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Abstract 

Background  Spinal cord injuries (SCI) lead to functional alteration with important consequences such as motor 
and sensory disorders. The repair strategies developed to date remain ineffective. The adipose tissue-derived stromal 
vascular fraction (SVF) is composed of a cocktail of cells with trophic, pro-angiogenic and immunomodulatory effects. 
Numerous therapeutic benefits were shown for tissue reconstitution, peripheral neuropathy and for the improvement 
of neurodegenerative diseases. Here, the therapeutic efficacy of SVF on sensorimotor recovery after an acute thoracic 
spinal cord contusion in adult rats was determined.

Method  Male Sprague Dawley rats (n = 45) were divided into 3 groups: SHAM (without SCI and treatment), NaCl 
(animals with a spinal lesion and receiving a saline injection through the dura mater) and SVF (animals with a spinal 
lesion and receiving a fraction of fat removed from adipocytes through the dura mater). Some animals were sacrificed 
14 days after the start of the experiment to determine the inflammatory reaction by measuring the interleukin-1β, 
interleukin-6 and Tumor Necrosis Factor-α in the lesion area. Other animals were followed once a week for 12 weeks 
to assess functional recovery (postural and locomotor activities, sensorimotor coordination). At the end of this period, 
spinal reflexivity (rate-dependent depression of the H-reflex) and physiological adjustments (ventilatory response 
to metabosensitive muscle activation following muscle fatigue) were measured with electrophysiological tools.

Results  Compared to non-treated animals, results indicated that the SVF reduced the endogenous inflammation 
and increased the behavioral recovery in treated animals. Moreover, H-reflex depression and ventilatory adjustments 
to muscle fatigue were found to be comparable between SHAM and SVF groups.

Conclusion  Our results highlight the effectiveness of SVF and its high therapeutic potential to improve sensorimotor 
functions and to restore the segmental sensorimotor loop and the communication between supra- and sub-lesional 
spinal cord regions after traumatic contusion.
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Graphical Abstract

Introduction
Traumatic spinal cord injury (SCI) is damage to the 
spinal cord tissue that can lead to lifelong disability. In 
human, lesion occurs after a violent impact on the spine 
due to motor vehicle accidents, acts of violence or rec-
reational activities. Whatever the cause, injury leads to 
motor, sensory and autonomic dysfunctions below the 
level of traumatism with plegia, paralysis, multiple sys-
tem dysfunction which can be subsequently associated 
with psychological alterations (excessive fatigue, feel-
ings of tiredness, depressive states, poor-self efficacy, 
and anxiety) [1, 2]. Thus, SCI is a real health concern 
because of the decrease in life expectancy of the people 
concerned and the very high cost of care [3, 4]. Despite 
years of experimental research, numerous advances in 
the understanding of the pathophysiology of the spinal 
cord and the management of SCI, a plethora of promis-
ing experimental strategies and numerous clinical trials, 
today we are still unable to repair SCI and to propose a 
simple and effective repair strategy that can be applied 
to humans [5, 6].

Among non-pharmacological strategies, cellular thera-
pies appear to be the subject of extensive study because 
of their potential ability to repair SCI through transplan-
tation. Repair strategies have included various cell types 

such as neural stem and progenitor cells (NSPCs), oligo-
dendrocyte progenitor cells (OPCs), mesenchymal stem 
cells (MSCs), Schwann cells, and olfactory ensheathing 
cells (OECs) [6–8]. Animal studies have shown that these 
cell types are good candidates because they induce func-
tional improvement after SCI through several mecha-
nisms such as neuroprotection, axon sprouting and/or 
regeneration, immunomodulation, and myelin regenera-
tion [7, 8].

Adipose tissue is an endocrine organ capable of 
secreting a variety of hormones with numerous effects 
on overall metabolism. For example, the secreted adi-
pokines have hypoglycemic and anti-inflammatory 
properties [9]. Through a minimally invasive procedure, 
the obtained lipoaspirated adipose tissue contains a 
high number of adipose-derived stem cells (ADSCs) or 
preadipocytes which can be easily isolated [10]. ADSCs 
are MSCs which seem to be of interest in tissue engi-
neering and regenerative medicine. They have shown 
potential effects to treat autoimmune and neurodegen-
erative diseases, vascular and metabolic diseases, bone 
and cartilage regeneration, wound defects, and SCI 
[10–13]. Because ADSCs contain more somatic stem 
cells than bone marrow stem cells, their transplantation 
have demonstrated better effects in chronic and acute 
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SCI than bone marrow stem cells transplantation [14, 
15]. Indeed, several preclinical studies have highlighted 
their neuroprotective and regenerative potentials as 
well as their ability to improve sensorimotor recovery 
after SCI when injected or implanted with biomateri-
als directly into the lesioned cavity formed after injury 
or when infused intravenously [16–23]. Furthermore, 
in clinical studies, despite considerable heterogene-
ity among patients, overall, intrathecal injection was 
reported to be free of serious adverse effects, and motor 
and sensory ASIA scores and quality of life improved 
progressively over time [24, 25]. However, magnetic 
resonance imaging reveals no difference in the spinal 
cord damaged areas before and after the procedure 
[24]. Other human clinical trials are underway [13].

In addition to adult stem cells, fat is also composed 
of pericytes, fibroblasts, endothelial cells and its pro-
genitors, smooth muscle cells, and a variety of immune 
cells such as adipose tissue macrophages and T regula-
tory cells [26]. Fraction of fat removed from adipocytes 
(adipose cells), connective tissue and blood consti-
tutes the stromal vascular fraction (SVF). The charac-
terization of the human SVF permitted to establish key 
markers for identifying the main cell populations with 
reliability. These populations consist of hematopoi-
etic cells (monocytes/macrophages, neutrophils, and 
lymphocytes), ADSCs, endothelial cells, and preadi-
pocytes [27]. Furthermore, it was reported that gen-
der and anatomical site of sampling have no influence 
on the composition of the SVF [28]. This data suggests 
that the human SVF composition is uniform, regard-
less of these factors. Studies on the SVF composition 
in rats identified the same cell types [29, 30]. How-
ever, the proportion of these cells varies based on the 
SVF isolation method, whether derived from humans 
or animals [31]. Thus, it could be an alternative to the 
use of ADSCs. Indeed, a lot of studies suggest that the 
regenerative properties of lipoaspirate are found not 
only in the ADSCs but in the heterogeneous collec-
tion of cells contained in the SVF [32]. This mixture 
extracted from adipose tissue after digestion with colla-
genase has been successfully used to treat nerve lesion 
[32], multiple sclerosis [33, 34], diabetic foot ulcer and 
retinopathy [35–37], burn and radiation skin injuries 
[38–41], Crohn’s disease [42], ischemic heart failure 
[43, 44], bone regeneration [45, 46] and skin rejuve-
nation in aging process [47]. The SVF demonstrates 
significant angiogenic potential due to the existence 
of endothelial progenitor cells and their capability to 
secrete Vascular Endothelial Growth Factor (VEGF) 
[48]. After SCI, restoring the vascular network’s integ-
rity is vital for establishing a microenvironment con-
ducive to regeneration at the lesion site. Studies on 

rats have demonstrated that administering VEGF to 
the injury site improves neovascularization following 
SCI. Moreover, this factor exhibits anti-inflammatory 
properties by triggering autophagic pathways, thereby 
improving neuronal viability following SCI [49, 50] 
Additionally, the SVF possesses the capability to miti-
gate neuroinflammation by activating both endogenous 
and exogenous leukocytes and macrophages. This leads 
to an elevation in the secretion of the anti-inflamma-
tory interleukin-10 (IL-10), which in turn decreases the 
pro-inflammatory TNF-α [51]. The therapeutic poten-
tial of IL-10 has been demonstrated through several 
studies after SCI, as it can boost the numbers of mac-
rophages and oligodendrocytes, promote neuronal sur-
vival, axonal regeneration, and myelination. Moreover, 
these studies revealed a locomotor function enhance-
ment of rodents with SCI [52, 53]. Finally, the potential 
of SVF for limiting neurodegeneration in an experi-
mental autoimmune encephalomyelitis (EAE) model 
has been highlighted [51] and the capacity of ADSC to 
differentiate in neurons. Thus, due to its angiogenic, 
immunomodulatory, differentiating, regenerating, and 
healing potential and the extracellular matrix compo-
nents it contains [54], we hypothesized that SVF would 
provide benefits in an experimental model of acute 
spinal cord contusion in rats. The specific focus here 
is to evaluate functional sensorimotor recovery and to 
investigate the integrity of engaged neural networks.

