciatic motoneurons and assess the accuracy of reinnervation.

2.2. Physical exercise before surgery

Sixteen experimental rats (run-run and run-idle groups) were
trained on a 5-lane treadmill (Panlab LE 8710R; www.panlab.com)
for 12 weeks. During the first 4 weeks, each training session (two
times per day at 08.00 and 16.00; nine sessions/week) began at a speed
of 3 m/min that was gradationally increased to 6, 9, 12, 15, and 18
m/min, and then decreased by the same increments. The animals ran
75 m/session during the first week, 100 m during the second, 125 m in
the third week, and 150 m during the fourth week. During weeks 5-
12, the animals ran 250 m/session (9 x 250 m/week), reaching up to
30 m/min. All rats adapted to the treadmill well (see results). Pending
the 12 weeks, the other 16 experimental rats (idle-run and idle-idle
groups) and the eight age-matched donor rats were kept sedentary.
Namely, two rats per cage were kept-and allowed to ambulate—in
type IIIH cages [L425 mm x W265mm x H180 mm with 800 cm’
floor area (Bioscape, Rauxel, 44579 Germany)] in the same animal
room as the rats in training.

2.3. Sciatic nerve graft

The
microscope (Carl Zeiss) after an intraperitoneal injection of

microsurgery was performed under an operating
0.05ml Ketanest/Rompun per 10g body weight [100 mg Ketanest
(WDT, D-30827 Garbsen, Germany) plus 10 mg Rompun (Bayer
AG, 51368 Leverkusen, Germany) per kg body weight, that is, 1.0 ml
Ketanest 100 mg/ml plus 0.5ml Rompun 20 mg/ml mixed with
3.5ml NaCl 0.9%]. In all 32 experimental rats, the CMAP of the
sciatic nerve was measured on both the left and the right sides. On
the right experimental side, after exposure of the sciatic nerve, a
5-mm long segment of the nerve was excised between the greater
trochanter and the sciatic trifurcation. The continuity of the nerve
was reconstructed with a 5-mm long fresh sciatic nerve graft from an
age-matched, congenic donor rat by applying two 11-0 atraumatic
sutures (Ethicon EH 7438G, D-22851 Norderstedt, Germany). For
reconstructive surgery, each donor rat was anesthetized (see above),
and four 5-mm long segments, that is, two of the left and two of the
right sciatic nerve were successively excised and later implanted into
four experimental animals. After the excision of the nerve grafts, the
donor rats were immediately euthanized by cervical dislocation.
LEW/SsNHsd is an inbred rat strain in which congenic
heterologous transplants behave like autologous transplants. Neither
in this nor in a previous study (5), we have encountered immune
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reactions up to 12 weeks after the sciatic nerve transplant. Similarly,
automutilation did not occur in the LEW/SsNHsd rats (16, 57, 58).

2.4. Physical exercise after surgery

The run-idle and idle-idle groups were kept sedentary for 13
weeks of axonal regeneration. The run-run and idle-run groups
were also kept sedentary for 1-week post-operation to allow for
undisturbed wound healing. Then, training was resumed in run-run
group (9 x 250 m/week) and was initiated in idle-run group for
12 weeks.

The rats with preoperative training promptly started running
again and did not require reinforcement by the electric grid. Training
of the idle-run rats was started gradually, exactly as the training in
the run-run and run-idle groups before the surgery. All training
sessions were closely supervised by Dr. Barham as the veterinarian,
and animals that occasionally showed signs of fatigue were excepted
from the session.

2.5. Walking track analysis

To estimate the functional recovery of gait, we have analyzed
walking tracks strictly identical as described by Barham et al.
(5). We used the program FOOTPRINTS [version 1.22, free
university license (59)] for measuring the walking tracks and
FOOTPRINTS STATISTICS (Robert A. Neiss; version 13-1, free
license: neiss.anatomie@uni-koeln.de) for mathematical processing.

