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Numerous experimental data point to therapeutic effects of electrical stimulation of peripheral nerves. Stimulation of
low-threshold proprioceptive afferents to motoneurons (MNs) innervating the ankle extensor muscles of the rat increases
glutamatergic la MN inputs and spinal and muscle expression of neurotrophin-3, instrumental for proprioceptive
afferent-MN connections. We aimed to examine morphological consequences of the cuff electrode implanted around
the tibial nerve used for chronic stimulation which may cause unwanted effects through its long-lasting contact with the
nerve. We addressed also the questions if stimulation of low-threshold proprioceptive afferents may contribute to neural
damage, affect capillary vessels and macrophage morphology reflecting functional state of the nerve. Their consequences
on axonal and nerve ultrastructure have not been previously evaluated. To examine the effect of cuff electrodes and of
7-day low-threshold stimulation applied in the 4th week post-implantation on the tibial nerve, electrodes were implanted
bilaterally, and a stimulation was added unilaterally. Non-implanted group was the control. The counts of myelinated
axons, their cross-sectional area (>1 pm?2) and circularity were measured on photomicrographs captured with use of light
microscope from semi-thin Epon sections stained with toluidine blue. Ultrastructural observations with TEM included myelin,
axoplasm, Remak fibers, blood vessels, macrophages and fibroblasts. Four weeks after implantation of the cuff, the mean
cross-sectional area of the nerve, and counts, area and diameter of the myelinated fibers were lower compared to control.
The largest fibers located in the external parts of the main nerve branches and dispersed in small branches were changed
the most. No significant difference in either parameter between unstimulated (NS) and stimulated (S) nerve was found.
Axons in Remak bundles were dispersed comparably in NS and S nerves. Thinly myelinated fibers demonstrating features
of demyelination with remyelination were identified. We provide evidence that long-lasting presence of the cuff electrode
is not neutral for nerve structure, causing mild shrinkage of large myelinated axons and impairment of organization of
unmyelinated fibers. Since we demonstrated that low-threshold proprioceptive stimulation of the tibial nerve results in
a stable Hoffmann reflex and induces synaptic plasticity by increasing glutamatergic input to MNs, we conclude that the
applied protocol maintains an adequate margin of safety.
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INTRODUCTION

Numerous experimental data point to therapeutic
effects of electrical stimulation of peripheral nerves.
There is an accumulation of data on potential modula-
tion of proprioceptive input to a-motoneurons (MNs)
by means of electrical stimulation of low-threshold
muscle afferents. The Hoffmann (H) reflex, an electrical
analog of monosynaptic stretch reflex, is a useful tool
to control the strength of stimulation addressed pre-
dominantly to Ia afferents. When combined with oper-
ant conditioning, this method allows teaching animals
to increase an amplitude of H-reflex of ankle extensor
MNs, as shown by Wolpaw’s group (Chen et al., 2010).
It was also shown to compensate for the asymmetrical
deficit of locomotion, which developed after unilateral
lesion of the lateral column in the spinal cord (Chen et
al., 2006). Importantly, in trained animals, an increase
of H-reflex was found to be persistent, and the effect
was observed up to 100 days after termination of the
operant conditioning (Chen et al., 2014). These obser-
vations indicate that profound beneficial plasticity
of the spinal cord may be achieved by proprioceptive
stimulation of the nerve.

Also our previous work showed that one week of
stimulation of low-threshold fibers in the tibial nerve
of the rat, increasing monosynaptic input to the ankle
extensor motoneurons (MNs), causes an increase of
expression of neurotrophin-3 (NT3) in the spinal cord
and soleus muscle (Gajewska-Wozniak et al., 2013). In
axotomized medial gastrocnemius nerve NT-3 admin-
istration not only prevents a decline of the EPSP am-
plitude but also promotes its recovery (Mentis et al.,
2010). These effects indicate that NT-3 upregulation is
a good predictor of structural synaptic plasticity, which
was confirmed by increased number and aggregate vol-
ume of direct glutamatergic (VGluT1 IF) and indirect
cholinergic (VChAT IF) inputs to lateral gastrocnemius
(LG) MN perikarya (Gajewska-Wozniak et al., 2016).
However, on the sham-stimulated side the number of
VGLUT1 IF terminals was decreased compared to that
in the control group. This observation suggested that
the cuff electrodes implanted around the tibial nerves
could cause some damage to the afferent fibers. If so,
electrical stimulation would lead rather to the reversal
of impairment in the stimulated limb pointing to suc-
cessful recovery processes after stimulation of these af-
ferents. The sources and morphological characteristics
of presumed impairment and recovery in this model
have not been identified.

