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Abstract: Microglial cells play an important role in neuroinflammation and secondary damages after
spinal cord injury (SCI). Progressive microglia/macrophage inflammation along the entire spinal axis
follows SCI, and various factors may determine the microglial activation profile. Neurotrophin-3
(NT-3) is known to control the survival of neurons, the function of synapses, and the release of
neurotransmitters, while also stimulating axon plasticity and growth. We examined the effects
of whole-body vibration (WBV) and forms of assisted locomotor therapy, such as passive flexion–
extension (PFE) therapy, at the neuronal level after SCI, with a focus on changes in NT-3 expression
and on microglia/macrophage reaction, as they play a major role in the reconstitution of CNS integrity
after injury and they may critically account for the observed structural and functional benefits of
physical therapy. More specifically, the WBV therapy resulted in the best overall functional recovery
when initiated at day 14, while inducing a decrease in Iba1 and the highest increase in NT-3. Therefore,
the WBV therapy at the 14th day appeared to be superior to the PFE therapy in terms of recovery.
Functional deficits and subsequent rehabilitation depend heavily upon the inflammatory processes
occurring caudally to the injury site; thus, we propose that increased expression of NT-3, especially in
the dorsal horn, could potentially be the mediator of this favorable outcome.
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1. Introduction

Whole-body vibration (WBV) and assisted locomotor therapy are used in the activity-
based clinical rehabilitation of patients with neurological impairments, such as spinal cord
injury (SCI). The application of these therapies in neurorehabilitation is primarily due to
their functional benefits, although a complete understanding the concomitant neuronal
effects on the spinal cord or brain is lacking [1]. The physiological processes behind the
therapeutic benefits are based on a variety of hypotheses [2]. However, currently, the
inability to fully comprehend them stands as an impediment to offering scientifically based,
optimal guidelines for treatment [1].

The pathophysiology of SCI is very complicated; nevertheless, it is well known that
microglia play an important role in neuroinflammation and secondary damages arising
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from SCI [3,4]. Microglial cells constitute the resident tissue macrophages in the CNS
and constantly search for changes caused by injuries [3,5]. During neuroinflammation,
microglia, which are known as a double-edged sword in SCI, can aid in the healing of the
injured spinal cord, but they can also have a harmful effect by secreting an excessive amount
of cytotoxic cytokines and reactive oxygen mediators [6]. Tissue recovery and protective
effects can be mediated by lesion containment, debris clearance, and the production of anti-
inflammatory factors [4,6]. However, they can also be implicated in nerve degeneration [7,8]
and might have negative effects on myelin and residual oligodendroglia [9].

Following SCI, a progressive neurodegeneration and demyelination of lesioned axons
occurs in both gray and white matter, in what is termed Wallerian degeneration [10,11],
which coincides with the activation of microglia/macrophages [10–12]. Studies demon-
strated that progressive microglia/macrophage inflammation along the entire spinal axis
follows thoracic SCI [13–15]. Various factors may determine the microglial activation profile
and different microglial activation profiles have been described in studies [16–18]; however,
accurate time-course profiles of microglial activation have not yet been demonstrated in
various SCI models [3].

Neurotrophin-3 (NT-3) belongs to a family of proteins that control the survival of
neurons, proper functionality at the synapse level, and the release of neurotransmitters,
while also stimulating axon plasticity and growth [19]. They were shown to have beneficial
effects on the development, survival, and direction of damaged neurons in the spinal cord,
which makes them promising alternatives for use in treatment plans after SCI [19].

It has been implied that neuronal and synaptic activity modulate NT-3 expression
and microglia/macrophage function in the CNS [20–22]. In this study, we investigated
the impact of physical therapy on neuroimmune interactions and functional recovery
after thoracic compressive SCI. The aim was to examine the effects of WBV and passive
flexion-extension (PFE) therapy at the neuronal level after SCI, with a focus on changes in
NT-3 expression and on microglia/macrophage reactions, as they play a major role in the
reconstitution of CNS integrity after injury and they may critically account for the observed
structural and functional benefits of physical therapy.

2. Materials and Methods
2.1. Animal Groups

We based our study on previously published data [23,24] about the effects of WBV on
rats with SCI. Following severe compressive SCI at a low thoracic level (Th8), rats were
subjected to WBV starting at either day 7 (WBV7 group, n = 10), day 14 (WBV14 group,
n = 10), or day 28 post-injury (WBV28 group, n = 10). Some of the animals were designated
to receive manually assisted locomotor therapy, particularly passive flexion-extension
(group PFE, n = 10), which started at day 14 post-injury. Rats subjected to SCI with no
further therapeutic intervention (SCI-noEx group, n = 10) served as controls. Intact rats
(n = 3) set a baseline value for structural and functional parameters (Table 1). There were
no unexpected fatalities in any of the groups of rats, which were evaluated at evenly spaced
periods of 1, 3, 6, 9, and 12 weeks following SCI.

Table 1. Schematic representation of the timeline and the protocols followed.

Group Day 0 Day 7 Day 14 Day 28 Day 90

Intact endpoint
SCI endpoint
SCI WBV endpoint
SCI WBV endpoint
SCI WBV endpoint
SCI PFE endpoint
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2.2. Pre-Injury Conditioning

A total of 53 adult female Wistar rats (strain HsdCpb:WU, Harlan-Winkelmann,
Borchen, Germany, 3–6 months of age, 175–200 g in weight) were used in this study.
Animals were housed at 23 ◦C with a 12-h artificial light–dark cycle and fed standard
laboratory food (Ssniff, Soest, Germany). Tap water was also made available to them as
needed. The local Animal Care Committee approved all methods and tests in conformity
with German Law on the Protection of Animals (approval number 8.87-50.10.35.08.144).

All 53 rats underwent a pre-injury (pre-operative) conditioning phase of 2 weeks
with daily exercise of beam walking and inclined ladder climbing to adjust to subsequent
locomotor tests in the post-injury (post-operative) trial phase. In a rat Galileo chamber, the
animals that were chosen to receive WBV were adapted to it for 2 min at 15 Hz and 1 min
at 30 Hz, five days a week, for two weeks. The PFE was administered to animals who were
chosen to receive it following SCI for two weeks. Within two to three days, all animals
quickly adjusted to WBV and PFE conditioning and exhibited no indicators of stress, such
as freezing or attempting to bite, weight loss, or lack of grooming.

2.3. Spinal Cord Injury

Severe spinal cord compression was performed according to a method we described in
a previously published work [23–25]. Briefly, laminectomy at Th8 level was conducted on
rats under general anesthesia (1.8 vol.% isofluorane: Forene, Abbott, Germany, 0.6 l/min O2:
Conoxia, Linde, Germany and 1.2 l/min N2O: Niontix, Linde, Germany) (Figure 1). The
exposed 10th thoracic section of the spinal cord was compressed with electromagnetically
controlled watchmaker forceps (Dumont #5, Fine Science Tool, Heidelberg, Germany).
The forceps’ closure was set at 50% of spinal cord diameter (Figure 2). The Basso, Beattie,
and Bresnahan (BBB) score after the contusion was between 1 and 2 within 1 week of
injury. The rats were kept at 37 ◦C for 12 h to avoid hypothermia prior to being separated
in conventional cages. Up until the experiment’s conclusion (12 weeks after SCI) their
bladders were manually emptied three times per day.
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a landmark. Laminectomy and injury level at Th8.
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Figure 2. (a) The custom-made spinal-cord-compression device (Curtis et al.,1993) [26] was attached
to a stereotaxic frame and mounted on a metal block; (b) controlled by an electromagnetic drive and
timed current, the drive pin closes the forceps by pressing the moving blade. The degree of closure of
the forceps can be adjusted by the limiting pin, which passes through a drilled hole in the stationary
blade. The closing pin is used to advance the moving blade and thus position the tips of the forceps
accurately next to the spinal cord. The use of calibrating screws allows vernier adjustment and,
thus, the measurement and standardization of the SCI (Apostolova et al., 2006; Manthou et al., 2015;
Semler et al., 2011) [25,27,28].

2.4. Whole-Body Vibration (WBV) Therapy

Whole-body vibration was delivered utilizing a specially constructed Galileo system
device (Novotec Medical GmbH, Pforzheim, Germany), as documented in our previous
work [23,29]. The chamber’s design allowed animals to enter voluntarily and to move and
turn around, relieving stress. Two plates that made up the chamber floor independently
vibrated in opposite directions, alternately moving up and down (1.5 mm amplitude; 3 mm
peak-to-peak distance). We chose one amplitude (1.5 mm) and two electronically regulated
frequencies (15 Hz and 30 Hz), which were tolerated well by the rats, fell within the usual
range of motoneuron discharges, and did not exceed forces during typical weight-bearing
locomotion. Rats were exposed to WBV five days a week, once every day. Each WBV session
consisted of five consecutive trials, each of which featured one minute at 15 Hz followed by
two minutes at 30 Hz, for a total of three minutes. A one-minute rest was allowed between
each unit to prevent tiredness and muscle fatigue. Each rat’s entire body experienced
alternating vibrations that resembled rocking, with an amplitude of up to 1.5 mm and a
frequency of 15 or 30 Hz, as a result of the motions of the floor plates (Figure 3).