The Sciatic Functional Index (SFI) (14, 60) of each rat was
calculated from walking tracks obtained 10 times before injury
(normal values), immediately after nerve graft (paralysis values),
and then a further 12 times post-operation (recovery values). For
the recording of walking tracks, we used a 1-m long wooden ramp
(30° inclination) with a small dark chamber at the top end. The
track was covered with a white paper strip. The plantar surfaces of
both hind paws were painted with a solution of black food coloring
(mixture of European food colors E135, E104, E110, and E125) made
sticky with powdered sugar (15 ml of food coloring + 120 g of sugar
powder), and then the rat walked or in the case of lesioned animals
rather crawled up the ramp into the top chamber. Footprints of
hind paws left a stark contrast on white paper (21, 61); one strip
contained seven to eight prints of each paw. The walking tracks
were digitized, binarized, and converted to a resolution of 75 dpi as
required for FOOTPRINTS.

Using FOOTPRINTS Print Length (PL), Total Spreading (TS,
distance from the first to the fifth toe) and Intermediary Spreading
(IS, distance from the second to the fourth toe) were measured for
each normal (N) left and each experimental (E) right footprint (see
Supplementary material 1). For each track, the mean value of 7-8
footprints of the normal side (NPL, NTS, and NIS) and the mean
of the experimental side (EPL, ETS, and EIS) were calculated. In
addition, the most important factor of the SFI (62), the normal step
length, was measured from the left to the right, i.e., the distance from
a stance on the normal left hind limb to the forward movement of the
experimental right hind limb [Normal To Opposite Foot (NTOF)],
and the experimental step length was measured from right to left
[Experimental To Opposite Foot (ETOF)]. The lesioned hind limb is

Frontiersin Neurology

10.3389/fneur.2022.1050822

weakened and cannot support the body weight during stance as well
as the normal hind limb, resulting in an often much smaller ETOF
than NTOF. ETOF minus NTOF is a direct measure of limping. The
maximal values of NTOF and ETOF of each track were used for the
SFI, not the mean (62). Using the average of means of eight tracks, the
Sciatic Functional Index (14) was calculated as follows:

— ETOF — NTOF  NPL — EPL N ETS — NTS
- NTOF EPL NTS
EIS — NIS
+—————" ) =4 x 220
NIS

The measurements of ~4,100-4,700 footprints of the 616 walking
tracks were carried out by specially trained technicians. To prevent
observer bias, all mathematical processing was performed by another
person, and only after raw data collection of walking tracks
and the counting of labeled motoneurons on coded sections had
been completed.

2.6. Motor nerve conduction test

Using Neuropack 2 (www.nihonkohden.com), the evoked
compound muscle action potential of the soleus muscle was
measured on both sides first, immediately before nerve graft
(normal CMAP) and second, directly before neuronal labeling
CMAP). Under
anesthesia, the sciatic nerve was exposed at the mid-thigh through

(regenerated/contralateral Ketanest/Rompun
a gluteal muscle-splitting incision. A muscle pouch was formed and
filled with 3-4ml of paraffin oil as an electrical isolator. Then, a
bipolar needle electrode was inserted into the soleus muscle laterally
bypassing the gastrocnemius muscle [see Figures 100, 101 in Greene
(63)]. Great care was taken that both uninsulated tips of the electrode
had no contact with the gastrocnemius muscle but exclusively
positioned in the soleus muscle. A flush-tip monopolar stimulator
was placed onto the sciatic nerve directly proximal to the transplant,
5mm distal to the spine on the control side. The duration of the
stimulus was 0.2 ms at the supramaximal intensity of 2.6 mA. The
recording analysis time was 20 ms with 10-1,000 uV sensitivity and
filters of 20-3,000 Hz. We measured the amplitude (the peak-to-peak
height of the main evoked electromyography waveform, excluding
late waves) and latency of muscle contraction (delay of the peak
wave). All measurements were repeated 10 times.