In the present study, we injected, through the dura 
mater, within four hours post-injury, 50  µl containing 
106 cells of autologous adipose-derived SVF, into the 
10th thoracic vertebra (T10) contused spinal cord to 
limit the functional deficits that develop after the ini-
tial injury and to elicit post-injury recoveries. Treated 
rats were compared to control (without SCI) and to 
lesioned animals that received a saline solution after 
SCI. BBB locomotor rating scale, gait analysis and lad-
der rung climbing tests performed once a week before 
lesion (PRE-) and for three months (from week 1 to 12) 
provided information on sensorimotor recoveries. The 
sacrifice of additional animals at two weeks post-injury 
allowed the evaluation of the inflammatory reaction 
(i.e., when the peak of the pro-inflammatory mediators 
has passed) [55]. Finally, electrophysiological record-
ings of H-reflex and ventilatory adjustments to muscle 
fatigue were used to assess the functioning of the sen-
sorimotor loops under the lesion and their control by 
supraspinal levels.

Materials and methods
Animals
Experiments were performed on 45 adult male Sprague 
Dawley rats, weighing between 250 and 300  g (Élevage 
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JANVIER®, Centre d’Élevage Roger JANVIER, Le Genest 
Saint Isle, France), hosted two per cage in smooth-bot-
tomed plastic cages in a laboratory animal house main-
tained on a 12:12-h light/dark photoperiod and at 22 °C. 
Drinking water and rat chow (Safe®, Augy, France) were 
available ad libitum. Animals were housed in the animal 
facility during 2 weeks before the initiation of the experi-
ment. This habituation period, during which animals reg-
ularly practiced the behavioral tasks, allowed to decrease 
inter-individual differences and to reach optimal perfor-
mances. At the end of this period, PRE- values for each 
test (BBB-test, gait analysis and ladder climbing test) 
were recorded.

Ethical considerations
Experiments were conducted according to the French leg-
islation (Decrees and orders N°2013–118 of February 1st, 
2013, JORF n°0032) concerning animal care guidelines 
on animal experimentation, and after approval by animal 
Care Committees of Aix-Marseille Université (AMU) and 
Centre National de la Recherche Scientifique (CNRS). The 
authorization number granted by the French Ministry 
of Higher Education, Research, and Innovation (MESRI) 
is APAFIS#30,957. All persons are licensed to conduct 
live animal experiments and all experimental rooms 
have a national authorization to accommodate animals 
(License n°B13.013.06). Furthermore, experiments were 
performed in accordance with the recommendations 
provided in the Guide for Care and Use of Laboratory 
Animals (U.S. Department of Health and Human Ser-
vices, National Institutes of Health), with the directives 
86/609/EEC and 010/63/EU of the European Parliament 

and of the Council of 24 November 1986 and of 22 Sep-
tember 2010, respectively, and with the ARRIVE (Animal 
Research: Reporting of In Vivo Experiments) guidelines.

The health status of the animals was daily controlled 
and any animals presenting signs of suffering such as 
screech, prostration, hyperactivity, significant weight loss 
(15 to 20%) and paw-eating behavior were sacrificed.

After surgery, animals were also kept under a heat lamp 
until thermoregulation was reestablished. They received 
subcutaneous injections (2  ml) of saline to replace fluid 
lost during the surgical procedure two to three times 
per day until they started to drink alone. Buprenorphine 
(0.03  mg.kg−1, Bruprécare® Multi-dose, Axience Santé 
Animale SAS, Pantin, France) was subcutaneously given 
daily for 3 days and a wide spectrum antibiotic (Oxytet-
racycline, 400 mg.l−1, Sigma Aldrich, Saint-Quentin Fal-
lavier, France) was dissolved in the drinking water during 
1  week to prevent any infection. If necessary, manual 
bladder expression was performed at least twice daily 
and nutritional supplement (Nutri-Plus Gel®, Virbac®, 
Carros, France) was given for weight loss. Postoperative 
nursing care also included visual inspection for skin irri-
tation or decubitus ulcers and cleansing the hindquarters 
with soap and water followed by rapid drying of the fur 
with a bath towel.

Protocol design and experimental groups
After two weeks familiarization (1 h per day, 3 days per 
week) on an open-field (BBB-test), the walking cor-
ridor (gait analysis) and the ladder (ladder climbing 
test), and after measurement of the reference values 

Fig. 1  Experimental protocol. One week before the surgery, baseline values (PRE-) for each functional test were recorded. The surgery and injections 
of NaCl and SVF were performed at W0. Subsequently, sensorimotor recoveries were measured once a week for 12 weeks (from W1 to W12) using 
behavioral tests (BBB and Ladder climbing tests). The endogenous inflammatory response was analyzed at W2 (2 weeks after the injury). At the end 
of W2, gait analysis test was performed, and electrophysiological tests recorded the M-wave and the H-reflex
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(PRE-) for each behavioral test, animals were randomly 
assigned into 3 experimental groups: (1) SHAM (n = 15) 
in which a surgery without spinal lesion was performed, 
(2) NaCl (n = 15) in which a thoracic T10 contusion was 
performed (W0) followed by an immediate injection 
of NaCl into the lesion area through the dura, (3) SVF 
(n = 15) in which epididymal fat was harvested, treated 
to extract SVF and autologously injected into the lesion 
area through the dura. In order to comply with the 3Rs 
(Replacement, Reduction and Refinement) ethical rule on 
the number of animals required to show a significant dif-
ference, the sample size per group was determined based 
on the first BBB results obtained at W12 from rats in 
the NaCl and SVF groups (3 rats in each group) where a 
common standard deviation (SD) of 2.92 were calculated 
and with a first-species risk α of 0.05 and a 1 − β power of 
0.9 (epiR package 0.9–96 and two tailed test), the sample 
size is found to be 10 rats in each group.

Fifteen animals of the SHAM (n = 5), NaCl (n = 5) and 
SVF (n = 5) groups were sacrificed two weeks (W2) post-
injury to evaluate the endogenous inflammation at the 
lesion site. For other animals (n = 30), sensory and motor 
recovery in the hindlimbs was measured once a week, 
one week before the injury (PRE-) then from one week 
after the injury (W1) throughout the twelve subsequent 
weeks, by using the behavioral tests (BBB and ladder 
climbing tests). Then, twelve weeks (W12) post-injury, 
gait analysis test was performed, and sensorimotor loops 
were evaluated using electrophysiological recordings 
of the M-wave and H-reflex below the lesion and after 
muscle fatigue activating medullary ventilatory center 
through metabosensitive pathway. The chronological 
order of our protocol is schematically shown in Fig. 1.

Fat removal, SVF purification and characterization of its 
components
All surgeries were performed during the light cycle. For 
initial induction of anesthesia, animals from the group 
SVF were placed in an anesthetic chamber and iso-
flurane (Isoflo® 100%, Zoetis SAS, Malakoff, France), 
was delivered (3‐5% in oxygen). Then, they were deeply 
anesthetized by an intraperitoneal injection of a mix-
ture containing ketamine (100  mg.kg−1, 100  mg.ml−1, 
Ketamine 1000®, Virbac®, Carros, France) and xylazine 
(10  mg.kg−1, 20  mg.ml−1, Xilasyn®2, Virbac®) and a 
dose of buprenorphine (0.03  mg.kg−1) was subcutane-
ously administered. Surgical procedures were performed 
in sterile conditions with the aid of binocular dissect-
ing microscope (PZMIII®, World Precision Instruments 
Ltd, Hertfordshire, UK). During surgery, body tempera-
ture was maintained at 37  °C using a homeothermic 
feedback-controlled heating pad (Homeothermic Blan-
ket Systems, Harvard apparatus Sarl, Les Ulis, France) 

and physiological constants (cardiac and ventilatory 
rhythms, pupil dilatation) were monitored to control the 
depth of anesthesia. Animals were positioned in dorsal 
decubitus, belly was shaved, disinfected (Vétédine® solu-
tion 10%, Vetoquinol S.A., Magny-Vernois, France) and 
a 1  cm midline ventral incision was performed through 
the abdominal wall to gain access to the abdominal cav-
ity and to harvest around 1.3 ± 0.3 cm3 of epididymal fat. 
Muscles and skin were closed after laparotomy using 
polyglactine-910 suture (Vicryl® 3–0, Ethicon, Issy Les 
Moulineaux, France). The SVF sample was purified using 
a manual method [56]. The concentration of viable nucle-
ated cells and cell viability percentage was determined 
using a LUNA-FX7™ (ⓒAligned Genetics, Logos Biosys-
tem, France) in duplicate. The formula to determine the 
final concentration of SVF necessary to obtain 1 million 
cells in 50 µl of cell solution is as follows: Total number of 
living cells x volume of purified SVF (ml) × 0.05 (ml)/1000 
(result in µl). The recovery yield corresponds to the total 
number of the SVF cells relative to the volume of fat. 
Finally, the SVF was packaged at room temperature to be 
injected within 4 h after the SCI.