Risk of injury associated with implantation pro-
cedure and nerve compression was described in early
papers, showing local demyelination after pneumatic
tourniquet application (Ochoa et al., 1971). Acute, sev-
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eral hours nerve compression in rabbits induced an
epineurial edema by increasing the permeability of
the epineurial vessels while compression of prolonged
duration caused injury also to the endoneurial vessels,
leading to intrafascicular edema (Rydevik & Lundborg,
1977). Surgical implantation can injure nerve fibers or
fascicles directly, resulting in various degrees of func-
tional impairment. Also electrical stimulation itself is
considered to be an element of potential nerve injury,
shown in the cat to be dependent on intensity and tem-
poral pattern of the stimulation (Agnew et al., 1989).
Many electrode designs developed to study nerve ac-
tivity are suitable for relatively large nerves (e.g., 3 mm
diameter sciatic nerve of the cat) but are difficult to
scale down for use with small, delicate nerves of the rat
(e.g., 0.5-1 mm diameter individual muscle- and cuta-
neous nerve branches) (Stein et al., 1977a; Sauter et al.,
1983). The cuff electrodes implanted around the nerve
used by us and their modifications are often used for
chronic stimulation and recording of peripheral nerve
activity in cats (Loeb & Peck, 1996; Fisher et al., 2014)
but consequences of their long-lasting contact with
the nerves in rats have not been previously evaluated.
Of primary relevance is the mechanical restriction by
the electrode, which may exert pressure and constric-
tion on the nerve, described for the helical electrodes
implanted on the peroneal nerve of cats (Agnew et al.,
1989). Damage can also be produced by wires rubbing
the nerve surface or tethering the implanted nerve.
Scarfing reaction attaches electrodes to the nerve and
stabilizes the contact but attachment to the neighbor-
ing muscles produces a risk of traction upon the nerve
during limb movement and muscle contraction.

The risk factors of surgical exposure, mechanical
manipulation and contact with electrode material pro-
duced when a cuff is implanted around the rat tibial
nerve long-term prompted us to undertake this study.
We aimed to evaluate the effects of implantation and
the impact of several daily low-threshold electrical
stimulations repeated for 7 days on morphological fea-
tures and ultrastructure of endoneurium and epineuri-
um in the implanted nerves. The number of myelinated
fibers was measured and morphology of Remak bun-
dles, features of microvasculature, epineurium, macro-
phages and fibroblasts were evaluated.

We show that one month presence of the cuff
around the rat tibial nerve causes mild, focal demye-
lination of large diameter axons and a loosening of
some bundles of unmyelinated fibers. These changes
are accompanied by the enlargement of epineurium,
with numerous blood vessels retaining the structural
characteristics of an impermeable blood nerve barrier.
Low-threshold proprioceptive stimulation of the nerve
applied with 3-week delay does not change the mor-
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phological characteristics of the nerve which may be of
clinical relevance.

METHODS
Animals

The experiments were carried out on 12 adult, male,
Wistar rats supplied by Medical University of Bialystok,
Poland. Rats weighed 230-320 g at the beginning of the
experiment.

The animals were bred in the animal house at the
Nencki Institute of Experimental Biology in Warsaw,
Poland. They were given free access to water and pel-
let food and were housed under standard humidity and
temperature conditions on a 12 h light/dark cycle. Rats
were housed in groups of 4-6 until implantation and
were housed individually afterwards.

Experimental protocols involving animals, their
surgery and care were approved by the First Local Eth-
ics Committee in Warsaw (no 535/2014), in compliance
with the guidelines of the European Community Coun-
cil Directive 2010/63/UE of 22 September 2010 on the
protection of animals used for scientific purposes.

The animals were divided into two groups: control,
without electrode implantation (N=6) and experimen-
tal, subjected to bilateral implantation of cuff elec-
trodes on the tibial nerve and EMG electrodes into sole-
us (Sol) muscle. Animals with implanted electrodes re-
ceived unilateral electrical stimulation of low-thresh-
old muscle afferents in that nerve (N=6). Both groups of
rats received bilateral intramuscular tracer injections
to the LG to identify Ia glutamatergic inputs to LG MNs
(Gajewska-Wozniak et al., 2016).

Implantation of electrodes, retrograde tracing
of motoneurons, and post-surgery care

Procedure and the surgery necessary for implan-
tation of the electrodes and tracer injections were the
same as those described in detail in our former arti-
cles (Gajewska-WozZniak et al., 2013; 2016; Grycz et al.,
2019). All steps were performed in the surgery room,
under aseptic conditions. The animals were given sub-
cutaneous injection of Butomidor (Butorfanolum, Rich-
ter Pharma, 1.5 mg/300 g body wt.) as a premedication
and then were anesthetized with isoflurane (Aerrane,
Baxter, 1-2.5% in oxygen) via a facemask. The skin on
the lower part of the back and on hind paws was shaved
and disinfected with alcohol and 3% hydrogen perox-
ide. A connector plug for the electrodes was sewn to
the muscles and ligaments over the vertebrae. The
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electrodes were drawn subcutaneously from the con-
nector plug to the tibial nerves and soleus (Sol) muscles
to be implanted (Fig. 1). Bipolar cuff electrode was per-
formed as described by (Loeb & Peck, 1996). A pair of
stainless-steel multi stranded Teflon-coated fine-wire
electrodes (Bergen Cable Technologies Inc.) spaced
apart by ~4 mm was sewn into a silicone rubber cuff
(diameter: 5 mm, length: 6 mm). The internal diame-
ter of the cuff electrode was more than 2-fold bigger
than that of the tibial nerve. The popliteal fossae were
opened and approximately 1 cm- long fragment of the
tibial nerve was separated from the common peroneal
and sural branches. The cuff electrode was implanted
carefully around the tibial nerve and closed with at-
tached sutures.