2.7. Retrograde fluorescent neuronal
labeling

Thirteen weeks post-transplantation, sufficient time for sciatic
nerve regeneration and muscle reinnervation in rats (1, 3-5), the
final walking track was recorded. The animals were re-anesthetized
and the second set of CMAP data was recorded on the left and right
sides. In addition, on the right side, the common fibular (peroneal)
nerve was transected 10 mm proximal to the fibular head, and the
soleus branch of the tibial nerve was close to its entrance into
the soleus muscle. A few crystals of Dil (1,1’-Dioctadecyl-3,3,3,3'-
Tetramethylindocarbocyanine Perchlorate; Molecular Probes, The
Netherlands; cat, no, D-282) were applied to the proximal stump
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of the common fibular nerve and some crystals of Fast-Blue (FB;
EMS-Chemie, D-64823 Grof3-Umstadt, Germany) were applied to
the proximal stump of the soleus nerve. Both fluorescent tracers were
always applied distal to the transplant site. Care was taken to avoid
bleeding and thus blood diffusion of the fluorescent dyes. Figure 1
(intact rat) shows that cross-diffusion of tracers did not occur.
Fourteen days later, all rats were transcardially perfused with 4%
formaldehyde in 0.1M phosphate buffer of pH 7.4. The lumbosacral
spinal cord [L2-S2; the rat sciatic nerve that originates from L4-L6
(64)] was removed and postfixed overnight at 4°C by immersion
in the same fixative. The spinal cord was longitudinally cut into
a complete series of 36-40 vibratome sections of 50 um thickness
(Leica VT 1000-S), as the fibular communal nerve nucleus and the
soleus nerve nucleus encompass 22-30 sections of 50 pm thickness.
Then, all sections were collected, mounted, air-dried, and stored
in the dark at 4°C until microscopy. Images for neuron counting
(1,300 x 1,030-pixel, 3.8 MB) were recorded within the first 24 h
after cutting with a Zeiss Axioskop plus ProgResC14 CCD camera
(D-07743 Jena, Germany, www.jenoptik.com), using a Zeiss Plan-
Neofluar 10x.

Sections were observed through shift-free AHF filter sets:
www.ahf.de F11-013 for Fast Blue (FB; blue) and F41-003 for
Dil (yellow/orange). Two TIFF images were recorded per field
of view. The full length of the labeled motoneuron columns was
covered by tiling the image frames. Using Image-Pro Plus 6.3
(www.mediacy.com: Rockville, Maryland USA 20852) and employing
the physical fractionator (65), all retrogradely labeled motoneurons
with a visible cell nucleus were counted in every second section (66),
throughout the spinal cord. The counting of labeled neurons was
performed on the operated side in separate and superimposed image
files (4, 67). For a detailed discussion of the stereology, see Note on
cell counting in: Valero-Cabré et al. (3).

2.8. Statistical evaluation

All values are expressed as the mean + standard deviation.
Separate one-way ANOVA tests were used to analyze the effect of the
training groups on the number of spinal motoneurons innervating
the dorsiflexor muscles (Dil-label), respectively, the plantar flexor
muscle (FB-label) of double-labeled motoneurons (Dil + FB label),
as well as the total number of labeled neurons per animal. The
training effects on SFI and of the motor nerve conduction tests
were analyzed with a repeated measure two-way ANOVA with two
factors: (1) Pre- and post-nerve graft and (2) type of training,
followed by post hoc Fisher’s LSD tests. In all tests, p < 0.05 was
considered significant.

3. Results

3.1. General observations on treadmill
training

All rats, those with training before nerve injury (run-run and
run-idle groups), as well as those with training exclusively after nerve
transection and repair (idle-run group), were accustomed to the
treadmill. Most of the rats required a single contact with the electric
grid before perpetually running on the treadmill during subsequent
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Run-Idle ~ Idle-Idle Idle-Run
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-
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B C D

FIGURE 1

Retrograde labeling of motoneurons in the lumbar spinal cord. (A)
Normal rat, without graft transplantation, shows highly ordered
columns of motoneurons of dorsiflexor muscles (yellowish-orange)
retrogradely labeled by Dil applied to the common fibular nerve and
plantar flexor motoneurons (blue) retrogradely labeled by Fast-Blue
(FB) applied to the soleus nerve, indicating correct myotopic
organization of motoneurons in the ventral (anterior) horn of the
lumbar spinal cord (L3-L6). (B—E) These four images demonstrate
chaotic and randomly misdirected regeneration of the common
fibular and soleus nerves and complete loss of lumbar myotopy in all
groups that received a 5-mm allograft nerve transplant. Note the
random salt and pepper distribution of the retrogradely labeled
motoneurons innervating the plantar flexor (blue labeling) and
dorsiflexor (yellow labeling) muscles. Objective 10x, scale bar 1 mm