Spinal cord injury and SVF subdural injection
Only animals from NaCl and SVF groups were con-
cerned. The surgery procedure leading to the exposure of 
the spinal cord was detailed previously [57]. Briefly, after 
anesthesia and an injection of buprenorphine (0.03  mg.
kg−1), animals were positioned in ventral decubitus, back 
shaved, disinfected (Vétédine® solution 10%, Vetoquinol 
S.A., Magny-Vernois, France) and a midline dorsal inci-
sion was performed over the T6-T13 spinous processes. 
The superficial muscles were retracted using retractors to 
expose the thoracic vertebrae and a T10 dorsal laminec-
tomy was performed to expose the spinal cord without 
affecting its integrity. The dura was left intact. Stabili-
zation clamps were placed at the posterior processes of 
the vertebra T9 and T11 to support the vertebral column 
during impact.

The spinal cord was contused at the T10 level using an 
IH-0400 weight-drop impactor (Infinite Horizon Impac-
tor, Precisions Systems and Instrumentation, LLC., 
Lexington, KY, USA) equipped with a 10-g rod with a 
flat circular impact surface of diameter 2.5  mm which 
detects rod velocity (displacement over time) and any 
impact-induced movement using digital optical poten-
tiometers to calculate impact velocity and compression 
rate. The impact rod was centered above T10, slowly low-
ered until it contacted the dura, which was determined 
by completion of an electrical circuit that activated an 
auditory tone. Then, the cord was contused by drop-
ping the rod from a height of 50 mm. The force applied 
through the impactor was 200 kdyn corresponding to a 
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severe contusion [58]. The rod was dropped such that the 
impact velocity was of around 1.3 m/s.

After SCI, animals were maintained under anaesthe-
sia for 4  h, time required to extract the SVF from the 
fat. Additional doses of anaesthesia were administered if 
necessary. Then, animals from the NaCl and SVF groups 
received, into the lesion site, a subdural injection of 50 µl 
NaCl and SVF, respectively, corresponding to an injec-
tion of 1 million of cells. This concentration was selected 
based on the literature. Indeed, several studies conducted 
in rats have demonstrated maximum efficacy of the SVF 
at a concentration of 106 cells [38, 59, 60].

After injury, muscles were sutured in anatomical layers 
and the skin was closed (Vicryl® 3–0, Ethicon, Issy Les 
Moulineaux, France).

Endogenous inflammation
Two weeks (W2) after the SCI, endogenous inflam-
matory reaction was evaluated at the lesion site. The 
detailed procedure had been described previously [57]. 
Briefly, after an initial sedation (isoflurane 3–5% in oxy-
gen), animals were euthanized with a lethal dose of anes-
thetic (Pentobarbital sodium, 390  mg/kg, i.p., Euthasol® 
Vet., Dechra Veterinary Products S.A.S., Montigny-le-
Bretonneux, France). A segment of spinal cord extend-
ing 5  mm rostral and caudal to the injury site was 
harvested, immediately immersed in isopentane, and 
stored at − 80  °C until further analysis. When all sam-
ples were collected, they were homogenized separately 
in 1 ml of Phosphate Buffer Sodium (PBS) for 30 s with 
a handheld homogenizer (Ika Ultra Turrax® disperser, 
Fisher Scientific SAS, Illkirch, France) equipped with 
plastic pestle tips which homogenize the tissue through 
vibrating motions and the obtained mixtures were cen-
trifuged (centrifuge Sigma 2–16 PK Centrifuge Fisher 
Scientific SAS, Illkirch, France) for 12  min (12,000×g, 
4  °C). A fraction (50  µl) of the supernatant containing 
soluble proteins was used to evaluate inflammation. The 
concentrations of Interleukin-1β (IL-1β), Interleukin- 6 
(IL-6) and tumor necrosis factor-α (TNF-α) were meas-
ured using enzyme-linked immunosorbent assay (ELISA) 
kits containing specific antibodies (RAB0272, RAB0311 
and RAB0480, Sigma Aldrich®, Saint-Quentin Fallavier, 
France) according to the instructions provided by the 
manufacturer, and all samples were run in duplicate. The 
absorbance was read at a wavelength of 450  nm using 
a microplate reader (Multiskan® Microplate Photom-
eter, Thermo Fisher Scientific, Life Technologies SAS, 
Courtaboeuf, France). Concentrations were determined 
from a standard curve and based on the amount of tissue 
weighed before homogenization. Thus, the interleukins 
levels were expressed as pg/g of spinal cord.

Behavioral tests
The day before surgery, reference values (PRE-) of each 
test were recorded. Then, for 12 weeks (once a week post-
injury, from W1 to W12), the BBB and ladder climbing 
tests were performed once, and gait analysis data were 
collected at W12, by two experimenters blinded to treat-
ment group.

BBB-test. Locomotor functions were measured using 
the Basso-Beattie-Bresnahan test [61]. Briefly, animals 
were placed on a circular Plexiglas® enclosure arena 
(95  cm diameter, 40  cm wall height) with an anti-slip 
floor. Once the animal walked continuously in the open-
field environment, it was video-recorded using a cam-
corder (GoPro Hero11®, GoPro, Inc., San Mateo, CA, 
USA). The duration of the session was 4  min. Analysis, 
carried out later, was performed using the BBB-scale 
based on 22 levels of locomotor behavior (0: complete 
paralysis to 21: normal locomotion). For each rat, the 
locomotor scores of the two hindlimbs were averaged 
together to yield one score per test session.

Ladder climbing test. Fine sensorimotor coordina-
tion was tested during climbing a 45° inclined ladder 
(100  mm × 1500  mm). This task is an easily acquired 
spontaneous response that does not require condition-
ing (reward or compulsion). As previously described, 
this test was used to evaluate the capacities to correctly 
place the paw on round metal rungs (diameter: 4  mm 
spaced at equal intervals of 20 mm with 150-mm-high 
side walls) of a ladder during climbing [57, 62, 63]. 
Animals were placed at the bottom of the ladder and 
climbing was video recorded with a camcorder (GoPro 
Hero11®) from a position below the ladder so that the 
two hindlimbs were filmed with a ventral view. At the 
top of the ladder, animals had access to a dark box. 
Contrary to control animals climbing readily, with 
all four paws locating and grasping the rungs without 
fault, lesioned animals showed varying degrees of dif-
ficulty in locating the ladder rungs with the affected 
legs. Animals with SCI climbed the ladder using their 
forelimbs with the body weight support provided by the 
inclined position of the ladder. The video recordings 
were analyzed at slow-speed playback and the placing 
of the hindpaws over the rungs were scored as follow-
ing: 0: the hindlimb was hanging in front of or behind 
the rungs and didn’t support climbing, 1: the hindlimb 
was used to support climbing but the hindpaw wasn’t 
placed correctly on the rung, and 2: the hindpaw was 
correctly placed on the rung and the position was 
maintained while the trunk and the contralateral limb 
were moving up. The scores obtained on each side were 
averaged. Thus, a climbing score ranging from 0 (with-
out success, i.e., 0 grip with the hindpaws) to 2 (animal 
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climbed 20 rungs of the ladder without faults, i.e., 20 
grips with the hindpaws, 10 per leg) was calculated 
and normalized to the maximal score. The mean ratio 
obtained at each session was expressed as percentage of 
the mean ratio obtained at week 0 (PRE-).

Gait analysis. Quantitative assessment of motor func-
tion and coordination was performed with a home-made 
gait analysis system that consists of a long glass walking 
plate on a corridor (110 cm long, 8 cm wide, opaque walls 
15 cm tall), a fluorescent light beamed into the glass plate 
and a camcorder (GoPro Hero11®) under the glass plate. 
The recordings were made in a dark environment. The 
light, reflected downward at each contact point, allowed 
the recording of the footprints on the walking plate. Gait 
analysis data were acquired only if the animals reached at 
least frequent weight supported stepping (BBB score ≥ 9) 
[64]. Animal performed unforced and uninterrupted 
crossing on the glass walkway at least three times. For 
each run, as previously described [65], average values 
were calculated for analysis for the following parameters:

•	 Average speed: speed of forward locomotion across 
the runway (cm.s−1).

•	 Stride length: distance between two successive place-
ments of the same paw (cm).

•	 Stance phase: time of contact of the paw with the 
glass plate (s).

•	 Swing phase: time during which the paw is not in 
contact with the glass plate (s).

•	 Step cycle: time between two successive placements 
of a single paw: stance added to swing duration (s).

•	 Phase dispersion: evaluation of the synchrony of the 
initial contact between pairs of limbs. It indicates the 
timing between the first contacts of paw pairs (e.g., 
Right Forelimb-Left Hindlimb), expressed as a per-
centage of the step cycle of the reference paw. When 
the limbs are in phase, meaning they synchronize 
perfectly, the phase dispersion is 0%. However, when 
the limb pairs alternate, there is typically a phase dis-
persion of 50%, indicating that they are not synchro-
nized.