A pair of Teflon-coated electrodes with 1.5 mm fi-
nal bare, spaced apart by about 5 mm were implanted
in the Sol muscle to record compound muscle action
potentials.

Next, fluorescent tract-tracer True Blue (15 ul of 1%
aqueous solution, TB Chloride T0695, Sigma-Aldrich)
was injected to the LG muscle, a close synergist of Sol,
which is also innervated by tibial nerve branches and
subjected to electrical stimulation via cuff electrode.
That was done to avoid leakage of the tracer from the
Sol muscle with EMG electrodes implanted. Hamilton
microsyringe with attached 22-gauge needle was grad-
ually advanced from the distal toward the proximal end
of the muscle belly. After 5 min lasting injection the
needle was left in the muscle for 3 min to avoid leakage
of the dye. The injection site was cleaned and the skin
was sutured.

After the surgery, Baytril (Enrofloxacinum, 5 mg/kg,
s.c., Bayer) was administered over five consecutive days
to prevent infection. An analgesic Tolfedine (Tolfenam-
ic acid 4%, 4 mg/kg, s.c., Vetoquinol S.A.) was given
during the 3 postoperative days. Immediately after
the surgery, the rats were placed in warm cages, cov-
ered with blankets and inspected until fully awakened.
Thereafter plastic collars (Harvard Apparatus) were
put on each animal to protect wounds from licking, and
rats were returned to individual cages with full access
to food and water.

Low-threshold proprioceptive stimulation of
the tibial nerve and Hoffmann reflex recording

To reduce the effects of behavioral context and on-
going motor activity on the recorded H-reflexes the
rats were accustomed to being restrained in the appa-
ratus which limited their body movements.

The monosynaptic H-reflex was elicited by electrical
stimulation addressed predominantly to low-threshold
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Fig. 1. (A) Experimental model, (B) Cuff electrode implantation; a. identification of the tibial nerve branches (Badia et al., 2010), b. implantation below
peroneal and sural branches, c. nerve with a cuff, prior to and after cuff removal at 4 weeks post-implantation. The connective tissue is visible outside
and inside the cuff, more compact in the area where the electrodes are situated. (C) Electrical stimulation paradigm applied (Gajewska-WozZniak et al.,

2013; 2016).

muscle afferents (Ia group) in the tibial nerve and re-
corded as a compound muscle action potential in the
Sol muscle (Fig. 2) as described in detail in our former
article (Gajewska-WozZniak et al., 2013). The strength of
stimulation was near the threshold of excitation of the
motor fibers, which is higher than the one activating Ia
afferents. This current elicited a fair H-reflex, since the
majority of Ia fibers were already excited when the di-
rect motor response (M) was at its threshold (Czarkow-
ska et al., 1976). Therefore, we monitored both the
H-reflexes and M-responses and corrected the current,
if necessary.

Three weeks after the implantation we started uni-
lateral stimulation of the tibial nerve. The contralateral
limb served as a sham-stimulated control. Each day the
experiments started and ended with testing individual

threshold current values producing the H-reflex and/
or threshold M-responses to 30 single pulses of 500 us
duration delivered at 0.3 Hz.

The main training consisted of continuous bursts of
three pulses (pulse width = 200 us with 4 ms inter-pulse
interval, Fig. 1C) delivered every 25 ms to the tibial
nerve in four 20 min sessions daily for seven consec-
utive days. After each session the animals rested for
at least 1 hour in their home cages and were rewarded
with corn cookies.