sessions (except when exhausted, see below). When lifted to the
treadmill, the animals jumped rather eagerly into their lanes. The
distance of 250 meters per track was performed at a maximal 30
m/min, that is, ~11-min run, including a lower speed of warm-up,
a procedure, which was manageable for all rats. However, after two
sessions per day, a few trained rats showed signs of exhaustion. These
signs included ceasing to run and resting on the disconnected electric
grid, especially in the afternoon sessions. With 16 rats in training,
that is, 16 x 9 runs = 144 training runs per week, this occurred
to ~3-5 rats per week. These rats were immediately returned to
the cage, and in all cases of exhaustion, they resumed running—
without problems—on the following day. In daily controls by a
veterinarian specialist in experimental animal husbandry, exercised
rats seemed less prone to obesity and appeared more vigilant than
idle animals.
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TABLE 1 Number of retrogradely labeled spinal motoneurons.

10.3389/fneur.2022.1050822

Animal groups  Dil-labeled neurons FB-labeled neurons Double- Total Number of neurons

innervating innervating plantar labeled (Dil+FB) (% of normal count)
dorsiflexor muscles flexor muscles neurons

Normal rats™ 443 £ 74 106 £ 23 Zero 549 + 83 100%

Run-idle 3524139 126 + 53 37+28 515+ 193 93.9%

Run-run 379 499 86 % 36 10+5 476 +99 86.6%

Idle-idle 364 + 54 101 + 39 15410 480 + 94 87.4%

Idle-run 352+ 68 85+23 10+7 453+ 76 82.4%

Dil-labeled motoneurons of the dorsiflexor muscles projecting through the common fibular nerve and Fast Blue-labeled motoneurons of the plantar flexor muscles projecting through the soleus nerve

in untreated animals and rats that had or had not received 12 weeks of treadmill-training before and/or after sciatic nerve graft (mean 4 SD). Double-labeled motoneurons innervating dorsiflexor

and plantar flexor muscles at the same time (mis-sprouting) were found in all rats that had received nerve surgery but not in intact animals. The right column shows the total number of motoneurons

that were regenerated 91 days after nerve surgery. *Our previous data from six normal Lewis rats (5).

3.2. Regeneration of motoneurons

Ninety-one days after the nerve graft, the animals were
reoperated for the placement of electrodes for the second set of motor
nerve conduction measurements (see Section 3.4), and subsequently
the application of neuronal tracers. During this surgery, no signs
of neuroma formation were observed at or distal to the site of the
nerve graft.

As in our previous studies (3-5), we retrogradely labeled
the transected soleus nerve with Fast Blue (FB) and the
cut common fibular nerve with Dil. Hereby, we stained all
muscle as an
important plantar flexor (FB blue labeling in Figure 1), while

spinal motoneurons innervating the soleus
Dil (yellow/orange labeling in Figure 1) labeled the motoneurons
of most dorsiflexor muscles of the foot and toes (anterior tibialis,
extensor digitorum longus and brevis, and extensor halluces
longus muscles).

In normal female Lewis rats, 443 & 74 motoneurons projecting
through the common fibular nerve innervating the dorsiflexor
muscles, and 106 & 23 motoneurons projecting through the
soleus nerve innervating the plantar flexor muscles can be
labeled by this tracer application (5). In all operated groups,
the number of dorsiflexor motoneurons dropped to ~350-
380, while that of motoneurons innervating soleus muscle
decreased to ~85-125 (details see Table1). In addition, we
counted 37 £ 28 double-labeled neurons per rat in the run-
idle group but only 10-15 in the other three experimental
groups (Table 1). Such double-labeled neurons simultaneously
innervate both dorsiflexor and plantar flexor muscles, that is,
antagonistic muscles were never observed in normal, non-
operated animals—only after nerve injury and regeneration. The
change in neuron numbers after nerve lesion and regeneration
coincides with dramatic changes in the myotopic organization
of neurons.

In non-operated rats, the perikarya of motoneurons of
the dorsiflexor muscles projecting through the common
fibular nerve are localized in the lumbar segments L3-L5 as
a cylinder-shaped nucleus in the ventral horn close to the
white matter. The perikarya of plantar flexor motoneurons
projecting through the soleus nerve are found in lumbar
L5-L6, as a more
overlapping the motoneurons of the dorsiflexor muscles (Figure 1,
normal rat).

segments shorter  column, ventrally
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In all operated rats—regardless of the training modality—the
myotopic organization was replaced by a chaotic innervation, as
previously shown in tracing studies of the regenerated sciatic nerve
(3-5). Due to a misdirection of reinnervation, rats of all experimental
groups showed evidence of a complete loss of myotopic localization
of flexor and extensor motoneurons in the anterior horn of the
spinal cord (Figure 1). There was no difference in the number
and localization of misinnervating neurons among the run-idle,
run-run, idle-idle, and idle-run groups. Separate one-way ANOVA
tests showed no significant differences among all training types
regarding the number of (1) Dil-labeled motoneurons, (2) FB-
labeled motoneurons, and (3) the total number of labeled neurons
per animal.