2.5. Passive Flexion–Extension (PFE)

To test whether frequent, passive stretching of the paralyzed intrafusal muscle spindles
might be beneficial after SCI, the PFE group was utilized as a control group. Before each
treatment session, the animals inhaled a short-duration anesthetic to facilitate manual
handling and to prevent unnecessary stress on the animals. Beginning on the 14th day
after operation, treatment was performed holding the animals, which lay on their backs, in
one palm of the hand with all four limbs kept off the ground (no limb-loading) (Figure 4).
Hindlimbs were further passively moved at all three joints, i.e., hip, knee, and ankle joints,
by a total of 80 alternating flexions and extensions, for 1 min twice a day. Through type
Ia and type II fibers during extension, the method moves joints in a manner that mimics
gait [30–32] and offers trophic support to spinal motoneurons [33–35].
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Figure 4. Manually assisted locomotor (ML) therapy, passive flexion–extension (PFE) exercise. The
conditioning started 2 weeks prior to SCI and post-injury treatment started on day 14 after SCI. Each
ML (PFE) treatment session consisted of a total of 80 alternating passive flexions and extensions in all
three joints of the hindlimbs (i.e., hip, knee, and ankle joints).

2.6. Locomotor Performance

Utilizing the BBB rating scale, locomotor function was assessed [36]. Two independent
researchers blinded to treatment performed the scoring. Using a walking platform (referred
to as a “beam”), locomotor function was also evaluated, as previously described [23,
25]. Video recordings (Panasonic NVDS12 at 25 frames per sec) were made after pre-
conditioning training, just before SCI and throughout testing at 1, 3, 6, 9, and 12 weeks
after SCI. Animals were not exposed to beam walking between recording sessions. Using
ImageTool 2.0 software, selected frames were utilized to calculate the rump-height index
(RHI) and footstepping angle (FSA) [23,27]. Analyses were performed by two investigators
blinded to the treatment.

2.7. Tissue Preparation

Twelve weeks after SCI marked the endpoint of the experiment and animals were
sacrificed. The vertebral canal was dissected and a bilateral single-level laminectomy
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of the second lumbar vertebra was performed to expose the spinal L2 region. A 3-mm-
thick segment from the widest part of the lumbar enlargement was taken. Following
cryoprotection in 20% sucrose in PBS overnight, serial transverse sections, 25 µm thick,
were obtained on a cryostat (CM3050; Leica, Nussloch, Germany).

2.8. Immunohistochemistry

An average of 10 sections at 250 µm rostral-to-caudal intervals (i.e., every 10th section)
were mounted on SuperFrost Plus slides (Roth, Karlsruhe, Germany), so that each slide had
10 sections representative of the entire lumbar-spinal-cord segment [27]. Sodium-citrate
solution (0.01M, pH 9.0) was used for water-bath antigen retrieval for 30 min at 80 ◦C.
Sections were washed for 5 min at room temperature in PBS (0.1M, pH 7.4). Normal
sheep serum (NSS), diluted in PBS (0.1 M, pH 7.4), containing 0.2 percent v/v Triton X-100
(facilitating antibody penetration), and 0.02 percent w/v sodium azide (which prevents
microbiological contamination), was used to block non-specific binding for two hours at
room temperature.

Rabbit polyclonal anti-Iba1 antibody (Synaptic Systems, Göttingen, Germany, Cat. Nr.
234003) raised against ionized calcium binding adapter molecule 1 (Iba1), a microglia/
macrophage-cell-surface molecule, was used as primary antibody to identify both resting
and activated microglia and blood-derived infiltrating macrophages. The antibody Iba1 is
acknowledged as a specific identity and activation marker for microglia/macrophages and
their associated neuroinflammatory responses [13,37–40]. Incubation with the anti-Iba1
primary antibody (SySy, 234003) diluted 1:1000 in PBS (0.1 M, pH 7.4) and supplemented
with 0.5% w/v λ-carrageenan (Sigma) and 0.02 % w/v sodium azide, was performed for
72 h at 4 ◦C; λ-carrageenan is a non-gelling vegetable gelatin, which reduces nonspecific
binding and stabilizes the antibody solution. Neuronal cell bodies were stained using
NeuroTrace 500/525 fluorescent green Nissl solution (1:200, molecular probes, N21480,
from Life Technologies GmbH, Darmstadt, Germany).

Neurotrophin-3 (NT-3) immunostaining was performed similarly, as described above.
The primary antibody used was rabbit polyclonal anti-NT-3 antibody (N-20: sc-546, Santa
Cruz Biotechnology), diluted 1:40 in PBS (0.1 M, pH 7.4) and supplemented with 0.5% w/v
λ-carrageenan (Sigma) and 0.02 % w/v sodium azide.

Immunostained sections were observed under a Zeiss fluorescence microscope Model
1.0.0 S/N 971,006 and imaged at 10× magnification with 3-s exposure time using SpotCam
version 3.5 camera system and Visitron System software image tool (Puchheim, Germany).
Each acquired image was further digitized and processed using the Image-Pro Plus software
version 6.0 (Media Cybernetics, Inc., Silver Spring, MD, USA). The spinal cord sections
that were ruined during the process or that had excessive artefacts were excluded from the
study. The animals from which we failed to collect at least 9 readings, to obtain a reliable
mean value, were also excluded from the study. Fluorescent images were encoded and
compared as described by Manthou et al. [23]

2.9. Statistical Analyses

Statistical tests were performed using the Sigma Plot 11 software (Chicago, IL, USA)
and SPSS (version 18 for Windows, Chicago, IL, USA, SPSS Inc.). A one-way analysis of
variance (ANOVA) followed by the Holm–Sidak post hoc test were used to assess significant
differences across groups for all data, unless stated otherwise. Kruskal–Wallis one-way
ANOVA on ranks followed by Dunn’s post hoc test were performed if the sample variables
did not fit a normal distribution or were not equally variant. Spearman’s correlation
was used to determine the relationships between Iba1 expression and open-field BBB
locomotor performance. Spearman’s correlation coefficient r values were interpreted as
follows: 0–0.25 = no or little relationship; 0.25–0.5 = fair relationship; 0.5–0.75 = moderate
relationship; 0.75–1.0 = good-to-excellent relationship. Positive r values suggested a positive
correlation, whereas negative r values described an inverse correlation. All data are
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presented as group mean ± standard deviation (SD), unless stated otherwise. For all
statistical tests, the significance level was set to p < 0.05.

3. Results
3.1. Effects of WBV and PFE Therapy on Functional Recovery after SCI

The open-field locomotor recovery, as assessed by the BBB rating, and the stepping
ability, as determined by the foot stepping angle (FSA) recovery, were not significantly
improved by WBV and PFE therapy. A marked trend for improved recovery in both tests
was detected in the rats in the WBV14 group. Surprisingly, the FSA scores of the WBV7 and
WBV28 groups were inferior to the scores for spontaneous recovery in the SCI-noEx group,
indicating that these therapeutic programs compromised functional recovery (Table 2).

Table 2. Time course of the changes in stepping ability of the experimental groups, as assessed by the
foot-stepping angle (FSA). Group’s mean values ± SD are shown.

Group 0 Weeks
after SCI

1 Week
after SCI

3 Weeks
after SCI

6 Weeks
after SCI

9 Weeks
after SCI

12 Weeks
after SCI

SCI-noEx 18 ± 1.0 130 ± 20 97 ± 47 88 ± 41 72 ± 41 66 ± 42
WBV7 19 ± 1.0 123 ± 22 103 ± 43 93 ± 47 85 ± 40 93 ± 35
WBV14 18 ± 1.0 98 ± 27 28 ± 21 28 ± 24 26 ± 11 26 ± 11
WBV28 17 ± 1.6 114 ± 49 111 ± 24 86 ± 38 103 ± 39 118 ± 29
ML (PFE) 16 ± 1.0 145 ± 6 132 ± 12 106± 27 103 ± 22 105 ± 36

During the beam walking, the hindlimbs’ capacity to support the body weight was
evaluated by the rump-height index (RHI). At 12 weeks, the WBV14- and PFE-treated rats
were able to raise their trunks to roughly 75% of their normal rump height, on average
(p < 0.05). The correct ladder-step performance was not significantly improved by any
of the types of therapy. The statistical tests of the performance revealed no significant
differences between the groups.

3.2. Immunohistochemical Analysis of Iba1 Expression

The groups’ mean values of Iba1 expression, as defined by the absolute pixel number
(PN) in the ventral horn and dorsal horn of the lumbar spinal cord L2 segment of the
intact rats and of the injured, treated, and non-treated rats at 12 weeks after SCI, are shown
in Table 3.