•	 Step sequence patterns: determined as normal when 
the animal sequentially placed its four paws in an 
alternate, cruciate (diagonal sequences) or rotate (lat-
eral sequences) pattern based on the order of limb 
recruitment [66].

•	 Regulatory index (RI): degree of coordination among 
the limbs, expressed as a percentage of the number of 
normal step sequence patterns (NSSP) relative to the 
total number of paw placements (PP): RI = NSSP × 4/
PP × 100 (%).

The gait analysis parameters were collected from five 
consecutive full steps for each animal and were analyzed 
using a bespoke function developed in the MATLAB 
R2022b (The MathWorks, Inc., Natick, MA, USA) envi-
ronment based on MouseWalker system [67] and any 
inappropriately labeled prints were manually corrected 
frame by frame.

Electrophysiological recordings
Twelve weeks post-injury (W12), after an initial sedation 
(isoflurane 3–5% in oxygen), animals were deeply anes-
thetized by intraperitoneal injection of a mixture con-
taining ketamine (100  mg.kg−1, 100  mg.ml−1, Ketamine 
1000®, Virbac®) and xylazine (10  mg.kg−1, 20  mg.ml−1, 
Xilasyn®2, Virbac®), and prepared for electrophysiologi-
cal recordings as previously described [68–70]. Briefly, 
the peroneal nerves from both hindlimbs were dissected 
free from surrounding tissues for stimulation. Then, 
the Tibialis anterior muscles from both hindlimbs were 
exposed for electromyographic (EMG) recording.

M- and H-waves. The M- and H-waves were recorded 
after electrical stimulation of the peroneal nerve. As pre-
viously described, in the first step, the rate-dependent 
depression (RDD) of the H-reflex also called rate-sen-
sitive depression (RSD), frequency-related depression 
(FRD), frequency-dependent depression (FDD) and low-
frequency depression (LFD) (i.e., the decrease in reflex 
magnitude relative to repetition rate) was analyzed by 
expressing the Hmax/Mmax ratio obtained at the stimula-
tion frequency of 1, 5 and 10 Hz to the Hmax/Mmax ratio 
obtained at the baseline frequency of 0.3 Hz [57, 68, 69, 
71–74]. In the second step, the M and H-reflex responses 
to repetitive stimulation at 10 Hz (0.5 ms, 5 × threshold) 
were elicited. Then, H-reflex amplitude of the second, 
third, fourth and fifth responses were measured from 
the average of five trials and H/M ratios (2nd, 3rd, 4th, 
5th) were expressed as a percentage of the first H/M ratio 
(1st), also averaged over five trials [72].

Physiological reflexes. Ventilatory adjustments, 
recorded through the canula inserted into the trachea, 
were measured during and after activation of metabosen-
sitive afferent fibers by Tibialis anterior muscle repeti-
tive stimulation and under regional circulatory occlusion 
which isolated and maintained the neural drive as well as 
abolishing the hormonal communication [75]. Without 
SCI, a 3 min 10 Hz muscle stimulation induces a muscle 
fatigue that activates the metabosensitive afferents and 
subsequently an increase in the frequency and amplitude 
of ventilation [75]. After a SCI, such stimulation is not 
fully effective, i.e., the ventilation response is diminished 
or abolished, depending on the size of the lesion and the 
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Fig. 2  Inflammatory reaction at the lesion site. Comparison of IL-1β, IL-6 and TNF-α levels at the site of injury in the SHAM, NaCl and SVF groups, two 
weeks post-injury, indicated that the level of inflammation was higher in the NaCl group compared to the two other groups. Data also indicated 
that the inflammatory reaction was reduced in the SVF group, for the IL-6. Significant difference is indicated by a * (NaCl group vs. SHAM 
group), + (SVF group vs. SHAM group) and δ (SVF group vs. NaCl group). (2 symbols, p < 0.01 and 3 symbols, p < 0.001)
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ascending pathways spared. As previously described, this 
test can be used to evaluate the therapeutic effectiveness 
of a treatment [57, 68, 69, 72, 73].

Thus, changes in ventilatory activity during and after 
electrically-induced muscle fatigue (EIF) was expressed 
in percent [Δcycle/min (%)] of the mean cycles recorded 
two minutes before muscle stimulation.

Euthanasia
According to ethical recommendations, at the end of the 
electrophysiological recordings, animals were killed with 
an overdose of pentobarbital sodium (390  mg.kg−1, i.p., 
Euthasol® Vet.) and the spinal cord was removed for fur-
ther analysis.

Statistical analysis
Analysis of ELISA data was performed with a non-
parametric Kruskal–Wallis test and the results were 
expressed as median ± SEM. After checking their normal 
distribution, the data of each experimental group were 
compared using a software program (SigmaStat  14.0®, 
San Jose, CA, USA). A two-way ANOVA (groups fac-
tor x time or stimulation frequency factor) for repeated 
measures was used to compare behavioral scores from all 
groups and over time and to compare Hmax/Mmax ratios 
from all groups. Then, statistics were completed with a 

multiple-comparison post-hoc test (Student–Newman–
Keuls method). Data were expressed as mean ± SEM and 
significant difference was considered when p < 0.05.

Results
SVF composition
Analysis of the SVF indicated that cell viabil-
ity was 92.8 ± 3.03% and that recovery yield was 
1.67 ± 0.71 × 106 cells per ml of fat. Furthermore, in group 
SVF, 106 cells in the 50 µl was injected through the dura.

Animals
After SCI, all animals exhibited dramatic and bilateral 
hindlimb paralysis with no movement or only slight 
joint movements. On the 45 operated rats, 15 rats from 
SHAM (n = 5), NaCl (n = 5) and SVF (n = 5) groups were 
sacrificed 2  weeks after the SCI for evaluation of the 
IL-1, IL6 and TNF-α levels. All other animals under-
went the weekly behavioral tests to electrophysiological 
recordings. Their weight did not drop throughout the 
experiment.

Endogenous inflammation
Measurement of IL-1β, IL-6 and TNF-α levels at the 
lesion site indicated that the level of inflammation was 
higher in the NaCl group than in the two other groups 

Fig. 3  BBB locomotor rating scale. After the SCI, the BBB score in each injured group dropped significantly, and then a slow recovery was observed 
until W12. From W10, the BBB score in the SVF group became higher than in the NaCl groups. Significant difference in the BBB scores is indicated 
by a * (NaCl group vs. SHAM group), + (SVF group vs. SHAM group) and δ (SVF group vs. NaCl group). (1 symbol, p < 0.05, 2 symbols, p < 0.01 and 3 
symbols, p < 0.001)
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2 weeks after the SCI. Data also showed that in the SVF 
group, the inflammatory reaction was reduced, notably, 
for the IL-6 in which no difference was observed between 
the SHAM and the SVF group (Fig. 2).

Behavioral tests
BBB test. Analysis of the BBB scores showed that scores 
significantly (p < 0.001) dropped one week (W1) post-
injury in all lesioned groups (NaCl and SVF) com-
pared to pre-injury values (PRE-). Although scores of 
these two groups remained statistically lower than the 
SHAM group over the course of the study, slow recov-
ery was observed during the eleven following weeks 
reaching at W12 the score of 12.55 ± 0.38 (intermediate 

stage: intervals of uncoordinated stepping) for the NaCl 
group and 15.75 ± 0.92 (late stage: consistent forelimb 
and hindlimb coordination with consistent weight sup-
port) for the SVF group. Significant differences between 
NaCl and SVF groups were detected from W10 following 
injury (Fig. 3).

Ladder climbing test. Immediately after the SCI, the 
climbing scores dropped significantly (p < 0.001). Then, 
a slow recovery was observed from W1 to W12 in the 
two lesioned groups (Fig. 4). However, although scores of 
these two groups remained statistically (p < 0.001) lower 
than the SHAM group over the course of the study, only 
significant differences (p < 0.05) between the two lesioned 

Fig. 4  Ladder climbing test. After the SCI, the climbing score in each injured group dropped significantly, and then a slow recovery was observed 
until W12. From W10, some differences were observed between the NaCl and the SVF groups. Significant difference in the climbing scores 
is indicated by a * (NaCl group vs. SHAM group), + (SVF group vs. SHAM group) and δ (SVF group vs. NaCl group) (1 symbol, p < 0.05 and 3 symbols, 
p < 0.001)

Fig. 5  Gait analysis parameters. A Regulatory index. Animals treated with NaCl presented a significant decrease in the index of the degree 
of interlimb coordination compared to the SHAM and SVF groups. B Phase dispersion. Average deviation between hindlimbs from the expected 
value of 50%: animals treated with NaCl showed a significant increase compared to the SHAM and SVF groups. C Average speed. The average 
crossing speed on the glass plate was significantly reduced in the NaCl group compared to the two other groups. D Stride length. Average stride 
length between hindlimbs was significantly decreased in the NaCl and SVF groups compared to the SHAM group but to a lesser extent in the SVF 
group. E Swing phase. The average time of the swing phase between hindlimbs was significantly reduced in the NaCl and SVF groups compared 
to the SHAM group. F Stance phase. Average stance phase between hindlimbs showed a significant reduction in the NaCl compared to the two 
other groups. G Step cycle. Average step cycle between hindlimbs showed a significant reduction in the NaCl compared to the two other groups. 
H Step sequence patterns seen in normal rats (adapted from Cheng et al. [66]). Significant difference is indicated by a * (NaCl group vs. SHAM 
group), + (SVF group vs. SHAM group) and δ (SVF group vs. NaCl group) (1 symbol, p < 0.05, 2 symbols, p < 0.01 and 3 symbols, p < 0.001)

(See figure on next page.)
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Fig. 5  (See legend on previous page.)
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groups were observed for the three last weeks of the 
study.