In summary, neither the numbers (Table 1) nor the distribution
of labeled motoneurons along with the lumbar spinal cord (Figure 1)
indicates any effect of treadmill training on the morphological
outcome of neural regeneration.

3.3. Recovery of gait

A total of 616 walking tracks of 32 rats were condensed into the
dimensionless Sciatic Functional Index (14). In all rats, the SFI was
around zero (—0.2 to 1.4) with a symmetric normal gait (Figure 2,
uppermost track) before the lesion of the sciatic nerve. Immediately
after axotomy, the total and intermediate toe spreading (ETS and
EIS) on the injured side were greatly reduced in all experimental
groups. The print length (EPL) was increased compared with data
from the intact hind limb (N'TS, NIS, and NPL). The animals severely
limped with a step length from right to left (ETOF) of almost zero
(Figure 2, lower tracks). Immediately after the graft, the SFI dropped
to ~—60 (Figure 3), indicating complete paralysis of the transected
nerve (14). During regeneration, the SFI should increase with the
gradual restoration of muscle innervation (62); however, this did
not occur as expected. The SFI remained at a low level, ranging
from —35 to —69 (run-idle), —27 to —69 (run-run), —30 to —64
(idle-idle), and —16 to —63 (idle-run), as measured 13 times in a
3-91 day period after nerve reconstruction (Figure 3). There was no
indication of recovery of motor function after nerve repair (Figures 2,
3). This holds true for all animals, either trained or kept idle. Repeated
measure two-way ANOVA showed (1) no significant difference in SFI
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on the measurement of footprints, see Supplementary Figure 1.

Walking track analysis. Representative sets of footprints running from left to right. (A) This track was made by a trained normal rat (run—idle 1 day before
nerve transplant), with a symmetrical gait and well-splayed toes. (B) The second track presents the completely paralyzed right (operated) hind paw 5 days
after the sciatic nerve transplant. The four lowest tracks (C—F) were recorded 13 weeks after sciatic nerve surgery. The upper prints from the second to
the last track stem are from the intact left hind paw, and the lower are prints from the misdirectly reinnervated right hind paw. A comparison of the
run—idle tracks at 5 and 91 days after nerve transplantation shows no improvement in the motor control of the right foot and the gait pattern. For details

values during regeneration from 7 to 91 days after nerve graft and (2)
no significant difference between the four training types.

3.4. Motor nerve conduction test
measurements

The evoked compound muscle action potential on both, the right
and left sides, was recorded in all experimental animals immediately
before and 91 days after sciatic nerve reconstruction. In a pilot
study in our laboratory, the CMAP amplitude of the soleus muscle
was 16.5 £ 2.1mV and the latency of muscle contraction was

Frontiersin Neurology

2.1 £ 0.2ms in six normal Lewis rats. The mean preoperative
value of all 32 rats in the present study was 16.6 £+ 2.5mV
amplitude and the latency was 2.3 £ 0.2ms (average of means
+ SD). Within each group, there was no apparent difference in
the amplitude of CMAP and the latency of muscle contraction
between the right and left sides of each animal before sciatic axotomy
(Table 2).

Thirteen weeks after allograft transplantation, both CMAP
amplitude and latency on the left control side were about the same
as before the surgery (Table 2). On the right operated side, the
amplitude in the run-idle rats reduced to 73% of the preoperative
value, but this dropped to 37, 54, or 43% in the run-run, idle-idle, and
idle-run, respectively (Table 2 and Figure 4). The latency of muscle
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contraction on the right operated side was prolonged to 117-134% of
the preoperative value (Table 2).

On the left side, that is, the unoperated side repeated measure
two-way ANOVA showed (1) no significant difference in CMAP
amplitude and latency before and after nerve graft and (2) no
significant difference between the four training types.