Table 3. Iba1 expression, as defined by absolute pixel number (PN) in the ventral horns and dorsal
horns of the lumbar-spinal-cord L2 segments of intact rats and injured, treated, and non-treated rats
at 12 weeks after SCI. Groups’ mean values ± SD are shown. The WBV28 therapy led to a significant
increase in Iba1 expression in the ventral horn (asterisk; p = 0.028, WBV28 vs. SCI-noEx; p = 0.019,
WBV28 vs. WBV14; Kruskal–Wallis, Dunn’s method).

Group Iba1_Ventral Horn Iba1_Dorsal Horn

Intact (n = 3) 12,263 ± 1530 13,194 ± 3113
SCI-noEx (n = 5) 4535 ± 4234 3868 ±2959

WBV7 (n = 5) 12,211 ± 4467 5593 ± 2541
WBV14 (n = 9) 6477 ± 2800 5317 ± 2739
WBV28 (n = 6) 22,645 ± 11,121 * 12,924 ± 5657

ML (PFE) (n = 7) 12,229 ± 6923 7593 ± 4133

The Iba1 expression was predominantly found to be increased in the gray matter,
in both the ventral and dorsal horns, with comparatively low expression in the white
matter of the lumbar spinal cord. This distribution pattern of the Iba1 was observed in all
the experimental groups, i.e., in all the groups with and without SCI or therapy (intact,
SCI-noEx, WBV7, WBV14, WBV28, and PFE groups). The Iba1 immunostaining provided a
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visualization of the microglia/macrophages in their star- and irregular-round-shaped cell
morphologies, with their branched cell processes (Figures 5 and 6). The Iba1-positive cells
were in intimate spatial contact with α-motoneurons and other interneurons, which were
collectively labeled by NeuroTrace green fluorescent Nissl staining (Figures 5 and 6).
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Figure 5. Immunostaining of microglia/macrophages in the ventral horn in a transverse section of
the lumbar-spinal-cord L2 segment using rabbit anti-Iba1 and sheep anti-rabbit Cy3 conjugated IgG
antibodies at 12 weeks after SCI. The Iba1 immunostaining visualized microglia/macrophages in
their characteristic star- or irregular round-shaped cell morphologies with their cell processes, which
extended in all directions from the cell body. (A) SCI-noEx, (C) WBV14, (E) WBV28. Counterstaining
with NeuroTrace 500/525 green fluorescent Nissl staining unequivocally showed the large neuronal
cell bodies of the ventral horn α-motoneurons (B) SCI-noEx, (D) WBV14, and (F) WBV28.

Curr. Issues Mol. Biol. 2023, 3, FOR PEER REVIEW 8 
 

 

experimental groups, i.e., in all the groups with and without SCI or therapy (intact, SCI-
noEx, WBV7, WBV14, WBV28, and PFE groups). The Iba1 immunostaining provided a 
visualization of the microglia/macrophages in their star- and irregular-round-shaped cell 
morphologies, with their branched cell processes (Figures 5 and 6). The Iba1-positive cells 
were in intimate spatial contact with α-motoneurons and other interneurons, which were 
collectively labeled by NeuroTrace green fluorescent Nissl staining (Figures 5 and 6). 

 
Figure 5. Immunostaining of microglia/macrophages in the ventral horn in a transverse section of 
the lumbar-spinal-cord L2 segment using rabbit anti-Iba1 and sheep anti-rabbit Cy3 conjugated IgG 
antibodies at 12 weeks after SCI. The Iba1 immunostaining visualized microglia/macrophages in 
their characteristic star- or irregular round-shaped cell morphologies with their cell processes, 
which extended in all directions from the cell body. (A) SCI-noEx, (C) WBV14, (E) WBV28. Coun-
terstaining with NeuroTrace 500/525 green fluorescent Nissl staining unequivocally showed the 
large neuronal cell bodies of the ventral horn α-motoneurons (B) SCI-noEx, (D) WBV14, and (F) 
WBV28. 

 

Figure 6. Immunostaining of microglia/macrophages in the dorsal horn in a transverse section of 
the lumbar-spinal-cord L2 segment using rabbit anti-Iba1 and sheep anti-rabbit Cy3 conjugated IgG 
antibodies at 12 weeks after SCI (image belongs to WBV28 group). Microglia/macrophages were 
found predominantly in the gray matter—involving both the ventral horn and dorsal horn—where 

Figure 6. Immunostaining of microglia/macrophages in the dorsal horn in a transverse section of
the lumbar-spinal-cord L2 segment using rabbit anti-Iba1 and sheep anti-rabbit Cy3 conjugated
IgG antibodies at 12 weeks after SCI (image belongs to WBV28 group). Microglia/macrophages
were found predominantly in the gray matter—involving both the ventral horn and dorsal horn—
where they were in intimate spatial contact with the neuronal cell bodies (B), exposed with green
immunofluorescence via counterstaining with NeuroTrace 500/525). The area of interest (AOI) of the
dorsal horn is illustrated by a white dashed line (A).
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The immunohistochemical analysis at 12 weeks after SCI, conducted on all the non-
treated rats, revealed a consistent trend of decrease in Iba1 expression (Table 3). How-
ever, there were no significant differences in Iba1 expression between the intact and
SCI-noEx groups. This was the case for both the ventral and the dorsal horns (p > 0.05,
Kruskal–Wallis, Dunn’s method, respectively). The correlation analysis showed that the
microglia/macrophage inflammatory response in the spinal cords of the SCI-noEx animals
was significantly and inversely correlated with functional recovery. The non-exercised ani-
mals with higher Iba1 expression, i.e., more intense microglial/macrophage inflammation,
exhibited comparatively poor locomotor recovery, and vice versa.

The WBV and PFE therapies showcased an increase in Iba1 expression in both the
ventral and dorsal horns of the lumbar spinal cord, after thoracic SCI. This reaction was
particularly evident in the WBV7, WBV28, and PFE groups (Table 3). The WBV therapy
starting at 28 days post-injury was the only treatment setup to yield significant increase
rates in Iba1 expression levels compared to the SCI-noEx groups, particularly in the ventral
horn (p = 0.028, Kruskal–Wallis, Dunn’s method). Of all the treatment groups, the WBV14
group exhibited the smallest rate of increase in Iba1 expression in both the ventral horn
and the dorsal horn, compared to the SCI-noEx group (p > 0.05, Kruskal–Wallis, Dunn’s
method). A significant difference (p = 0.019, Kruskal–Wallis, Dunn’s method) was identified
between the two groups, with larger and smaller increases in Iba1 expression (WBV28 vs.
WBV14). No significant differences were reported between the expressions of Iba1 in the
dorsal horns of all the groups (Table 3).

3.3. Immunohistochemical Analysis of NT-3 Expression

The relative NT-3 expression values (PN/mm2) were calculated by rectifying the
absolute NT-3 expression values or pixel numbers for the specific area of interest (AOI)
used in the ventral horn (AOI ≈ 0.5177 mm2) and dorsal horn (AOI ≈ 0.2223 mm2) in order
to allow a direct comparison between the ventral and dorsal horn (Table 4).

Table 4. NT-3 expression, as defined by pixel number per mm2 of tissue area (PN/mm2) in the
ventral horns and dorsal horns of the lumbar-spinal-cord L2 segments of intact and injured, treated,
and non-treated rats at 12 weeks after SCI. The relative NT-3 expression values (PN/mm2) were
calculated by rectifying the absolute NT-3 expression values or pixel numbers for the specific AOI
used in the ventral horn (AOI ≈ 0.5177 mm2) and dorsal horn (AOI ≈ 0.2223 mm2) in order to allow
direct comparison between the ventral horn and dorsal horn. Groups’ mean values ± SD are shown.
Asterisks (*) mark significant results (p < 0.001, WBV14 vs. SCI-noEx, ANOVA, Holm-Sidak).

Group NT-3_Ventral Horn NT-3_Dorsal Horn

Intact (n = 3) 162,483 ± 9224 481,178 ± 27,187
SCI-noEx (n = 5) 176,548 ± 26,117 505,795 ± 53,792

WBV7 (n = 5) 334,924 ± 51,345 595,022 ± 61,196
WBV14 (n = 9) 525,418 ± 197885 * 739,444 ± 90,572 *
WBV28 (n = 6) 318,238 ± 61485 644,613 ± 95,059

ML (PFE) (n = 7) 388,171 ± 141,477 624,435 ± 97,267

The immunohistochemical analysis revealed that NT-3 protein expression was evident
throughout the gray matter, with only weak staining in the white matter of the lumbar
spinal cord. This distribution pattern of NT-3 was observed in all the experimental groups,
with and without SCI or therapy. The NT-3 immunostaining in the ventral horn appeared to
be located within the α-motoneuron cell bodies (Figure 7). The small cells distributed across
the gray matter, presumably interneurons or glial cells, also displayed NT-3-positivity.
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Figure 7. Immunostaining of NT-3 in a transverse section of the lumbar spinal cord L2 segment,
using rabbit anti-NT-3 and sheep anti-rabbit Cy3 conjugated IgG antibodies at 12 weeks after SCI
NT-3 immunostaining was evident throughout the gray matter, in both ventral horn (B,D,F) and
dorsal horn (A,C,E). The NT-3 was highly expressed in α-motoneurons of the ventral horn at WBV14,
where we observed clinical recovery. Small cells, presumably interneurons or glial cells, also showed
NT-3-positivity. (A,B) SCI-noEx, (C,D) WBV14, (E,F) WBV28.