The averaged data of recorded compound muscle
action potentials indicated a relatively stable H-reflex
at both the beginning and the end of the training (see
table in Fig. 2). This suggests that the low-threshold
Ia muscle afferents in the tibial nerve remained unaf-
fected by the applied stimulation. The maximal direct
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Amplitude of response [mV]
dayl_s1 day7_s1
rat Mmax H H [%Mmax] H H [%Mmax]
Xh5 3.79 0.093 2.45 0.006 0.16
Xh7 9.97 0.057 0.58 0.096 0.97
Xh8 5.61 0.150 2.67 0.164 2.93
Xh9 5.43 0.059 1.08 0.190 3.50
Xh10 8.41 0.085 1.01 0.246 2.93
average 6.21 0.098 1.90 0.166 2.96

Fig. 2. An example of H- and M-waves recorded in the soleus (Sol) muscle in response to continuous bursts of 3 pulses (arrows) applied to the tibial
nerve. The signals were averaged over 7200 burst repetitions (3 min of stimulation). The mean latencies for the H- and M-responses in Sol were 5.9 ms
and 1.9 ms, respectively. During burst stimulation, only the first M-wave and the last H-wave (highlighted in frames) were analyzed, as they remained
unaffected by overlapping responses. The accompanying table presents the amplitude values of the H-reflex on the first and last day of stimulation (s1 -

first session), along with the maximal direct M-response (Mmax).

motor response (Mmax), was measured once during the
experiment. Mmax represents the largest electrical re-
sponse recorded from a muscle following supramaxi-
mal electrical stimulation of its motor nerve, signifying
the full activation of all motor units. We used Mmax to
normalize electromyographic (EMG) signals, enabling
a consistent comparison of H-reflex amplitudes across
individuals.

Data acquisition and analysis
of electrophysiological data

Acquisition and analysis of electrophysiological
data have been described in detail in our former ar-
ticle (Gajewska-WoZniak et al., 2013; 2016). Briefly,
after amplification the analog EMG signals were fed
to a CED Micro 1401 mk II interface (Cambridge Elec-

tronic Design Ltd, UK), digitized and fed to a PC. Raw
EMG activity was also monitored throughout the ex-
periment on the oscilloscopes. A Spike 2 (Cambridge
Electronic Design Ltd, UK) based script was used to
measure the latency, peak-to-peak amplitude, area
of the H-reflex and M-response and to average these
data. These results were expressed as a percentage of
Mmax elicited by single-pulse stimuli and collected
in each animal after the last session on the 6th day of
stimulation.

Tissue processing

Within 1.5 h after the last stimulation session, the
animals were anesthetized with a lethal dose of Morbit-
al (pentobarbital 120 mg/kg body weight, intraperito-
neal; Biowet Pulawy) and perfused transcardially with
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250 ml 0.01 M phosphate-buffered saline (pH 7.4), at
room temperature, followed by 450 ml ice-cold fixative
(4% paraformaldehyde, in 0.1 M phosphate buffer). Tib-
ial nerves were isolated and postfixed in the same fix-
ative for 1 hour at 4°C. Tissue was then cryoprotected
stepwise in 10%, 20% and 30% sucrose solution in 0.1 M
PB and stored at 4°C until use.

Approximately 1 mm of tissue from the middle of
the cuff electrode was postfixed in 2.5% glutaraldehyde
(overnight). The same level was sectioned in unoper-
ated nerves; these nerves served as controls. Next the
sampled nerves were treated with 2% osmium tetrox-
ide to contrast and increase the retention of lipids in
the tissue. After dehydrating in a series of graded eth-
anol, nerves were treated with uranyl acetate which
produces high electron density and image contrast of
membranes and nucleic acids by binding proteins and
lipids with sialic acid carboxyl groups. Next, the sam-
ples were cleared in propylene oxide, and mounted in
epoxy embedding medium (45359, Epoxy-Embedding
Kit, Sigma Aldrich).

Transverse, semithin (0.5 um thick) sections were cut
on an ultramicrotome (Leica, Germany), mounted on glass
slides, dried and stored at RT until further processing.

Sections were subjected to myelin staining with
1.5% Toluidine Blue water solution with 0.6% sodium
borate to increase medium penetration, in approx-
imately 80°C, for 30 seconds. After several washes in
ethanol, slides were air dried, mounted with DPC medi-
um and coverslipped.

Tissue preparation for transmission electron
microscopy and image sampling

Transverse ultrathin sections were prepared using an
ultramicrotome (Leica, Germany) and mounted on Form-
var-carbon-coated copper grids. The sections were sub-
sequently contrasted and imaged using a transmission
electron microscope (TEM), model JEM 1400 (JEOL Co.,
Japan, 2008). To visualize the structure and pathologi-
cal features of peripheral myelin, non-myelinated axons
in Remak bundles, capillary/precapillary blood vessels,
macrophages and fibroblasts with TEM, images from en-
doneurium, perineurium and epineurium were acquired.

Counts and measurements of myelinated axons

Photographs of the tibial nerve cross-sections were
taken under a light microscope Nikon Eclipse 80i (objec-
tive lens 40 x N.A. 0.95) equipped with a monochromatic
CCD camera Evolution VF (Media Cybernetics, Inc.). Im-
ages were captured as a series of photos with addition-
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al margin and then perfectly tiled with the use of Im-
age-Pro Plus 7.0 (Media Cybernetics, Inc.) software. The
settings of the contrast and gamma were constant at
each imaging session. Exposition time and offset were
adjusted if necessary to obtain the best quality imag-
es. Two cross-sections from each tibial nerve segment
below the peroneal and sural muscle tributaries were
chosen for morphometric analysis. Both main trunk and
branches of the tibial nerve were outlined and scored
using Image-Pro Premiere software. The software al-
lows counting the number of myelinated axons in the
given area and for each myelinated axon the area, diam-
eter and circularity. The axon number and sum of the
cross-sectional area of single axons were related to the
cross-sectional area of the tibial nerve and its branches.