On the right side, that is, the side of the nerve graft the same
tests showed for latency (1) a very significant difference before and
after the nerve graft, but (2) no significant difference between the
four training types. With regard to CMAP amplitude, the repeated
measure two-way ANOVA showed (1) a very significant difference
before and after the nerve graft and also (2) a significant difference
between the four training types. 91 days after the nerve graft, Post hoc
Fisher’s test showed no significant differences between idle-run and

——&— Run-ldle
20 + Run-Run
—¥— Idle-dle
—4— Idle-Run

Sciatic Functional Index (SFI)
A
o

0 7 14 21 28 35 42 49 56 63 70 77 84
Days after transplantation
FIGURE 3

Sciatic functional index. This synopsis of the SFI of 616 walking tracks
of 32 Lewis rats demonstrates no functional recovery at all. In each
group, the SFI drops sharply from the normal value of O immediately
after the sciatic nerve transplant and does not recover during 91 days
of regeneration (mean + SD, n = 8 rats/groups).

TABLE 2 Motor nerve conduction test measurements.

Normal intact rats

Animal groups Right side Left side

10.3389/fneur.2022.1050822

the three other training groups, but rather surprisingly a significantly
higher CMAP amplitude after run-idle training than after run-run
(p =0.012) or idle-idle (p = 0.011).

None of these data indicate a noticeable positive effect of
treadmill training on the accuracy of muscle regeneration (Figure 1)
and regain of function (Figures2, 3)—with the exception of the
increased CMAP amplitude in run-idle rats (p = 0.04).

4. Discussion

The ideal goal of any peripheral nerve reconstruction by
end-to-end suture is to achieve a correct realignment of nerve
fascicles and-theoretically-of the proximal and distal stumps of
the same axons. While the former is very difficult (68-71), the
latter appears impossible. There is no precise guide for the
resprouting growth cones of ~7,100 myelinated and 51,000 non-
myelinated axons comprising the regenerated sciatic nerve of an
adult rat (66). Inadequate pathfinding leads to motor synkinesis,
uncoordinated muscle movement, and/or sensory discrimination
(36, 72). Previously, we found that the rat sciatic nerve regenerates
almost as well with reconstructions delayed up to 1-year post-injury
as with immediate nerve repair (5).

4.1. Neuronal regeneration after nerve graft

In the present study, we created a major lesion, that is, 5mm
allograft transplantation, in contrast to the crush lesion of the sciatic
nerve performed in other studies (40, 43, 55). After regeneration,
the number of spinal motoneurons demonstrated with retrograde
labeling in the run-idle group was 94% of the normal values (549)
in intact rats, 87% in each run-run and idle-idle, or 81% in idle-
run. Hence, the training did not increase the number of regenerated
motoneurons 13 weeks after nerve surgery—contrary to reports
that are more favorable with shorter regeneration times. Molteni
et al. (73) reported that after 3 days of sciatic nerve crush and
regeneration, there were ~2x as many labeled neurons in the trained

91 days after nerve graft

Operated side Control side
(right) (left)

Amplitude of compound muscle action potential [mV]

Run-idle 163+ 3.6 17.2£5.0 11.9 £ 4.9 (73%) 188 £7.9
Run-run 173+ 42 17.3+5.2 6.3 3.4 (37%) 18.74+7.8
Idle-idle 12.1+£3.3 13.6 2.5 6.5 £ 2.2 (54%) 193 £5.6
Idle-run 189+£39 20.1 3.9 8.1 £2.0 (43%) 18.0+7.2
Latency of compound muscle action potential [ms]

Run-idle 23407 2.1+04 3.1 £0.7 (134%) 2.4+0.6
Run-run 2.6+0.5 21402 3.2+ 0.6 (124%) 24407
Idle-idle 2.7%+0.5 21405 32406 (117%) 2.1+£0.5
Idle-run 24403 23405 3.1 £0.4 (134%) 20403

CMAP amplitude and latency of the soleus muscle were measured in the same rats immediately before the transection of the sciatic nerve and again 91 days after the nerve graft (mean & SD,n =8
rats/group). Data in brackets are the percent of the preoperative value.
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Motor nerve conduction test (MNCT). The evoked compound muscle action potential of the soleus muscle was measured first immediately before nerve
transplantation in all four groups (normal CMAP, A-D), and second 91 days after sciatic nerve transplantation (regenerated CMAP, E=H).