The NT-3 expression levels at 12 weeks after SCI were markedly higher in the dor-
sal horns than in the ventral horns (Table 4). There was also an activity-dependent in-
crease in NT-3 expression in both the ventral and dorsal horns in all the treatment groups
(i.e., the WBV7, WBV14, WBV28, and PFE groups). Thus, our results demonstrate that
NT-3 increased in all the therapies, independently of the design, task, or time delay in the
onset of each therapy, but the increase was only significant in the WBV14 group (p < 0.001,
WBV14 vs. SCI-noEx, ANOVA, Holm-Sidak).

A correlation analysis revealed a significant and highly positive relationship between
the assessed NT-3 expression levels in the ventral horn and the BBB locomotor recovery in
the WBV14 group (r = 0.843, p = 0.009) at the final assessment time point, 12 weeks post-SCI,
which was associated with the overall stronger trend of locomotor recovery from SCI.

4. Discussion

Following compressive thoracic SCI, the rats were either subjected to WBV therapy
starting at 7, 14, or 28 days post-injury or PFE therapy starting at day 14, or received no
exercise. The effects of the selected treatments on functional recovery and on the levels
of microglia and neurotrophin-3 varied and, apparently, were dependent on the task and
on the time at which each treatment began. The WBV14 therapy appeared to be superior
to the PFE therapy in terms of recovery. More specifically, the WBV therapy enhanced
the best overall functional recovery when initiated at day 14 and resulted in a moderate
increase in Iba1 and the highest increase in NT-3. On the other hand, when the beginning
of WBV therapy was either earlier, in a subacute phase 7 days post-injury, or later, on the
28th day, functional recovery was limited, the Iba1 levels were the highest documented,
and the NT-3 levels were relatively low.
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As verified by the correlation analysis, there was a significant inverse relationship
between the Iba1 expression of the ventral horn and the open-field BBB locomotor perfor-
mance in the non-treated (non-exercised) SCI animals, indicating that microglia/macrophage
inflammation impaired neuronal function. The detection of dysfunction or CNS injuries, in-
cluding trauma, ischemia, infection, neurodegenerative diseases, and even altered neuronal
activity, stimulates resting microglia to transform into an activated state. This complex, mul-
tistage activation process includes functional and phenotypical changes, such as somatic
hypertrophy, thickened branches with microspike formation, and proliferation [7,13,41].
Activated microglia can migrate to the lesion site and release a large number of beneficial
and detrimental mediator substances, such as cytokines, chemokines, and neurotrophins,
leading to secondary injury and/or repair [7,13,41].

Microglial cells can increase tissue recovery and can exhibit protective effects that are
mediated by lesion containment, debris clearance, and the production of anti-inflammatory
factors, such as IL-10 [4]. Microglia serve as key cellular components of scars that develop
after SCI to protect neural tissue [42]. On the other hand, activated microglia contribute
to secondary damage by releasing proinflammatory mediators, such as reactive oxygen
species and proinflammatory cytokines [4]. Previous studies found that microglia exhibited
at least two different spatial and temporal patterns of activation after compressive SCI.
One was rapid, while the other was related to Wallerian degeneration [3]. Further studies
demonstrated that progressive microglia/macrophage activation along the entire spinal
axis follows thoracic SCI [13–15]. This activation was detectable at various timepoints
following SCI, immediately, at the subclinical phase, acutely, and chronically, up to at least
6 months later [13]. Although distinct microglial activation profiles have been documented
in the literature [16–18], and a number of factors may affect them, accurate spatio-temporal
profiles of microglial activation have not yet been shown in a variety of SCI models [3].

The SCI-evoked microglia/macrophage inflammatory response in our study was
probably composed of the neurotoxic M1 microglia/macrophage subpopulation, which is
known to compromise locomotor recovery and to increase secondary tissue damage and
neurological dysfunction. It has been suggested that, following SCI, the dynamic lesion en-
vironment creates stimuli that control the function of microglia/macrophages and favor the
occurrence of this M1 subpopulation, which is considered to impair recovery [43]. This is a
“classically-activated”, pro-inflammatory, microglia/macrophage subpopulation, which
may be rapidly induced as a robust and chronically persistent response to SCI. This M1
inflammatory response dominates at the injury sites and in the zones of Wallerian degener-
ation, and propagates mostly neurodestructive reactions [43]. As previously evidenced,
the M1 response after SCI is overwhelmingly apparent [43], whereas using WBV later, at
day 14, seems to counteract this effect. More importantly, based on the morphologies of the
microglial cells in the recovered CNS, microglia/macrophages exhibit the favorable M2
phenotype, which encourages neurorestoration and regeneration [43,44].

The intact blood–spinal-cord barrier (BSB) ensures a stable CNS microenvironment,
which is essential for neuronal integrity and function [45,46]. Studies investigating the
dynamics of BSB function from several minutes after injury up to 28 days later report
time-bound alterations in BSB integrity. Apparently, it opens after injury, followed by a
second peak of abnormal permeability 3 days later. It begins to re-establish after 7 days
and appears to be largely restored 14 days later. It opens for a second time around the 28th
day [45–48]. This natural behavior of the BSB in the post-SCI period coincides with the
time-dependent, phasic response pattern of microglia/macrophages after SCI, as observed
by other researchers [13,43,49], and as recorded by their measurements. The rapid and ro-
bust microglia/macrophage inflammatory response in the acute post-SCI phase apparently
coincides with the first BSB breakdown. On the other hand, the significant reduction in cel-
lular inflammation at the 14 day consistently corresponds with the progressive restoration
of the BSB.

Therefore, it appears that microglia/macrophage recruitment and the activation in
the spinal cord following SCI are influenced by the integrity of the BSB. The initiation of
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vibration therapy at the 28th day, when BSB breakdown naturally occurs for the second time
in the post-SCI time course, is harmful for the recovery process of the spinal cord and
probably exacerbates secondary injuries. The WBV7 intervention did not yield significant
changes in Iba1 expression compared to the SCI-noEx group. We can envision that the
microglia/macrophages in this early (sub)acute SCI phase become highly sensitized and
are therefore more likely to respond quickly and intensively upon their second exposure
to pro-inflammatory stimuli. At the 14th day, when BSB integrity is known to be largely
re-established, the WBV14 intervention creates a beneficial environment for the spinal cord.
This can be accomplished by effectively blocking the further recruitment of immune cells,
thus contributing to restored neural function.

With regards to the NT-3, the expression levels at 12 weeks after SCI were markedly
higher in the dorsal horns than in the ventral horns. The NT-3 increased with all the
therapies, independently of the design, task, or time delay in onset of therapy, although
this increase was only significant in the WBV14 group. There was also a significant and
highly positive relationship between the assessed NT-3 expression levels in the ventral
horn and the BBB locomotor recovery in the WBV14 group, which was associated with
a stronger overall trend of locomotor recovery from SCI. In support of this observation,
the predominance of NT-3 in the dorsal horns suggests that NT-3 is strongly associated
with the sensory neural system and, more specifically, with proprioceptive neurons [50,51].
The NT-3 plays important roles in CNS integrity and function by exerting trophic support
for neuronal and glial cells [52,53], by mediating axonal regeneration and the function of
sensory neurons [13,43,54–57], as well as influencing synaptic reformation [58–60]. It has
been shown to increase in an activity-dependent manner in the intact and injured spinal
cords of rats subjected to, for example, treadmill training [61,62], swimming, standing, and
stepping training [62,63], bicycle training [63], and wheel running [64].

In animal experiments, NT-3 has been shown to favor axonal regeneration and to
improve functional skills [65]. Following trauma-induced denervation, it has been reported,
the axonal plasticity of intact CST axons is enhanced by the local, sustained expression of
NT-3 [66]. In other studies, NT-3 was shown to stimulate microglial activation and prolifera-
tion [52,53]. Coumans et al. [55] used fetal-spinal-cord transplants and neurotrophins (NT-3,
BDNF) to provide a permissive environment for axonal regrowth in SCI. They showed
that neurotrophins are substantial in neuroregeneration and the increased levels that arise
following injury, accompanied by functional recovery, suggests that they are connected
to improvement [49,55,56]. Interestingly, increased levels of BDNF, NGF, and NT-3 in the
injured spinal cord may be the main therapeutic effect of using hUCB-MSCs to treat spinal
cord injuries (SCI) [67].