Statistical analysis

The Shapiro-Wilk test was used to verify the nor-
mality of data distribution. The homogeneity of vari-
ance in the groups was analyzed with the Levene test.
The non-parametric Wilcoxon and Mann-Whitney U
tests were used for comparisons of related samples and
independent samples, respectively. For the analysis of
changes in fiber distribution in function of the axo-
nal cross-sectional area the Mann-Whitney U test was
used. STATISTICA 13 software (StatSoft Inc. Tulsa, OK,
USA) was used for data analysis. Statistical significance
was set at p<0.05.

RESULTS

The effects of nerve implantation and
low-threshold stimulation on the tibial nerve

In control animals a thin perineurium and epineu-
rium, both of which were relatively poor in structur-
al elements were observed (Fig. 3). Blood vessels, of-
ten elongated, were present along with purple-stained
longitudinal fiber layers, forming the outer anatomi-
cal barrier of the peripheral nerve. The nerve fascicles
were present either as a single or several bundles em-
bedded in endoneurium and were surrounded by peri-
neurium and epineurium (Reina et al., 2013; Reina &
Sala-Blanch, 2015).

Fig. 3 shows representative images of nerves from
two out of 6 control rats and 3 out of 6 rats with im-
planted electrodes. As shown, nerves implanted with
a cuff electrode were encapsulated in a connective tis-
sue sheath composed of inner collagenous layers and
an outer matrix of cells unidentifiable under light mi-
croscope (Fig. 3, insets from Xh4, Xh5, Xh8 rats). In
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Fig. 3. The cross-sections of the rat tibial nerves, showing nerve fibers organized in fascicles, separated by intrafascicular connective tissue forming
endoneurium (En). These are delimited and protected by perineurium (Pe), which was preserved in all implanted nerves. The epineurium (Ep), which forms
a well-defined sheath around the secondary fascicles and encircles all peripheral nerve trunks, is marked on the images of the control nerves. Extended
epineurium is shown in representative images from implanted nerves. Higher magnification of the epineurium (right) demonstrates cellularity and richly

vascularized Ep of control and implanted nerves.
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nerves with marked hypertrophy of the epineurium
(exemplified by Xh4 and Xh5 rats) abundant connec-
tive tissue was filling the space between the nerve and
the electrode. Lipid droplets, stained turquoise with
toluidine blue, were detected alongside purple-stained
cells, likely fibroblasts (Fig. 3, Xh5 insets). Additionally,
a marked increase in vessel density in Ep was observed.
From this we conclude that the surgical exposure and
mobilization of 1-1.5 cm tibial nerve during implan-
tation did not compromise the nerve vascular system
and intrinsic blood supply of the nerve or contribute
significantly to the presumable, mechanically induced
damage. Comparison of histologic observations of NS
and S nerves did not reveal differences between them,
suggesting that 7 days of low-threshold stimulation
neither inhibited nor enhanced the formation of the
connective tissue in the epineurium and nerve micro-
anatomy.
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The effects of nerve implantation and
low-threshold stimulation on the distribution
of axons of different diameters in the tibial
nerve in the control and cuff-implanted rats

In the tibial portion of the sciatic nerve the my-
elinated fibers consist about 30% of all axons, of which
6% are motor and 23% are sensory axons (Schmal-
bruch, 1986; Badia et al., 2010). Organization of these
fibers of different sizes was assessed and is shown
on the Fig. 4. The quantitative data we are reporting
here concerns these two fiber populations, analyzed
together (Fig. 5). The changes in the arrangement of
unmyelinated sensory and sympathetic small-cal-
iber axons ensheathed by non-myelinating Remak
Schwann cells (RSCs) were a subject of TEM analysis
performed in the same material and are reported lat-
er on in this paper.

Fig. 4. The cross-sections of the rat tibial nerves, showing myelinated axons organized in fascicles. Axon diameters are color-coded with the smallest
(1-5 pm) shown in blue, and the largest ones (>11 pym) shown in red. Both in control and cuff-implanted group distinguished axons of various diameters
show a random pattern of distribution but the largest axons of the main tibial nerve branch tend to form clusters concentrated mainly in external fascicles.
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Quantitation of the effects of nerve implantation
and low-threshold stimulation on the tibial
nerves at the mid-point to a cuff electrode

The average cross-sectional area of the tibial nerves
in the control group was approx. 0.500 mm? Four weeks
after the implantation of the cuff, in 3 out of 6 animals
nerves showed slightly reduced cross-sectional area
under the cuff, and in the stimulated nerves there was
a decline of their cross-sectional area in 4 out of 6 an-
imals, amounting from 5% to 25% of mean area in con-
trol rats (p=0.043) (Fig. 5). The circularity of the nerve
remained unchanged (0.62 +/- 0.08 in Control; 0.70 +/-
0.10 in implanted nerves). These data indicate that cuff
implantation and electrical stimulation moderately af-
fect nerve thickness not causing its deformation under
the cuff.