Gait analysis. At W12, the regulatory index was 100% 
in the SHAM and SVF groups, and significantly (p < 0.05) 
reduced in NaCl group (77.78 ± 0.9.68%) (Fig. 5A). More-
over, animals from NaCl (12.97 ± 6.96%) groups showed 
a significant (p < 0.001) increase in phase dispersion 
compared to the SHAM (3.12 ± 0.38%, p < 0.001) and 
SVF (5.49 ± 0.86%, p < 0.01) groups. No difference was 
found between the SHAM and SVF groups (Fig.  5B). 
Furthermore, there was no significant difference in 
the average crossing speed on the glass plate between 
the SVF (33.85 ± 1.08  cm.s−1) and the SHAM groups 
(38.95 ± 2.51  cm.s−1), while it was significantly reduced 
for the NaCl group (25.41 ± 2.82  cm.s−1) compared to 
the SHAM (p < 0.01) and SVF (p < 0.05) groups (Fig. 5C). 
Concerning the stride length, a significant reduction 
was observed in the NaCl (12.80 ± 0.26  cm) and SVF 
(14.38 ± 0.31  cm) groups (p < 0.001 and p < 0.01, respec-
tively) compared to the SHAM group (15.79 ± 0.38  cm). 
However, this reduction was smaller in the SVF group, 
and a significant difference (p < 0.01) was found between 
the NaCl and the SVF group (Fig.  5D). For the swing 
phase time, a significant reduction (p < 0.05) was found 
in the NaCl (0.11 ± 0.01 s) and SVF (0.11 ± 0.01 s) groups 
compared to the SHAM group (0.13 ± 0.01  s): no differ-
ence was observed between the NaCl group and the SVF 
group (Fig.  5E). For the stance phase time, a significant 

decrease was found in the NaCl group (0.19 ± 0.02  s) 
compared to the two other groups (SHAM: 0.24 ± 0.01 s, 
p < 0.01 and SVF: 0.24 ± 0.01 s, p < 0.05) (Fig. 5F). Finally, 
the step cycle time was significantly (p < 0.01) reduced 
in the NaCl group (0.32 ± 0.01  s) compared to the two 
other groups (SHAM: 0.39 ± 0.01 s and SVF: 0.38 ± 0.01 s) 
(Fig.  5G). The analysis of the frequency of regular step 
pattern showed a predominance of the “alternate” step 
pattern among all groups (97.78% for the SHAM group, 
84.44% for the SVF group and 54.55% for the NaCl 
group). The “cruciate” and “rotate” step patterns, com-
monly used by normal animals, represented respectively 
2.22 and 0% for the SHAM group, 2.22 and 13.33% for 
the SVF group, and 13.64 and 9.09% for the NaCl group 
(Fig. 5H).

Electrophysiological recordings.
The values of the Hmax/Mmax ratios measured at 
the baseline stimulation (0.3  Hz) were 0.42 ± 0.03, 
0.38 ± 0.03 and 0.40 ± 0.02 for SHAM, NaCl, and SVF 
groups, respectively. Although the ratio in the NaCl 
group seemed to be lower, data analysis indicated that 
these three ratios were not statistically different. How-
ever, except for animals from NaCl group, the Hmax/
Mmax ratio decreased when the frequency of stimu-
lation increased (Fig.  6). Thus, in the SHAM group, 
the ratio values at 1, 5 and 10  Hz were 88.37 ± 2.71%, 
77.08 ± 3.37% and 63.65 ± 4.60% of the ratio measured 

Fig. 6  H-reflex rate sensitivity. Hmax/Mmax ratio, measured after increasing the frequency of stimulation, showed, from 1 Hz stimulation, a significant 
depression in the SHAM and SVF groups. For a given frequency, significant difference in the Hmax/Mmax ratio is indicated by a * (NaCl group vs. SHAM 
group) and δ (SVF group vs. NaCl group) (1 symbol, p < 0.05 and 3 symbols, p < 0.001)
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at the baseline stimulation, respectively, while in the 
SVF group, the values were 88.37 ± 2.60%, 73.86 ± 3.36% 
and 57.10 ± 4.10%, respectively. Data analysis indicated 
that, in the SHAM and SVF groups, the depression to 

stimulation statistically differed from the NaCl group at 
1 Hz (p < 0.05), 5 Hz (p < 0.001) and 10 Hz (p < 0.001).

Analysis of M and H-reflex amplitude to repetitive 
stimulation at 10 Hz indicated that H-reflex responses 

Fig. 7  H-reflex excitability. At the 12th week post-injury, H-reflex responses at 10 Hz-train stimulation were markedly reduced by subsequent stimuli 
(normalized to 1st response) in the SHAM and SVF groups. This depression was absent in rats from NaCl group. For a given response, significant 
difference in the Hmax/Mmax ratio is indicated by a * (NaCl group vs. SHAM group) and δ (SVF group vs. NaCl group) (1 symbol, p < 0.05, 2 symbols, 
p < 0.01 and 3 symbols, p < 0.001)

Fig. 8  Ventilatory adjustment to 3-min EIF. The ventilatory activity significantly increased in the SHAM and SVF groups during and after 3-min 
muscle stimulation of the tibialis anterior muscle under local regional circulatory occlusion. Significant difference in the mean ventilatory frequency 
is indicated by a * (NaCl group vs. SHAM group) and δ (SVF group vs. NaCl group) (3 symbols, p < 0.001)
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were markedly reduced (p < 0.001) by subsequent stim-
uli (normalized to the first response) in the SHAM 
group (p < 0.001 for the 2nd, 3rd, 4th and 5th responses 
compared to the 1st response). Similar rate-sensi-
tive depression was also observed in the SVF group 
but absent in NaCl group. Furthermore, significant 
(p < 0.05) differences were observed between the NaCl 
and the two other groups (Fig. 7).

Analysis of ventilatory adjustments during and after 
activation of metabosensitive afferent fibers by Tibi-
alis anterior muscle repetitive stimulation and under 
regional circulatory occlusion revealed (p < 0.001) a 
significant increase of ventilatory frequency only in 
SHAM and SVF groups. Furthermore, data analysis 
indicated a significant difference (p < 0.001) between 
NaCl and the two other groups. No difference was 
noted between SHAM and SVF groups (Fig. 8).

Discussion
The aim of this study was to assess the effectiveness 
of early transplanting SVF in enhancing sensorimotor 
recovery following an acute thoracic spinal cord contu-
sion in rats. Our hypothesis was that SVF, injected within 
the four hours after the T10 contusion, would modulate 
the immune response and improve sensorimotor recov-
ery SCI.

Our results indicated that subdural injection of the SVF 
into the lesioned area reduced the inflammatory response 
two weeks after the injury and showed sensorimotor 
recovery over the 3-month analysis period. Furthermore, 
electrophysiological recordings taken twelve weeks after 
the injury showed the restoration of sensorimotor loop 
and modulation of the supraspinal network in the treated 
rats.

The SVF reduced the SCI‑induced inflammation level
Immediately after SCI, an inflammatory response occurs, 
characterized by a local secretion of pro-inflamma-
tory cytokines [76] and an infiltration of immune cells 
[77–79]. This reaction may persist for several weeks and 
presents a peak of reactive astrocytes and macrophages 
around fourteen days after the injury [80]. This inflam-
matory response can lead to tissue degeneration and 
limit spontaneous regeneration.

The first step of our study was to demonstrate that the 
SVF did not increase endogenous inflammatory reaction 
more than without treatment, which could lead to fur-
ther functional loss. To do this, we measured the levels 
of IL-1β, IL-6, and TNF-α at the site of the lesion. Our 
findings indicate that the SVF injection at the lesion site 
limits the inflammation. Indeed, in the SVF group, the 
pro-inflammatory cytokines level was significantly lower 

than in NaCl group, and no difference was found between 
SVF and SHAM group for IL-6.