The absence of off-target effects, such as pain or spasticity, is another benefit of NT-3.
In fact, peripheral neuropathies, which are frequently accompanied by persistent pain and
allodynia, are currently undergoing treatment with NT-3 in clinical trials. These studies are
supported by data showing that NT-3 can enhance functional responsiveness in peripheral
sensory neurons and prevent their axons from degenerating [19,68–70]. Furthermore,
NT-3 has been shown to increase in an activity-dependent manner in the spinal cord
following physical exercise. Thus, accumulating data support the concept of a reciprocal
neuroimmune interaction between neuronal activity, NT-3, and microglia/macrophages in
the CNS. On the other hand, a lack of a profound effect of SCI on NT-3 expression in spinal
cord segments caudal to the injury level has also been described in studies [62,71]. Taken
together, although NT-3 increased in all the therapies, the increase was only significant in
the WBV14 group, positively correlating with functional recovery and inversely correlating
with microglia levels.

Another objective of this study was to compare WBV and PFE therapy. Both therapies
involved repetitive and rhythmic movements of the impaired lower limbs. However, the
modified PFE therapy in our study model did not—in contrast with the WBV therapy—
involve the activation of load receptors and plantar cutaneous feedback, which are both
acknowledged to exert a strong effect on spinal networks, locomotion capacity, and recovery
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after SCI [32,72–74]. These two sensory inputs are important for the regulation of stance
and gait kinematics in healthy and SCI-affected human subjects and in experimental SCI
animals [32,72,73,75]. On the other hand, WBV therapy was conducted on non-anesthetized
animals, which were free to move on all four paws within the Galileo vibrating device.
Providing oscillating stimulation with enhanced reflex and muscle activation [76–80] and,
furthermore, the opportunity of free movement within the Galileo device, the WBV therapy
was deliberately designed to encourage additional voluntary motor activity. Thus, the WBV
therapy incorporated more complex physical training and facilitated the active involvement
of the SCI rats.

By design, the WBV therapy combined active and passive (reflex) components of
physical activity. The combination of multisensory cues, including load- and hip-joint-
related proprioceptive input and plantar cutaneous feedback, appears to be of crucial
importance for the generation and regulation of locomotor patterns and the effectiveness
of neurorehabilitative physical therapy [32,72,73,75,81,82]. In line with these observations,
yet without statistical significance, the complex WBV14 therapy with multi-sensory input
led to more improvements overall in over-ground locomotion capacity, left–right-hindlimb
coordination, and plantar-stepping performance than the PFE therapy when starting at the
same timepoint, on the 14th day post-injury. Surprisingly, even though the PFE therapy did
not incorporate limb loading or plantar cutaneous feedback, there was a similar, significant
recovery of body-weight support ability and an improved correct ladder-step performance
in both the PFE and the WBV14 group.

5. Conclusions

Overall, our study used PFE therapy and WBV treatments beginning at various time
points in a rat model of severe-compression SCI in order to investigate the correlation
between microglia/macrophage inflammation, synaptic restoration, changes in NT-3 ex-
pression, and locomotor recovery. Based on our results, the performance and timing of the
treatment initiation appear to have a significant impact on the recovery process, since the
WBV therapy, starting earlier, at day 14, seemed to be superior to the PFE therapy at the
14th day. The modulatory effects that led to the best overall functional recovery 14 days
after SCI included a moderate decrease in Iba1 and a high expression of NT-3 within the
dorsal horns of the spinal cord. Evidently, functional recuperation is strongly influenced
by the inflammatory processes that take place caudal to the site of damage, and increased
NT-3 seems to be the mediator of this recovery.

Author Contributions: Every author mentioned provided direct and useful help; moreover, all
authors read, rectified, and approved this article. All authors read the article and approved its
submission to this journal. This paper has not been submitted elsewhere for consideration for
publication. Conceptualization, D.N.A.; investigation, D.S. and S.R.-N.; methodology, D.S. and
D.N.A.; resources, D.S.; software, D.S.; supervision, D.N.A.; validation, D.S. and M.E.M.; writing—
original draft, D.S. and M.E.M.; writing—review and editing, M.E.M., P.T. and D.N.A. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The animal study protocol was approved by the local Animal
Care Committee (approval number 8.87–50.10.35.08.144; approval date 03.07.2008).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author, upon reasonable request.

Acknowledgments: The statistical work was supported by Pavlov Stoyan, Department of Anatomy,
Medical University Varna, Bulgaria. The valuable support of Andrey Irintchev, Katharina Wellmann,
Janina Ankerne, Mahak Ashrafi, Felicitas Wirth, Greta Schempf, Isabelle Masson, Leonie Eisel,
Rachida Harrach, Samantha Moscarino, Kurdin Alsolivany, Felix Rehberg, and Srebrina Angelova is
highly appreciated.



Curr. Issues Mol. Biol. 2023, 45 3251

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Bills, K.B.; Clarke, T.; Major, G.H.; Jacobson, C.B.; Blotter, J.D.; Feland, J.B.; Steffensen, S.C. Targeted Subcutaneous Vibration With

Single-Neuron Electrophysiology As a Novel Method for Understanding the Central Effects of Peripheral Vibrational Therapy in
a Rodent Model. Dose Response 2019, 17. [CrossRef] [PubMed]

2. Herren, K.; Schmid, S.; Rogan, S.; Radlinger, L. Effects of Stochastic Resonance Whole-Body Vibration in Individuals with
Unilateral Brain Lesion: A Single-Blind Randomized Controlled Trial: Whole-Body Vibration and Neuromuscular Function.
Rehabil. Res. Pract. 2018, 2018, 9319258. [CrossRef] [PubMed]

3. Zhou, Y.; Li, N.; Zhu, L.; Lin, Y.; Cheng, H. The Microglial Activation Profile and Associated Factors after Experimental Spinal
Cord Injury in Rats. Neuropsychiatr. Dis. Treat. 2018, 14, 2401–2413. [CrossRef] [PubMed]

4. Kroner, A.; Rosas Almanza, J. Role of Microglia in Spinal Cord Injury. Neurosci. Lett. 2019, 709, 134370. [CrossRef]
5. Bermudez, S.; Khayrullina, G.; Zhao, Y.; Byrnes, K.R. NADPH Oxidase Isoform Expression Is Temporally Regulated and May

Contribute to Microglial/Macrophage Polarization after Spinal Cord Injury. Mol. Cell. Neurosci. 2016, 77, 53–64. [CrossRef]
6. Xu, L.; Wang, J.; Ding, Y.; Wang, L.; Zhu, Y.-J. Current Knowledge of Microglia in Traumatic Spinal Cord Injury. Front. Neurol.

2021, 12, 796704. [CrossRef]
7. David, S.; Kroner, A. Repertoire of Microglial and Macrophage Responses after Spinal Cord Injury. Nat. Rev. Neurosci. 2011, 12,

388–399. [CrossRef]
8. Magaki, S.D.; Williams, C.K.; Vinters, H. V Glial Function (and Dysfunction) in the Normal & Ischemic Brain. Neuropharmacology

2018, 134, 218–225. [CrossRef]
9. Alizadeh, A.; Karimi-Abdolrezaee, S. Microenvironmental Regulation of Oligodendrocyte Replacement and Remyelination in

Spinal Cord Injury. J. Physiol. 2016, 594, 3539–3552. [CrossRef]
10. Hausmann, O.N. Post-Traumatic Inflammation Following Spinal Cord Injury. Spinal Cord 2003, 41, 369–378. [CrossRef]
11. Wang, L.; Hu, B.; Wong, W.M.; Lu, P.; Wu, W.; Xu, X.-M. Glial and Axonal Responses in Areas of Wallerian Degeneration of the

Corticospinal and Dorsal Ascending Tracts after Spinal Cord Dorsal Funiculotomy. Neuropathology 2009, 29, 230–241. [CrossRef]
[PubMed]

12. Sekhon, L.H.; Fehlings, M.G. Epidemiology, Demographics, and Pathophysiology of Acute Spinal Cord Injury. Spine 2001, 26,
S2–S12. [CrossRef] [PubMed]

13. Gwak, Y.S.; Kang, J.; Unabia, G.C.; Hulsebosch, C.E. Spatial and Temporal Activation of Spinal Glial Cells: Role of Gliopathy in
Central Neuropathic Pain Following Spinal Cord Injury in Rats. Exp. Neurol. 2012, 234, 362–372. [CrossRef]

14. Chadi, G.; Andrade, M.S.; Leme, R.J.; Gomide, V.C. Experimental Models of Partial Lesion of Rat Spinal Cord to Investigate
Neurodegeneration, Glial Activation, and Behavior Impairments. Int. J. Neurosci. 2001, 111, 137–165. [CrossRef]

15. Leme, R.J.; Chadi, G. Distant Microglial and Astroglial Activation Secondary to Experimental Spinal Cord Lesion. Arq Neurop-
siquiatr 2001, 59, 483–492. [CrossRef]

16. Abdanipour, A.; Tiraihi, T.; Taheri, T.; Kazemi, H. Microglial Activation in Rat Experimental Spinal Cord Injury Model. Iran.
Biomed. J. 2013, 17, 214–220. [CrossRef] [PubMed]