These changes were associated with a decrease of
the number of the myelinated axons. In control nerves
the mean number of myelinated axons was 5713+416; it
was slightly more than reported by Schmalbruch in his
classical study (1986) and was within a range (per mm?)
reported by (Badia et al., 2010). After implantation,
axonal number was decreased slightly but significant-
ly by 10% in NS and S groups as compared to controls
(p=0.045 and p=0.008, respectively).

Axonal dimensions were similarly changed. The av-
erage cross-sectional area of axons in control nerves
(38.224.6 um?) was decreased by 15% in NS and 20% in
S groups (p=0.043 and p=0.014, respectively). The aver-
age diameter of axons in control nerves was 6.30.4 um.
It decreased by 10% in NS and S groups (p=0.043 and
p=0.014, respectively). These data indicate that nerve
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stimulation per se does not modify axonal dimensions
of implanted nerves.

The changes in the mean cross-sectional area of ax-
ons followed the changes in nerve cross-sectional area
as concluded from a strong positive correlation be-
tween respective values (r=0.85, p=0.030).

Changes in the size-frequency histograms
of the myelinated axon diameter in the tibial
nerve of control and implanted rats

Next, we carried out the analysis of frequency dis-
tribution of axons of different diameters, to answer
the question which axonal population was affected the
most, and how implantation affected the large axons,
which would be the Aa type, including a-motor and
proprioceptive afferent axons. For this purpose, eleven
size classes were arbitrarily distinguished in axon col-
lections, as proposed by Szabolcs et al. (1991) (Fig. 6).

The analysis identified groups of the large axons (of
diameter above 8 um), which in the implanted nerves
were reduced in number by 30 to 50% compared to the
control group. Because in the main nerve branch the
largest axons of diameter over 10 um (Fig. 4, marked in
yellow and red) were concentrated mainly in external
nerve bundles, we infer that the fibers located in the
external parts were the most changed. We also showed
that there were more small axons (@ 1-7 um) in expense
of large ones (11 > @ > 7 um) in cuff groups. These two
observations suggest that some large axons could un-
dergo shrinkage and appear in a different size class of
myelinated axons with presumably altered properties.

Fig. 5. The effects of nerve implantation (NS) and low-threshold stimulation (S) on the cross-sectional area of tibial nerves and on the number, diameter
and cross-sectional area of myelinated axons as compared to control, non-implanted group (C). Measurements were done at the mid-point to a cuff
electrode. Boxplots show quantiles (Q1 and Q3), medians (horizontal line) and means (x). Data are from 6 control and 6 implanted rats. *p<05; **p<0.01,

Mann-Whitney U-test.
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Fig. 6. Frequency distribution of myelinated nerve fibers of different diameters in Control (C) and implanted (NS, S) tibial nerve. Data on the
histogram represents means +/- SD from 6 control and 6 implanted rats. *p<0.05, Mann Whitney U test for differences between control and each
of cuff-implanted groups.

Axonal degeneration and fiber regeneration in the implanted nerves

In the control material, the myelinated fiber = Xh7 NS) there was a damage characterized by focal
cross-sections had a regular appearance, with tight-  fiber loss. Areas filled with cellular debris and cells
ly packed myelin membrane and sporadically visible = with the morphology of phagocytic macrophages
cytoplasm of Schwann cells with Schmidt-Lanterman  were visible in the most changed sections (Fig. 7). Sin-
notches. In the implanted rats, at the mid-point to  gle ovoids and clusters of hypomyelinated (remyelin-
a cuff electrode, in the most affected nerves (Xh5 NS,  ating) of 3 or more fibers were observed (Fig. 6B, 6C).

Fig. 7. Images of the rat tibial nerve (all from Xh5 NS sample) at the mid-point to a cuff electrode at 4 weeks post-implantation showing myelinated fibers.
(A) Mixed peripheral nerves contain populations of large and small myelinated fibers (black rings). Unmyelinated fibers are not visible here. (B) Some
nerves show diffuse loss of fibers with increased interfiber distances, possibly secondary to endoneurial edema, accompanied by thinly myelinated fibers
(T) and ovoids (O). (C) Some small thinly myelinated fibers demonstrated features of hypomyelination indicative to remyelination (R).
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Changes in the ultrastructure of myelinated
axons, unmyelinated axon bundles and blood
capillaries in the implanted nerves

The analysis of the ultrastructure was done with
TEM on images collected from the endoneurium, peri-
neurium and epineurium. The substantial observations
are illustrated in Fig. 8 and Fig. 9.