mice as in the sedentary animals. English et al. (52) concluded
that following transection and application of fibrin glue on the
sciatic nerve, after 2 and 4 weeks of regeneration, ~120-240 labeled
motoneurons were counted in treadmill-trained mice and 20-150 in

Frontiersin Neurology

untrained mice. Overall, these data sets, in combination with ours,
suggest that training “enhances” or “accelerates” axon regeneration
in the early phase of regeneration but does not improve the final
functional outcome.
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4.2. Accuracy of muscle reinnervation and
assessment of functional outcome

In our study, the quantitative regrowth of motoneuron axons
distal to the sciatic nerve graft through the soleus and common
fibular nerves was distinctly successful in all rats after nerve repair.
However, the qualitative accuracy of reinnervation (Figure 1) and
the recovery of motor function (Figures 2, 3) proved unsuccessful.
The functional outcome, judged by SFI, was equally poor in all rats,
run-idle, idle-run, run-run, or idle-idle. Neither allograft nerve graft
(present study), end-to-end nerve suture, or artificial nerve conduit
have achieved correct myotopic reinnervation (2, 3, 7, 31-34). Even
cut and immediate suture of the thin (<0.2 mm) buccal branch of the
facial nerve in rats in close proximity to its target muscle causes severe
misdirection of reinnervation (34). The greatest benefit of motor
reinnervation is the restoration of muscle tonus and the reduction
of muscle atrophy.

In contrast to our present experiment, a crush lesion of the
nerve is a relatively minor injury that does not change the myotopic
organization of motoneurons in rats (3) and allows full recovery of
the SFI (74). After crush axons presumably resprout rather correctly
along with the bands of Biingner (39) back to their original targets
due to the guidance of basal lamina tubes (68). Nerve transection,
however, interrupts all basal lamina tubes, leads to the mis-sprouting
of axonal branches, and destroys myotopic reinnervation (Figure 1)
that cannot be compensated by central plasticity (75). In particular,
double-labeled neurons, that were never observed in intact animals,
simultaneously innervate fibers of the flexor and extensor muscles,
and thus cause an antagonistic inhibition, also referred to as auto- or
post-paralytic syndrome (3-6, 24, 27, 28, 76).

In several regeneration studies after sciatic nerve crush, forced
or voluntary exercise has been reported to improve functional
recovery, enhance the return of a sensorimotor function (40),
increase sensory axon regeneration (73), promote remyelination of
the injured nerve (77), and enlarge myofibril cross-sectional areas
and diminish collagen around muscle fibers (46). Staircase training
has improved task-specific performance as well as nonspecific motor
and sensorimotor activities following the contusion of the rat spinal
cord (78). Our long-term data after nerve graft that entail complete
transection of all nerve fibers greatly differ from these more favorable
results after sciatic nerve crush (40, 46, 73, 77). But why? If our
training regime had negatively influenced regeneration, the animals
in the idle-idle and the run-idle groups should have yielded better
outcomes than run-run and idle-run rats. This was definitively
not the case (Figure3 and Table 2). Our neuronal labeling data
prove that neural regeneration was complete and poor functional
recovery due to neither lack of repair [compare also (79)] nor overt
errors during the procedure. Hence, treadmill training, apparently
independent of stress, does not alter the recovery of function after
complete transection and regeneration of the sciatic nerve. The
only favorable new data of the present study is the beneficial
effect of preoperative training on the CMAP of the reinnervated
muscle. The amplitude of CMAP was about 16.4mV in healthy
intact rats. This value was dramatically decreased and the difference
was statistically significant after 91 days of regeneration in all
experimental groups with the exception of the run-idle group. The
run-idle group exhibited better contractility and strength of the
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soleus muscle compared with other groups. Our data prove that
physical fitness due to exercise before nerve injury has a beneficial
effect on healing—indeed a better effect than physical exercise
during regeneration.

5. Conclusion

Our data confirm with long observation times, ensuring complete
regeneration, that treadmill training after sciatic nerve injury has
neither beneficial nor harmful effects on muscle reinnervation and
recovery of motor function. We obtained no evidence that treadmill
training improves the accuracy of reinnervation.
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