17. Zhang, S.C.; Goetz, B.D.; Carré, J.L.; Duncan, I.D. Reactive Microglia in Dysmyelination and Demyelination. Glia 2001, 34,
101–109. [CrossRef] [PubMed]

18. Wei, Z.; Yu, D.; Bi, Y.; Cao, Y. A Disintegrin and Metalloprotease 17 Promotes Microglial Cell Survival via Epidermal Growth
Factor Receptor Signalling Following Spinal Cord Injury. Mol. Med. Rep. 2015, 12, 63–70. [CrossRef]

19. Keefe, K.M.; Sheikh, I.S.; Smith, G.M. Targeting Neurotrophins to Specific Populations of Neurons: NGF, BDNF, and NT-3 and
Their Relevance for Treatment of Spinal Cord Injury. Int. J. Mol. Sci. 2017, 18, 548. [CrossRef]

20. Neumann, H.; Misgeld, T.; Matsumuro, K.; Wekerle, H. Neurotrophins Inhibit Major Histocompatibility Class II Inducibility of
Microglia: Involvement of the P75 Neurotrophin Receptor. Proc. Natl. Acad. Sci. USA 1998, 95, 5779–5784. [CrossRef]

21. Bessis, A.; Béchade, C.; Bernard, D.; Roumier, A. Microglial Control of Neuronal Death and Synaptic Properties. Glia 2007, 55,
233–238. [CrossRef]

22. Tian, L.; Ma, L.; Kaarela, T.; Li, Z. Neuroimmune Crosstalk in the Central Nervous System and Its Significance for Neurological
Diseases. J. Neuroinflammation 2012, 9, 155. [CrossRef]

23. Manthou, M.; Abdulla, D.S.Y.; Pavlov, S.P.; Jansen, R.; Bendella, H.; Nohroudi, K.; Stein, G.; Meyer, C.; Ozsoy, O.; Ozsoy, U.; et al.
Whole Body Vibration (WBV) Following Spinal Cord Injury (SCI) in Rats: Timing of Intervention. Restor. Neurol. Neurosci. 2017,
35, 185–216. [CrossRef] [PubMed]

24. Ozsoy, O.; Ozsoy, U.; Stein, G.; Semler, O.; Skouras, E.; Schempf, G.; Wellmann, K.; Wirth, F.; Angelova, S.; Ankerne, J.; et al.
Functional Deficits and Morphological Changes in the Neurogenic Bladder Match the Severity of Spinal Cord Compression.
Restor. Neurol. Neurosci. 2012, 30, 363–381. [CrossRef] [PubMed]

25. Semler, J.; Wellmann, K.; Wirth, F.; Stein, G.; Angelova, S.; Ashrafi, M.; Schempf, G.; Ankerne, J.; Ozsoy, O.; Ozsoy, U.; et al.
Objective Measures of Motor Dysfunction after Compression Spinal Cord Injury in Adult Rats: Correlations with Locomotor
Rating Scores. J. Neurotrauma 2011, 28, 1247–1258. [CrossRef] [PubMed]

26. Curtis, R.; Green, D.; Lindsay, R.M.; Wilkin, G.P. Up-Regulation of GAP-43 and Growth of Axons in Rat Spinal Cord after
Compression Injury. J. Neurocytol. 1993, 22, 51–64. [CrossRef]

http://doi.org/10.1177/1559325818825172
http://www.ncbi.nlm.nih.gov/pubmed/30728758
http://doi.org/10.1155/2018/9319258
http://www.ncbi.nlm.nih.gov/pubmed/30155308
http://doi.org/10.2147/NDT.S169940
http://www.ncbi.nlm.nih.gov/pubmed/30275694
http://doi.org/10.1016/j.neulet.2019.134370
http://doi.org/10.1016/j.mcn.2016.10.001
http://doi.org/10.3389/fneur.2021.796704
http://doi.org/10.1038/nrn3053
http://doi.org/10.1016/j.neuropharm.2017.11.009
http://doi.org/10.1113/JP270895
http://doi.org/10.1038/sj.sc.3101483
http://doi.org/10.1111/j.1440-1789.2008.00969.x
http://www.ncbi.nlm.nih.gov/pubmed/18992013
http://doi.org/10.1097/00007632-200112151-00002
http://www.ncbi.nlm.nih.gov/pubmed/11805601
http://doi.org/10.1016/j.expneurol.2011.10.010
http://doi.org/10.3109/00207450108994227
http://doi.org/10.1590/S0004-282X2001000400002
http://doi.org/10.6091/ibj.1213.2013
http://www.ncbi.nlm.nih.gov/pubmed/23999718
http://doi.org/10.1002/glia.1045
http://www.ncbi.nlm.nih.gov/pubmed/11307159
http://doi.org/10.3892/mmr.2015.3395
http://doi.org/10.3390/ijms18030548
http://doi.org/10.1073/pnas.95.10.5779
http://doi.org/10.1002/glia.20459
http://doi.org/10.1186/1742-2094-9-155
http://doi.org/10.3233/RNN-160691
http://www.ncbi.nlm.nih.gov/pubmed/28059803
http://doi.org/10.3233/RNN-2012-110203
http://www.ncbi.nlm.nih.gov/pubmed/22695706
http://doi.org/10.1089/neu.2010.1737
http://www.ncbi.nlm.nih.gov/pubmed/21428717
http://doi.org/10.1007/BF01183975


Curr. Issues Mol. Biol. 2023, 45 3252

27. Apostolova, I.; Irintchev, A.; Schachner, M. Tenascin-R Restricts Posttraumatic Remodeling of Motoneuron Innervation and
Functional Recovery after Spinal Cord Injury in Adult Mice. J. Neurosci. 2006, 26, 7849–7859. [CrossRef]

28. Manthou, M.; Nohroudi, K.; Moscarino, S.; Rehberg, F.; Stein, G.; Jansen, R.; Abdulla, D.; Jaminet, P.; Semler, O.; Schoenau, E.;
et al. Functional Recovery after Experimental Spinal Cord Compression and Whole Body Vibration Therapy Requires a Balanced
Revascularization of the Injured Site. Restor. Neurol. Neurosci. 2015, 33, 233–249. [CrossRef]

29. Wirth, F.; Schempf, G.; Stein, G.; Wellmann, K.; Manthou, M.; Scholl, C.; Sidorenko, M.; Semler, O.; Eisel, L.; Harrach, R.; et al.
Whole-Body Vibration Improves Functional Recovery in Spinal Cord Injured Rats. J. Neurotrauma 2013, 30, 453–468. [CrossRef]

30. Ganor, I.; Golani, I. Coordination and Integration in the Hindleg Step Cycle of the Rat: Kinematic Synergies. Brain Res. 1980, 195,
57–67. [CrossRef]

31. Stasiak, M.E.; Wiznia, D.; Alzoobaee, S.; Ciccotti, M.C.; Imhauser, C.W.; Voigt, C.; Torzilli, P.A.; Deng, X.-H.; Rodeo, S.A. A Novel
Device to Apply Controlled Flexion and Extension to the Rat Knee Following Anterior Cruciate Ligament Reconstruction. J.
Biomech. Eng. 2012, 134, 41008. [CrossRef] [PubMed]

32. Hubli, M.; Dietz, V. The Physiological Basis of Neurorehabilitation–Locomotor Training after Spinal Cord Injury. J. NeuroEngineer-
ing Rehabil. 2013, 10, 5. [CrossRef] [PubMed]

33. Gale, K.; Kerasidis, H.; Wrathall, J.R. Spinal Cord Contusion in the Rat: Behavioral Analysis of Functional Neurologic Impairment.
Exp. Neurol. 1985, 88, 123–134. [CrossRef]

34. Kerasidis, H.; Wrathall, J.R.; Gale, K. Behavioral Assessment of Functional Deficit in Rats with Contusive Spinal Cord Injury. J.
Neurosci. Methods 1987, 20, 167–179. [CrossRef]

35. Kim, Y.; Youm, Y.; Wu, M.; Schmit, B.D. Modulation of Flexor Reflexes by Static and Dynamic Hip Proprioceptors in Chronic
Human Spinal Cord Injury. J. Clin. Neurosci. 2007, 14, 1078–1088. [CrossRef]

36. Basso, D.M.; Beattie, M.S.; Bresnahan, J.C. A Sensitive and Reliable Locomotor Rating Scale for Open Field Testing in Rats. J.
Neurotrauma 1995, 12, 1–21. [CrossRef] [PubMed]

37. Ohsawa, K.; Imai, Y.; Kanazawa, H.; Sasaki, Y.; Kohsaka, S. Involvement of Iba1 in Membrane Ruffling and Phagocytosis of
Macrophages/Microglia. J. Cell Sci. 2000, 113 Pt 1, 3073–3084. [CrossRef]