Previous studies have demonstrated the anti-inflam-
matory and immunomodulatory properties of SVF, par-
ticularly through the attenuation of pro-inflammatory 
cytokine levels in the injured tissue and through the 
secretion of anti-inflammatory cytokines [81, 82]. Simi-
larly, in spinal contusion in mice, the grafting of ADSCs 
at the injured site reduced the expression of inflamma-
tory cytokines IL-1β, IL-6, and TNF-α. Furthermore, 
the authors also showed that the ADSCs administration 
inhibited the activation of the Jagged1/Notch signaling 
pathway, which is involved in neuroinflammation and 
normally increased after trauma [23]. ADSCs also pro-
mote M2 macrophages activation, which release IL-4, 
IL-10, and IL-13 anti-inflammatory cytokines, as well as 
immunomodulatory factors like TGF-β, that inhibit the 
action of pro-inflammatory immune cells and reduce the 
secretion of pro-inflammatory cytokines IL-1β, IL-6, and 
TNF-α. TGF-β additionally promotes the development of 
some subpopulations of regulatory T cells, which play an 
essential role in suppressing the immune response and 
preventing excessive inflammation [83, 84]. Addition-
ally, VEGF secreted by endothelial progenitors present 
in the SVF can activate autophagy through the activa-
tion of autophagic proteins Beclin 1 and LC3B [85]. This 
helps to decrease neuroinflammation by eliminating cell 
flow. Thus, it can be hypothesized that the ADSCs and 
endothelial progenitors contained in the SVF exhibit sim-
ilar action mechanisms that enable the reduction of the 
inflammatory levels at the site of the injury.

The specific mechanisms by which SVF reduces inflam-
mation in the SCI microenvironment is still undeter-
mined. Although the signaling pathways involved in the 
interaction between SVF and inflammatory cells remain 
unknown, it can be hypothesized that the modulation of 
the immune response and the reduction of pro-inflam-
matory cytokines could be attributed to the various cel-
lular components contained in SVF, such as ADSCs and 
endothelial progenitor cells [86–88], and the mechanic 
support exerted by the extracellular matrix [54].

In our study, SVF demonstrated its ability to reduce 
inflammation in cases of acute SCI. However, further 
mechanistic investigations should be conducted to iden-
tify the involved metabolic pathways.

The SVF improves sensorimotor recovery
The drop in sensorimotor scores in the contused rats was 
in accordance with previous studies demonstrating dra-
matic and significant deficits immediately after the SCI 
followed by a spontaneous recovery [57, 58, 89]. How-
ever, the BBB and the ladder climbing scores became 
significantly higher from the tenth week in rats treated 
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with SVF compared to rats from NaCl group. Indeed, for 
the BBB test which evaluates the interlimb coordination, 
contrary to untreated rats that exhibited uncoordinated 
stepping, animals receiving SVF showed consistent fore-
limb and hindlimb coordination with consistent weight 
support. These results were confirmed with the ladder 
climbing test that evaluates the integration of fine sen-
sory and motor inputs and provides an assessment of tac-
tile sense, proprioception, and motor function.

Additionally, gait analysis revealed that rats treated 
with SVF had a faster locomotion, a higher stride length, 
stance phase and step cycle than NaCl group. One can 
notice that previous studies have described a correlation 
between gait speed and a shorter paw contact time with 
the ground [67, 90]. However, in our results, the shorter 
locomotion speed in the NaCl group can be explained 
by the increase in the number and decrease in the size 
of the steps. The absence of difference in the swing phase 
between the SVF and NaCl groups can be explained by 
the fact that during the gait cycle, the stance phase is 
longer than the swing phase and that its duration exhib-
its a lower level of variation in relation to speed [67]. 
The reduction in phase dispersion and the achievement 
of a maximum score on the regulation index indicate 
that SVF improves coordination during walking that is 
essential for ensuring smooth and efficient movement. 
It requires precise synchronization of limb movements 
and different body parts involved in walking. Altered 
coordination can result in an unstable gait, disordered 
movements, and increased energy expenditure. Thus, 
improvements observed in treated animals may allow 
higher stability, balance, and movement efficiency during 
walking. These results are consistent with the BBB scores 
obtained at 12 weeks after the SCI showing that treated 
animals displayed consistent coordination, highlighting 
a more precise motor control compared to non-treated 
animals that mostly exhibited uncoordinated steps.

Previous studies have shown that functional recovery 
after SCI following the use of ADSCs is correlated with 
reduced lesion volume, decreased glial scar, neural dif-
ferentiation, and enhanced axonal outgrowth [15, 16, 
91]. Given the shared components of the ADSC cocktail 
with that of the SVF, our observations may be associated 
with tissue preservation due to both neuroprotective and 
regenerative effects as shown by those studies. However, 
histological protocols are necessary to confirm this pos-
sible analysis. In a comparable experimental settings, 
the neuroprotection has been primarily attributed to the 
activation of the transforming growth factor-beta1 (TGF-
β1)/ SMAD family member 3 protein (P-SMAD3)/pro-
collagen-lysine,2-oxoglutarate 5-dioxygenase 2 (PLOD2) 
pathway in spinal cord neurons [15, 21]. This pathway 
regulates the synthesis and maturation of collagen, which 

is crucial for the structure and function of the extracel-
lular matrix. In addition, the literature also reported that 
ADSCs implanted at the site of spinal injury in mice can 
differentiate into neurons and create functional neu-
ral circuits leading to the improvement in sensorimotor 
recovery [83]. ADSCs also secrete neurotrophic factors 
such as Nerve Growth Factor (NGF), Glial-Derived Neu-
rotrophic Factor (GDNF), Hepatocyte Growth Factor 
(HGF), and Brain-Derived Neurotrophic Factor (BDNF) 
[92] that modulate the molecular pathways of PI3K/
AKT and MAP kinase, and promote neuronal survival, 
growth, and differentiation [93]. In addition, endothe-
lial progenitor cells contained in the SVF release VEGF 
which supports the survival of neurons, growth of neu-
rites, and local network restructuring below the injury 
site leading to improvement of functional recovery after 
SCI in rats by activating the MAPK/Erk1/2 pathway [50]. 
Furthermore, the pericytes found in SVF possess signifi-
cant regenerative abilities due to their abundance and 
function as a reservoir of stem cells that can be mobi-
lized in case of injury. TGF-β controls their activation, 
differentiation, and recruitment to injured sites [94]. As 
a result, these various metabolic pathways can contribute 
to the regeneration of damaged nervous tissue and to the 
improvement of functional recovery, it is possible that 
the therapeutic effects observed in this study could be the 
result of the synergistic action of all these cells.

In our study, we observed the capacity of SVF to 
improve sensorimotor recovery after acute SCI. To 
understand the mechanisms underlying these improve-
ments, histological analyses will be necessary.

The SVF restores spinal and supraspinal sensorimotor loop
SCI affects neural networks both above and below the 
lesion. Indeed, depending on the severity of the injury, 
the sensorimotor loop can be directly interrupted, and/
or ascending and descending pathways transmitting 
information from or toward these loops disrupted. This 
can lead to various sensorimotor impairments such as 
muscle paralysis, hypotonia, loss of reflexes below the 
level of injury, and spasticity [95]. It has been described 
that SCI results in an increase in H-reflex amplitude (and 
Hmax/Mmax ratio) due to downward supraspinal inhibi-
tion release and a decrease in ventilatory adjustment to 
muscle fatigue due to upward excitatory interruption [57, 
68, 69, 72, 73, 75, 96, 97].

Twelve weeks post-injury, our results showed a signifi-
cant post-activation depression of the H-reflex in the SVF 
group, similarly to the non-lesioned group; in the non-
treated group, the amplitude of the H-reflex remaining 
constant whatever the stimulation frequency. This result 
indicates that immediate administration of SVF after 
the injury was beneficial for the local neural network.
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Improvements also observed in the SVF group with 
10 Hz stimulation trains could indicate a beneficial effect 
of the SVF on the supralesional ascending and descend-
ing pathways.

These findings are further supported by measuring 
the response of the ventilatory adjustments during the 
electrically-activation of metabosensitive fibers (groups 
III and IV afferents) originating from the Tibialis ante-
rior muscle. Indeed, we observed that animals from the 
SVF group exhibited a similar ventilatory adjustment to 
that of the non-injured animals, whereas the NaCl group 
animals were unable to adjust their ventilatory frequency. 
This result could indicate that SVF has restored the trans-
mission of neural impulses from the ascending pathway 
to the pontobulbar respiratory centers.