In the endoneurium of the implanted nerves, the
majority of myelinated axons did not show patholog-
ical features. Compact myelin laminae surrounded the
axoplasm without signs of shrinkage (Fig. 8, Xh4, Xhs8
nerves, NS and S). Fibers were surrounded by Schwann
cells. In single axons (~15% per image; viewed at x 3000
and x 6000 magnification) axoplasm shrinkage oc-
curred accompanied by myelin degradation products
and sporadically by the subtle signs of myelin delam-
ination (Fig. 8, bottom panel, white arrow). In the im-
planted nerves single mast cells were detected (Fig. 8,
bottom panel). Macrophages, present sporadically in
control material, were seen in the implanted nerves in
regions with dispersed collagen fibers (exemplified in
Fig. 8, Xh4S), and the activated fibroblasts occurred in
the proximity of capillaries (Fig. 9).

Peripheral nerves contain multiple small-cali-
ber non-myelinated axons which are ensheathed by
non-myelinating Schwann cells (Remak Schwann cells,
RSC, Fig. 8). In non-implanted nerves these axons were
organized in bundles, densely packed, each axon sur-
rounded by thin protrusions of centrally located RSC.
In the implanted nerves some Remak bundles were
loosely arranged, with thicker RSC protrusions separat-
ing them, and lower number of axons per bundle (ex-
emplified by Xh4NS). In some implanted rats densely
packed collagen fibers filling the intercellular spaces
were separated by amorphous matrix suggesting that
some shrinkage of the nerve occurred. That was partic-
ularly seen in the peripheral part of the endoneurium
(not shown).

The blood vessels observed with TEM were elongat-
ed or oval, both in control and implanted nerves, of the
diameter not exceeding 25 nanometers. In the capillary
walls built of endothelial cells, their connections with
tight junctions (TJ) and adherens junctions (AJ), were
preserved in the majority of vessels in the implanted
nerves (Fig. 9, middle panels). Basal membrane in con-
trol nerves demonstrated variable thickness, while in
the majority of implanted nerves it was thin or moder-
ate in the capillaries of the endoneurium and thicker
in some capillaries in the epineurium. Sheets of extra-
cellular matrix filling spaces between endothelial cells
and pericytes were occasionally accompanied by acti-
vated fibroblasts and fibrous long spacing collagen pro-
duced by them. The secretory activity, assessed based
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on the number of caveolae in the endothelial wall was
maintained and directed mostly opposite to the vessel
walls. We did not see differences in these features be-
tween NS and S nerves, what suggests that low-thresh-
old stimulation of the tibial nerve does not change mi-
croanatomy of the nerve.

DISCUSSION

When undertaking our previous research (Ga-
jewska-Wozniak et al., 2013) we considered the risks
that chronic cuff electrodes over the posterior tibial
nerve and intramuscular electrodes in the soleus mus-
cle used in our experiments could affect the results
observed in the H-reflex circuitry. There are indica-
tions that some compression of the nerve enwrapped
for several months in the cuff-electrodes may cause
damage affecting the most vulnerable large diameter
Ia fibers (Stein et al., 1977b; Christian & Loeb, 1988).
Stein and co-authors observed a small reduction in the
number of large diameter fibers in the nerve enclosed
over 9 months in the cuff electrode in cats (Stein et al.,
1977b). In rats, the long-term (3-10 months after sur-
gery) effects of electrodes implanted around the tibial
nerve on the triceps surae (TS) motor units properties
were reported to cause a small degree of muscle de-
nervation with subsequent reinnervation (Carp et al.,
2001). Our experiment lasted much shorter (4-5 weeks)
limiting the probable compression effect in the cuff as
this process requires time after implantation (Chris-
tian & Loeb, 1988). Still, our observation made on the
increased levels of NT-3 neurotrophin and marked
down-regulation of its high-affinity TrkC receptor
transcripts, comparable in NS and S nerves (Gajews-
ka-Wozniak et al., 2013), raised the questions on the
condition of the nerve fibers and Schwann cells, de-
pendent on the NT-3/TrkC signaling (Chen et al., 2002;
Carrizosa et al., 2009; Mentis et al., 2010). Moreover,
changes in NT-3 and BDNF protein levels and mRNA
expression observed 28 days after mild compression of
the sciatic nerve in the rats (Omura et al., 2005) were
not matched by the changes observed in our study sug-
gesting that chronic implantation of the cuff and in-
tramuscular electrodes did not significantly affect the
presented results. Drawing from these observations, to
determine if degeneration and demyelination is occur-
ring in our model we decided to examine the morphol-
ogy of the tibial nerves from that study.