38. Ohsawa, K.; Imai, Y.; Sasaki, Y.; Kohsaka, S. Microglia/Macrophage-Specific Protein Iba1 Binds to Fimbrin and Enhances Its
Actin-Bundling Activity. J. Neurochem. 2004, 88, 844–856. [CrossRef]

39. Ahmed, Z.; Shaw, G.; Sharma, V.P.; Yang, C.; McGowan, E.; Dickson, D.W. Actin-Binding Proteins Coronin-1a and IBA-1 Are
Effective Microglial Markers for Immunohistochemistry. J. Histochem. Cytochem. 2007, 55, 687–700. [CrossRef]

40. Venkatesan, C.; Chrzaszcz, M.; Choi, N.; Wainwright, M.S. Chronic Upregulation of Activated Microglia Immunoreactive for
Galectin-3/Mac-2 and Nerve Growth Factor Following Diffuse Axonal Injury. J. Neuroinflammation 2010, 7, 32. [CrossRef]

41. Kettenmann, H.; Hanisch, U.-K.; Noda, M.; Verkhratsky, A. Physiology of Microglia. Physiol. Rev. 2011, 91, 461–553. [CrossRef]
[PubMed]

42. Bellver-Landete, V.; Bretheau, F.; Mailhot, B.; Vallières, N.; Lessard, M.; Janelle, M.-E.; Vernoux, N.; Tremblay, M.-È.; Fuehrmann,
T.; Shoichet, M.S.; et al. Microglia Are an Essential Component of the Neuroprotective Scar That Forms after Spinal Cord Injury.
Nat. Commun. 2019, 10, 518. [CrossRef]

43. Kigerl, K.A.; Gensel, J.C.; Ankeny, D.P.; Alexander, J.K.; Donnelly, D.J.; Popovich, P.G. Identification of Two Distinct Macrophage
Subsets with Divergent Effects Causing Either Neurotoxicity or Regeneration in the Injured Mouse Spinal Cord. J. Neurosci. 2009,
29, 13435–13444. [CrossRef] [PubMed]

44. Ponomarev, E.D.; Maresz, K.; Tan, Y.; Dittel, B.N. CNS-Derived Interleukin-4 Is Essential for the Regulation of Autoimmune
Inflammation and Induces a State of Alternative Activation in Microglial Cells. J. Neurosci. 2007, 27, 10714–10721. [CrossRef]
[PubMed]

45. Mautes, A.E.; Weinzierl, M.R.; Donovan, F.; Noble, L.J. Vascular Events after Spinal Cord Injury: Contribution to Secondary
Pathogenesis. Phys. Ther. 2000, 80, 673–687. [CrossRef] [PubMed]

46. Whetstone, W.D.; Hsu, J.-Y.C.; Eisenberg, M.; Werb, Z.; Noble-Haeusslein, L.J. Blood-Spinal Cord Barrier after Spinal Cord Injury:
Relation to Revascularization and Wound Healing. J. Neurosci. Res. 2003, 74, 227–239. [CrossRef] [PubMed]

47. Noble, L.J.; Wrathall, J.R. Distribution and Time Course of Protein Extravasation in the Rat Spinal Cord after Contusive Injury.
Brain Res. 1989, 482, 57–66. [CrossRef]

48. Popovich, P.G.; Horner, P.J.; Mullin, B.B.; Stokes, B.T. A Quantitative Spatial Analysis of the Blood-Spinal Cord Barrier. I.
Permeability Changes after Experimental Spinal Contusion Injury. Exp. Neurol. 1996, 142, 258–275. [CrossRef]

49. Beck, K.D.; Nguyen, H.X.; Galvan, M.D.; Salazar, D.L.; Woodruff, T.M.; Anderson, A.J. Quantitative Analysis of Cellular
Inflammation after Traumatic Spinal Cord Injury: Evidence for a Multiphasic Inflammatory Response in the Acute to Chronic
Environment. Brain 2010, 133, 433–447. [CrossRef]

50. Ernfors, P.; Lee, K.F.; Kucera, J.; Jaenisch, R. Lack of Neurotrophin-3 Leads to Deficiencies in the Peripheral Nervous System and
Loss of Limb Proprioceptive Afferents. Cell 1994, 77, 503–512. [CrossRef]

51. Tessarollo, L.; Vogel, K.S.; Palko, M.E.; Reid, S.W.; Parada, L.F. Targeted Mutation in the Neurotrophin-3 Gene Results in Loss of
Muscle Sensory Neurons. Proc. Natl. Acad. Sci. USA 1994, 91, 11844–11848. [CrossRef]

52. Elkabes, S.; DiCicco-Bloom, E.M.; Black, I.B. Brain Microglia/Macrophages Express Neurotrophins That Selectively Regulate
Microglial Proliferation and Function. J. Neurosci. 1996, 16, 2508–2521. [CrossRef]

http://doi.org/10.1523/JNEUROSCI.1526-06.2006
http://doi.org/10.3233/RNN-140434
http://doi.org/10.1089/neu.2012.2653
http://doi.org/10.1016/0006-8993(80)90866-5
http://doi.org/10.1115/1.4006341
http://www.ncbi.nlm.nih.gov/pubmed/22667683
http://doi.org/10.1186/1743-0003-10-5
http://www.ncbi.nlm.nih.gov/pubmed/23336934
http://doi.org/10.1016/0014-4886(85)90118-9
http://doi.org/10.1016/0165-0270(87)90048-3
http://doi.org/10.1016/j.jocn.2006.06.021
http://doi.org/10.1089/neu.1995.12.1
http://www.ncbi.nlm.nih.gov/pubmed/7783230
http://doi.org/10.1242/jcs.113.17.3073
http://doi.org/10.1046/j.1471-4159.2003.02213.x
http://doi.org/10.1369/jhc.6A7156.2007
http://doi.org/10.1186/1742-2094-7-32
http://doi.org/10.1152/physrev.00011.2010
http://www.ncbi.nlm.nih.gov/pubmed/21527731
http://doi.org/10.1038/s41467-019-08446-0
http://doi.org/10.1523/JNEUROSCI.3257-09.2009
http://www.ncbi.nlm.nih.gov/pubmed/19864556
http://doi.org/10.1523/JNEUROSCI.1922-07.2007
http://www.ncbi.nlm.nih.gov/pubmed/17913905
http://doi.org/10.1093/ptj/80.7.673
http://www.ncbi.nlm.nih.gov/pubmed/10869130
http://doi.org/10.1002/jnr.10759
http://www.ncbi.nlm.nih.gov/pubmed/14515352
http://doi.org/10.1016/0006-8993(89)90542-8
http://doi.org/10.1006/exnr.1996.0196
http://doi.org/10.1093/brain/awp322
http://doi.org/10.1016/0092-8674(94)90213-5
http://doi.org/10.1073/pnas.91.25.11844
http://doi.org/10.1523/JNEUROSCI.16-08-02508.1996


Curr. Issues Mol. Biol. 2023, 45 3253

53. Elkabes, S.; Peng, L.; Black, I.B. Lipopolysaccharide Differentially Regulates Microglial Trk Receptor and Neurotrophin Expression.
J. Neurosci. Res. 1998, 54, 117–122. [CrossRef]

54. Ye, J.H.; Houle, J.D. Treatment of the Chronically Injured Spinal Cord with Neurotrophic Factors Can Promote Axonal Regenera-
tion from Supraspinal Neurons. Exp. Neurol. 1997, 143, 70–81. [CrossRef]

55. Coumans, J.V.; Lin, T.T.; Dai, H.N.; MacArthur, L.; McAtee, M.; Nash, C.; Bregman, B.S. Axonal Regeneration and Functional
Recovery after Complete Spinal Cord Transection in Rats by Delayed Treatment with Transplants and Neurotrophins. J. Neurosci.
2001, 21, 9334–9344. [CrossRef]

56. Narazaki, D.K.; de Barros Filho, T.E.P.; de Oliveira, C.R.G.C.M.; Cristante, A.F.; Iutaka, A.S.; Marcon, R.M.; Oliveira, R.P. Spinal
Cord Regeneration: The Action of Neurotrophin-3 in Spinal Cord Injury in Rats. Clinics 2006, 61, 453–460. [CrossRef]

57. Fitch, M.T.; Silver, J. CNS Injury, Glial Scars, and Inflammation: Inhibitory Extracellular Matrices and Regeneration Failure. Exp.
Neurol. 2008, 209, 294–301. [CrossRef]

58. Mendell, L.M.; Munson, J.B.; Arvanian, V.L. Neurotrophins and Synaptic Plasticity in the Mammalian Spinal Cord. J. Physiol.
2001, 533, 91–97. [CrossRef]

59. Arvanian, V. Role of Neurotrophins in Spinal Plasticity and Locomotion. Curr. Pharm. Des. 2013, 19, 4509–4516. [CrossRef]
60. Kettenmann, H.; Kirchhoff, F.; Verkhratsky, A. Microglia: New Roles for the Synaptic Stripper. Neuron 2013, 77, 10–18. [CrossRef]
61. Gómez-Pinilla, F.; Ying, Z.; Opazo, P.; Roy, R.R.; Edgerton, V.R. Differential Regulation by Exercise of BDNF and NT-3 in Rat