Understanding the mechanisms that underlie these 
functional recoveries is essential. Several studies have 
shown that ADSCs transplantation can lead to elec-
trophysiological improvements after SCI. One study 
reported that the administration of ADSCs combined 
with a fibrin matrix after SCI in rats resulted in the res-
toration of post-activation depression of the H-reflex 
60 days after the injury [98]. Additionally, a study dem-
onstrated that ADSCs transplantation in rats with SCI 
resulted in significant recovery of motor-evoked poten-
tials recorded at the spinal cord level [99]. This suggests 
that treatment with ADSCs contained in the SVF could 
restore the sensorimotor loop and spinal pathways after 
SCI suggesting neuroprotective or neuroregenerative 
properties of ADSCs.

Thus, it can be assumed that SVF, like ADSCs, restores 
the function of segmental neural networks and the trans-
mission of information from these networks to supraspi-
nal centers and vice versa. However, further additional 
research is needed to determine the potential of the SVF 
compared to ADSCs.

The SVF is a good candidate for clinical trial
The accessibility, the minimally invasive liposuction 
procedure to extract SVF and its therapeutic potential 
make it a promising candidate for clinical trials in SCI 
treatment. Unlike ADSCs, the isolation of SVF does not 
require cell culture, eliminating the need for lengthy 
in vitro expansion. This direct isolation approach enables 
a faster and more convenient procedure, particularly in 
clinical settings. Moreover, the use of autologous SVF 
significantly reduces the risk of cell rejection, further 
enhancing its potential as a therapeutic option.

This study represents an initial exploration of the 
immediate administration of SVF and its effects on 
inflammatory response and functional recovery after 
SCI. Further investigations are needed to uncover the 
underlying mechanisms responsible of the observed 

improvements. In-depth histological analyses and inves-
tigations into the secretory molecules of different cell 
types within the SVF could provide additional insights 
into these mechanisms and the role of each of these 
elements.

Furthermore, our study does not provide insight into 
the fate of the cells from the SVF injected within the 
lesion. Pre-labelling the cells prior to injection could 
allow for the assessment of their viability and integration 
into the neural tissue. Furthermore, proper cell labelling 
would facilitate easier tracking of the cells and their inter-
actions within the injured spinal cord.

Conclusion
The accessibility, minimal invasiveness, autologous 
nature, and potential for functional improvement make 
SVF a promising candidate for clinical trials in SCI. How-
ever, although functional improvements were observed 
in animals treated with SVF, many questions remain as to 
the underlying mechanisms responsible for the reduced 
inflammatory response and functional recoveries. Under-
standing these mechanisms will help determine the full 
therapeutic potential of SVF and should enable us to 
propose a management and repair strategy adapted to 
patients with SCI.

Abbreviations
ADSCs	� Adipose-derived stem cells
EIF	� Electrically-induced muscle fatigue
EMG	� Electromyographic
FDD	� Frequency-dependent depression
FRD	� Frequency-related depression
IL-1β	� Interleukin-1beta
IL-6	� Interleukin-6
LFD	� Low-frequency depression
MSCs	� Mesenchymal stem cells
NSPCs	� Neural stem and progenitor cells
OECs	� Olfactory ensheathing cells
OPCs	� Oligodendrocyte progenitor cells
P-SMAD3	� SMAD family member 3 protein
PLOD2	� Procollagen-lysine, 2-oxoglutarate 5-dioxygenase 2
RDD	� Rate-dependent depression
RSD	� Rate-sensitive depression
SCI	� Spinal cord injury
SVF	� Stromal vascular fraction
TGF-β1	� Transforming growth factor-beta1
TNF-α	� Tumor necrosis factor-alpha
T10	� 10Th thoracic vertebra

Acknowledgements
This work was supported by public [Aix-Marseille Université (AMU) and Centre 
National de la Recherche Scientifique (CNRS)] and private [Combattre la Paralysie 
Association] grants. The authors also thank Marie VOGTENSPERGER, Laurent 
GIRAUDO, Pauline FRANÇOIS, Laurent ARNAUD, Jérémie MAGALON for the 
technical and scientific advice.

Author contributions
CE, MS, MB, JMB, TC, FS, SF, PD, NS, TM equally conceived and designed the 
study. CE, MS, MB, TC, PD and TM performed the experiment, analyzed the 
data, performed the statistical analysis, and wrote the paper. All authors read 
and approved the final manuscript.



Page 17 of 19Ertlen et al. Stem Cell Research & Therapy           (2024) 15:29 	

Funding
The funding body played no role in the design of the study and collection, 
analysis, and interpretation of data and in writing the manuscript.

Availability of data and materials
All data analyzed during this study are included in this publication. The data‑
sets during and/or analyzed during the current study are available from the 
corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
The “Efficacy of the immediate adipose-derived stromal vascular fraction 
autograft on sensorimotor recovery after spinal contusion in rats” was estab‑
lished according to the French legislation (Decrees and orders N°2013–118 
of February 1st, 2013, JORF n°0032) concerning animal care guidelines on 
animal experimentation, and after approval by animal Care Committees of 
Aix-Marseille Université (AMU) and Centre National de la Recherche Scientifique 
(CNRS). The authorization number granted by the French Ministry of Higher 
Education, Research, and Innovation (MESRI) is APAFIS#30957, established on 
June 14th, 2021. All persons are licensed to conduct live animal experiments 
and all experimental rooms have a national authorization to accommodate 
animals (License n°B13.013.06). Furthermore, experiments were performed in 
accordance with the recommendations provided in the Guide for Care and 
Use of Laboratory Animals (U.S. Department of Health and Human Services, 
National Institutes of Health), with the directives 86/609/EEC and 010/63/EU of 
the European Parliament and of the Council of 24 November 1986 and of 22 
September 2010, respectively, and with the ARRIVE (Animal Research: Report‑
ing of In Vivo Experiments) guidelines.

Consent for publication
Not Applicable.

Competing interests
The authors declare that there is no competing interests.

Author details
1 Aix‑Marseille Univ, CNRS, ISM UMR 7287, Institut des Sciences du Mouve‑
ment: Etienne‑Jules MAREY, Equipe Plasticité Des Systèmes Nerveux Et Muscu‑
laire (PSNM), Parc Scientifique Et Technologique de Luminy, Aix Marseille Univ, 
CC910 ‑ 163, Avenue de Luminy, 13288 Marseille Cedex 09, France. 2 Assistance 
Publique ‑ Hôpitaux de Marseille (AP‑HM), INSERM 1409 Centre d’Investigation 
Clinique en Biothérapies, Unité de Culture Et Thérapie Cellulaire, Hôpital de La 
Conception, 147, Boulevard Baille, 13385 Marseille Cedex 05, France. 3 Assis‑
tance Publique ‑ Hôpitaux de Marseille (AP‑HM), Service de Neurochirurgie, 
Hôpital de La Timone, 264, Rue Saint‑Pierre, 13005 Marseille, France. 

Received: 13 September 2023   Accepted: 23 January 2024

References
	1.	 Craig A, Tran Y, Wijesuriya N, Middleton J. Fatigue and tiredness in people 

with spinal cord injury. J Psychosom Res. 2012;73:205–10.
	2.	 Craig A, Nicholson Perry K, Guest R, Tran Y, Dezarnaulds A, Hales A, 

et al. Prospective study of the occurrence of psychological disorders 
and comorbidities after spinal cord injury. Arch Phys Med Rehabil. 
2015;96:1426–34.

	3.	 Middleton JW, Dayton A, Walsh J, Rutkowski SB, Leong G, Duong S. 
Life expectancy after spinal cord injury: a 50-year study. Spinal Cord. 
2012;50:803–11.

	4.	 Xiao W-P, Ding L-L-Q, Min Y-J, Yang H-Y, Yao H-H, Sun J, et al. Electroa‑
cupuncture promoting axonal regeneration in spinal cord injury rats 
via suppression of Nogo/NgR and Rho/ROCK signaling pathway. NDT. 
2019;15:3429–42.

	5.	 Alcántar-Garibay O, Incontri-Abraham D, Ibarra A. Spinal cord injury-
induced cognitive impairment: a narrative review. Neural Regen Res. 
2022;17:2649.

	6.	 Flack J, Sharma K, Xie J. Delving into the recent advancements of spinal 
cord injury treatment: a review of recent progress. Neural Regen Res. 
2022;17:283.

	7.	 Assinck P, Duncan GJ, Hilton BJ, Plemel JR, Tetzlaff W. Cell transplantation 
therapy for spinal cord injury. Nat Neurosci. 2017;20:637–47.

	8.	 Zipser CM, Cragg JJ, Guest JD, Fehlings MG, Jutzeler CR, Anderson AJ, 
et al. Cell-based and stem-cell-based treatments for spinal cord injury: 
evidence from clinical trials. Lancet Neurol. 2022;21:659–70.