Within one month time frame of the current study,
morphological changes resulting from the cuff nerve
implantation and cuff maintenance were characterized
by moderate shrinkage of the nerves, focal axon loss
and demyelination, increased epineurial connective
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Fig. 8. Comparison of the organization of non-myelinated axons surrounded by non-myelinating Schwann cells (RSC), forming Remak bundles (RB)
distributed between myelinated fibers. A - axon, M - myelin, D - demyelination, MF - macrophage, MC - mast cell. Images were taken from the central
part of the endoneurium.
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Fig. 9. Comparison of the structure of the capillary walls built of endothelial cells (Et) connected with tight junctions (TJ, arrows) and adherens junctions.
Colored structures of the capillary from Xh8NS nerve mark endothelial cells (Et, green), pericyte (orange), basal membrane (BM, violet), fibroblasts (F, blue)
and collagen fibers (C), a product of fibroblasts released to seal leaky capillary. Images from control and Xh4 rats were taken from the central part of the

endoneurium. Images from Xh8 rat were taken from the epineurium.

tissue and occasional hypomyelinated (remyelinating)
fibers, mostly detected on the periphery of the nerve,
This form of damage (chronic, occurring over a period
of four weeks), resembles that previously described for
chronic peripheral nerve compression (Mackinnon et
al., 1984) and was occasionally observed after helical

electrode implantation around the peroneal nerve in
the cat (Agnew et al., 1989).

The frequency distribution of nerve fiber diameters
measured in this study, together with their morpho-
logical appearance indicates, that implantation affects
mostly large diameter, myelinated fibers. This obser-
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vation draws attention to the fact that in the rat tibi-
al nerve some axons are more vulnerable than others.
That would suggest also that conduction by low-thresh-
old proprioceptive Ia muscle afferents (the thickest fi-
bers in the nerve) is impaired what may weaken effec-
tiveness of the approach used, at least until restorative
processes compensate functional deficit. Important-
ly to the knowledge on the recovery potential of the
long-term implanted nerve, this study provides data
on the growth of new sprouts and their myelination at
one month from the surgery.

In our experiment, damage due to electrical stim-
ulation with the selected parameters did not occur.
Such damage, consisting of interstitial edema and ear-
ly axonal degeneration was described after 7 days of
prolonged high frequency stimulation of the peroneal
nerve (8-16 hours 1.500 microampers, 100 Hz) (Agnew
et al., 1989). A characteristic feature of such damage is
a uniform distribution of degenerating fibers through-
out the fascicles. In our study the distribution of de-
generating axons was not uniform suggesting that the
major component of the experimental procedure which
causes moderate damage is the implantation itself.

Despite these risk factors our study shows that nei-
ther the presence of the electrode, nor the low-thresh-
old stimulation of the nerve attenuated nerve ability to
conduct currents from motor neurons to the muscles.
Moreover, the potential to evoke the H-reflex mediated
by Ia afferents was preserved (Gajewska-Wozniak et al.,
2013). Assuming that lower number of VGLUT1 IF ter-
minals apposing a-LG MNs in the sham-stimulated side,
observed in those experiments, indicates some damage
of Ia fibers in the tibial nerve, reversal of this effect in
the stimulated hindlimb and current data indicate that
successful functional recovery processes after stimula-
tion of these afferents may occur at the level of nerve
endings, without clear effect on axonal regeneration
(Gajewska-WozZniak et al., 2016).

We made an observation of the enlargement of
epineurium under the cuff. This outermost layer of
dense irregular connective tissue surrounds multiple
nerve fascicles as well as blood vessels which supply
the nerve. In addition we detected multiple fibroblasts
which contribute to the production of collagen fibers
that form the backbone of the epineurium. Fibroblasts
demonstrated activated phenotype, indicated by nu-
merous, enlarged membranes of endoplasmic reticu-
lum. We interpret these changes as providing structur-
al support to the damaged fibers and functional sup-
port to the repair of the surrounding tissues.

One more aspect of nerve function after implanta-
tion and stimulation is the condition of small diameter,
non-myelinating axons, organized by Remak Schwann
cells into Remak bundles. Their morphology and orga-
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nization, analyzed with TEM, allowed us to conclude
that implantation had a mild effect on their organiza-
tion which appeared slightly scattered in some areas,
demonstrating control arrangement in other areas.
Also screening of capillary vessel morphology provided
data on preservation of tight junctions in majority of
them, high level of transcytosis activity - as concluded
from a high density of caveolae in the endothelial cy-
toplasm - and moderate widening of basal membrane,
The latter suggests that in some areas of the endoneu-
rium blood-nerve barrier permeability is increased as
compared to the intact nerve.

CONCLUSION

In conclusion, because the stimulation proved ef-
fective in enrichment of motoneurons innervation
the proposed approach can be considered beneficial
therapeutically despite the accompanying risk of mild
nerve injury, in particular with long-term electrode
implantation.
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