Spinal Cord and Skeletal Muscle. Eur. J. Neurosci. 2001, 13, 1078–1084. [CrossRef]
62. Hutchinson, K.J.; Gómez-Pinilla, F.; Crowe, M.J.; Ying, Z.; Basso, D.M. Three Exercise Paradigms Differentially Improve Sensory

Recovery after Spinal Cord Contusion in Rats. Brain 2004, 127, 1403–1414. [CrossRef]
63. Côté, M.-P.; Azzam, G.A.; Lemay, M.A.; Zhukareva, V.; Houlé, J.D. Activity-Dependent Increase in Neurotrophic Factors Is

Associated with an Enhanced Modulation of Spinal Reflexes after Spinal Cord Injury. J. Neurotrauma 2011, 28, 299–309. [CrossRef]
64. Ying, Z.; Roy, R.R.; Edgerton, V.R.; Gómez-Pinilla, F. Voluntary Exercise Increases Neurotrophin-3 and Its Receptor TrkC in the

Spinal Cord. Brain Res. 2003, 987, 93–99. [CrossRef]
65. Donaghue, I.; Tator, C.; Shoichet, M. Sustained Delivery of Bioactive Neurotrophin-3 to the Injured Spinal Cord. Biomater. Sci.

2014, 3, 65–72. [CrossRef]
66. Zhou, L.; Baumgartner, B.J.; Hill-Felberg, S.J.; McGowen, L.R.; Shine, H.D. Neurotrophin-3 Expressed in Situ Induces Axonal

Plasticity in the Adult Injured Spinal Cord. J. Neurosci. 2003, 23, 1424–1431. [CrossRef]
67. Chung, H.; Chung, W.; Lee, J.-H.; Chung, D.-J.; Yang, W.-J.; Lee, A.-J.; Choi, C.-B.; Chang, H.-S.; Kim, D.-H.; Suh, H.J.; et al.

Expression of Neurotrophic Factors in Injured Spinal Cord after Transplantation of Human-Umbilical Cord Blood Stem Cells in
Rats. J. Vet. Sci. 2016, 17, 97–102. [CrossRef]

68. Helgren, M.E.; Cliffer, K.D.; Torrento, K.; Cavnor, C.; Curtis, R.; DiStefano, P.S.; Wiegand, S.J.; Lindsay, R.M. Neurotrophin-3
Administration Attenuates Deficits of Pyridoxine-Induced Large-Fiber Sensory Neuropathy. J. Neurosci. 1997, 17, 372–382.
[CrossRef]

69. Gao, W.Q.; Dybdal, N.; Shinsky, N.; Murnane, A.; Schmelzer, C.; Siegel, M.; Keller, G.; Hefti, F.; Phillips, H.S.; Winslow,
J.W. Neurotrophin-3 Reverses Experimental Cisplatin-Induced Peripheral Sensory Neuropathy. Ann. Neurol. 1995, 38, 30–37.
[CrossRef]

70. Sahenk, Z.; Nagaraja, H.N.; McCracken, B.S.; King, W.M.; Freimer, M.L.; Cedarbaum, J.M.; Mendell, J.R. NT-3 Promotes Nerve
Regeneration and Sensory Improvement in CMT1A Mouse Models and in Patients. Neurology 2005, 65, 681–689. [CrossRef]

71. Ying, Z.; Roy, R.R.; Edgerton, V.R.; Gómez-Pinilla, F. Exercise Restores Levels of Neurotrophins and Synaptic Plasticity Following
Spinal Cord Injury. Exp. Neurol. 2005, 193, 411–419. [CrossRef]

72. Bouyer, L.J.G.; Rossignol, S. Contribution of Cutaneous Inputs from the Hindpaw to the Control of Locomotion. II. Spinal Cats. J.
Neurophysiol. 2003, 90, 3640–3653. [CrossRef]

73. Dietz, V.; Harkema, S.J. Locomotor Activity in Spinal Cord-Injured Persons. J. Appl. Physiol. 2004, 96, 1954–1960. [CrossRef]
74. Kuerzi, J.; Brown, E.H.; Shum-Siu, A.; Siu, A.; Burke, D.; Morehouse, J.; Smith, R.R.; Magnuson, D.S.K. Task-Specificity vs. Ceiling

Effect: Step-Training in Shallow Water after Spinal Cord Injury. Exp. Neurol. 2010, 224, 178–187. [CrossRef]
75. Smith, R.R.; Shum-Siu, A.; Baltzley, R.; Bunger, M.; Baldini, A.; Burke, D.A.; Magnuson, D.S.K. Effects of Swimming on Functional

Recovery after Incomplete Spinal Cord Injury in Rats. J. Neurotrauma 2006, 23, 908–919. [CrossRef]
76. Roll, J.P.; Vedel, J.P.; Ribot, E. Alteration of Proprioceptive Messages Induced by Tendon Vibration in Man: A Microneurographic

Study. Exp. Brain Res. 1989, 76, 213–222. [CrossRef]
77. Bove, M.; Nardone, A.; Schieppati, M. Effects of Leg Muscle Tendon Vibration on Group Ia and Group II Reflex Responses to

Stance Perturbation in Humans. J. Physiol. 2003, 550, 617–630. [CrossRef]
78. Cardinale, M.; Bosco, C. The Use of Vibration as an Exercise Intervention. Exerc. Sport Sci. Rev. 2003, 31, 3–7. [CrossRef]
79. Cardinale, M.; Lim, J. Electromyography Activity of Vastus Lateralis Muscle during Whole-Body Vibrations of Different

Frequencies. J. Strength Cond. Res. 2003, 17, 621–624.
80. Cardinale, M.; Rittweger, J. Vibration Exercise Makes Your Muscles and Bones Stronger: Fact or Fiction? J. Br. Menopause Soc.

2006, 12, 12–18. [CrossRef]

http://doi.org/10.1002/(SICI)1097-4547(19981001)54:1&lt;117::AID-JNR12&gt;3.0.CO;2-4
http://doi.org/10.1006/exnr.1996.6353
http://doi.org/10.1523/JNEUROSCI.21-23-09334.2001
http://doi.org/10.1590/S1807-59322006000500013
http://doi.org/10.1016/j.expneurol.2007.05.014
http://doi.org/10.1111/j.1469-7793.2001.0091b.x
http://doi.org/10.2174/13816128113199990378
http://doi.org/10.1016/j.neuron.2012.12.023
http://doi.org/10.1046/j.0953-816x.2001.01484.x
http://doi.org/10.1093/brain/awh160
http://doi.org/10.1089/neu.2010.1594
http://doi.org/10.1016/S0006-8993(03)03258-X
http://doi.org/10.1039/C4BM00311J
http://doi.org/10.1523/JNEUROSCI.23-04-01424.2003
http://doi.org/10.4142/jvs.2016.17.1.97
http://doi.org/10.1523/JNEUROSCI.17-01-00372.1997
http://doi.org/10.1002/ana.410380108
http://doi.org/10.1212/01.WNL.0000171978.70849.c5
http://doi.org/10.1016/j.expneurol.2005.01.015
http://doi.org/10.1152/jn.00497.2003
http://doi.org/10.1152/japplphysiol.00942.2003
http://doi.org/10.1016/j.expneurol.2010.03.008
http://doi.org/10.1089/neu.2006.23.908
http://doi.org/10.1007/BF00253639
http://doi.org/10.1113/jphysiol.2003.043331
http://doi.org/10.1097/00003677-200301000-00002
http://doi.org/10.1258/136218006775997261


Curr. Issues Mol. Biol. 2023, 45 3254

81. Behrman, A.L.; Harkema, S.J. Locomotor Training after Human Spinal Cord Injury: A Series of Case Studies. Phys. Ther. 2000, 80,
688–700. [CrossRef] [PubMed]

82. Dietz, V.; Müller, R.; Colombo, G. Locomotor Activity in Spinal Man: Significance of Afferent Input from Joint and Load Receptors.
Brain 2002, 125, 2626–2634. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1093/ptj/80.7.688
http://www.ncbi.nlm.nih.gov/pubmed/10869131
http://doi.org/10.1093/brain/awf273
http://www.ncbi.nlm.nih.gov/pubmed/12429590

	Introduction 
	Materials and Methods 
	Animal Groups 
	Pre-Injury Conditioning 
	Spinal Cord Injury 
	Whole-Body Vibration (WBV) Therapy 
	Passive Flexion–Extension (PFE) 
	Locomotor Performance 
	Tissue Preparation 
	Immunohistochemistry 
	Statistical Analyses 

	Results 
	Effects of WBV and PFE Therapy on Functional Recovery after SCI 
	Immunohistochemical Analysis of Iba1 Expression 
	Immunohistochemical Analysis of NT-3 Expression 

	Discussion 
	Conclusions 
	References