	9.	 Gunawardana SC. Benefits of healthy adipose tissue in the treatment of 
diabetes. WJD. 2014;5:420.

	10.	 Tsuji W, Rubin JP, Marra KG. Adipose-derived stem cells: Implications in 
tissue regeneration. WJSC. 2014;6:312.

	11.	 Zuk PA, Zhu M, Mizuno H, Huang J, Futrell JW, Katz AJ, et al. Multilineage 
cells from human adipose tissue: implications for cell-based therapies. 
Tissue Eng. 2001;7:211–28.

	12.	 Miana VV, Prieto González EA. Adipose tissue stem cells in regenerative 
medicine. ecancer [Internet]. 2018 [cited 2023 Aug 1];12. Available from: 
https://​www.​ecanc​er.​org/​journ​al/​12/​full/​822-​adipo​se-​tissue-​stem-​cells-​
in-​regen​erati​ve-​medic​ine.​php

	13.	 Al-Ghadban S, Artiles M, Bunnell BA. Adipose stem cells in regenerative 
medicine: looking forward. Front Bioeng Biotechnol. 2022;9:837464.

	14.	 Huang L, Fu C, Xiong F, He C, Wei Q. Stem cell therapy for spinal cord 
injury. Cell Transpl. 2021;30:096368972198926.

	15.	 Rafiei Alavi SN, Madani Neishaboori A, Hossein H, Sarveazad A, Yousefifard 
M. Efficacy of adipose tissue-derived stem cells in locomotion recovery 
after spinal cord injury: a systematic review and meta-analysis on animal 
studies. Syst Rev. 2021;10:213.

	16.	 Ohta Y, Hamaguchi A, Ootaki M, Watanabe M, Takeba Y, Iiri T, et al. Intrave‑
nous infusion of adipose-derived stem/stromal cells improves functional 
recovery of rats with spinal cord injury. Cytotherapy. 2017;19:839–48.

	17.	 Takahashi A, Nakajima H, Uchida K, Takeura N, Honjoh K, Watanabe S, 
et al. Comparison of mesenchymal stromal cells isolated from murine adi‑
pose tissue and bone marrow in the treatment of spinal cord injury. Cell 
Transpl. 2018;27:1126–39.

	18.	 Liau LL, Looi QH, Chia WC, Subramaniam T, Ng MH, Law JX. Treatment of 
spinal cord injury with mesenchymal stem cells. Cell Biosci. 2020;10:112.

	19.	 Chen C-C, Yang S-F, Wang I-K, Hsieh S-Y, Yu J-X, Wu T-L, et al. The 
long-term efficacy study of multiple allogeneic canine adipose tissue-
derived mesenchymal stem cells transplantations combined with 
surgery in four dogs with lumbosacral spinal cord injury. Cell Transpl. 
2022;31:096368972210814.

	20.	 Chen J, Wang L, Liu M, Gao G, Zhao W, Fu Q, et al. Implantation of 
adipose-derived mesenchymal stem cell sheets promotes axonal regen‑
eration and restores bladder function after spinal cord injury. Stem Cell 
Res Ther. 2022;13:503.

	21.	 Li F, Liu H, Zhang K, Xiao D-J, Wang C, Wang Y-S. Adipose-derived stromal 
cells improve functional recovery after spinal cord injury through TGF-β1/
Smad3/PLOD2 pathway activation. Aging. 2021;13:4370–87.

	22.	 Li J, Ji Z, Wang Y, Li T, Luo J, Li J, et al. Human adipose-derived stem cells 
combined with nano-hydrogel promote functional recovery after spinal 
cord injury in rats. Biology. 2022;11:781.

	23.	 Zhou Z, Tian X, Mo B, Xu H, Zhang L, Huang L, et al. Adipose mesen‑
chymal stem cell transplantation alleviates spinal cord injury-induced 
neuroinflammation partly by suppressing the Jagged1/Notch pathway. 
Stem Cell Res Ther. 2020;11:212.

	24.	 Hur JW, Cho T-H, Park D-H, Lee J-B, Park J-Y, Chung Y-G. Intrathecal 
transplantation of autologous adipose-derived mesenchymal stem 
cells for treating spinal cord injury: a human trial. J Spinal Cord Med. 
2016;39:655–64.

	25.	 Bydon M, Dietz AB, Goncalves S, Moinuddin FM, Alvi MA, Goyal A, et al. 
CELLTOP clinical trial: first report from a phase 1 trial of autologous adi‑
pose tissue-derived mesenchymal stem cells in the treatment of paralysis 
due to traumatic spinal cord injury. Mayo Clin Proc. 2020;95:406–14.

	26.	 Nguyen A, Guo J, Banyard DA, Fadavi D, Toranto JD, Wirth GA, et al. Stro‑
mal vascular fraction: A regenerative reality? Part 1: current concepts and 
review of the literature. J Plast Reconstr Aesthet Surg. 2016;69:170–9.

	27.	 Bourin P, Bunnell BA, Casteilla L, Dominici M, Katz AJ, March KL, et al. 
Stromal cells from the adipose tissue-derived stromal vascular fraction 
and culture expanded adipose tissue-derived stromal/stem cells: a joint 
statement of the International Federation for Adipose Therapeutics and 

https://www.ecancer.org/journal/12/full/822-adipose-tissue-stem-cells-in-regenerative-medicine.php
https://www.ecancer.org/journal/12/full/822-adipose-tissue-stem-cells-in-regenerative-medicine.php


Page 18 of 19Ertlen et al. Stem Cell Research & Therapy           (2024) 15:29 

Science (IFATS) and the International Society for Cellular Therapy (ISCT). 
Cytotherapy. 2013;15:641–8.

	28.	 Tauer JT, Al-Jallad H, Umebayashi M, Bakhsh D, Rauch D, Tran SD, et al. 
Characterization and functional analysis of the adipose tissue-derived 
stromal vascular fraction of pediatric patients with osteogenesis imper‑
fecta. Sci Rep. 2022;12:2414.

	29.	 You D, Jang MJ, Kim BH, Song G, Lee C, Suh N, et al. Comparative study of 
autologous stromal vascular fraction and adipose-derived stem cells for 
erectile function recovery in a rat model of cavernous nerve injury. Stem 
Cells Transl Med. 2015;4:351–8.

	30.	 Ramakrishnan VM, Boyd NL. The adipose stromal vascular fraction as a 
complex cellular source for tissue engineering applications. Tissue Eng 
Part B Rev. 2018;24:289–99.

	31.	 Aronowitz JA, Lockhart RA, Hakakian CS. Mechanical versus enzymatic 
isolation of stromal vascular fraction cells from adipose tissue. Springer‑
plus. 2015;4:713.

	32.	 Mohammadi R, Sanaei N, Ahsan S, Masoumi-Verki M, Khadir F, Mokariza‑
deh A. Stromal vascular fraction combined with silicone rubber chamber 
improves sciatic nerve regeneration in diabetes. Chin J Traumatol. 
2015;18:212–8.

	33.	 Riordan NH, Ichim TE, Min W-P, Wang H, Solano F, Lara F, et al. Non-
expanded adipose stromal vascular fraction cell therapy for multiple 
sclerosis. J Transl Med. 2009;7:29.

	34.	 Semon JA, Zhang X, Pandey AC, Alandete SM, Maness C, Zhang S, et al. 
Administration of murine stromal vascular fraction ameliorates chronic 
experimental autoimmune encephalomyelitis. Stem Cells Transl Med. 
2013;2:789–96.

	35.	 Han S-K, Kim H-R, Kim W-K. The treatment of diabetic foot ulcers with 
uncultured, processed lipoaspirate cells: a pilot study: diabetic foot and 
cell therapy. Wound Repair Regen. 2010;18:342–8.

	36.	 Jarajapu YPR, Grant MB. The promise of cell-based therapies for diabetic 
complications: challenges and solutions. Circ Res. 2010;106:854–69.

	37.	 Rajashekhar G, Ramadan A, Abburi C, Callaghan B, Traktuev DO, Evans-
Molina C, et al. Regenerative therapeutic potential of adipose stromal 
cells in early stage diabetic retinopathy. Chen J PLoS ONE. 2014;9:e84671.

	38.	 You H-J, Han S-K. Cell therapy for wound healing. J Korean Med Sci. 
2014;29:311.

	39.	 Atalay S, Coruh A, Deniz K. Stromal vascular fraction improves deep 
partial thickness burn wound healing. Burns. 2014;40:1375–83.

	40.	 Rigotti G, Marchi A, Gali M, Baroni G, Benati D, Krampera M, et al. Clinical 
treatment of radiotherapy tissue damage by lipoaspirate transplant: a 
healing process mediated by adipose-derived adult stem cells. Plast 
Reconstr Surg. 2007;119:1409–22.

	41.	 Van Dijk A, Naaijkens BA, Jurgens WJFM, Nalliah K, Sairras S, Van Der Pijl 
RJ, et al. Reduction of infarct size by intravenous injection of uncultured 
adipose derived stromal cells in a rat model is dependent on the time 
point of application. Stem Cell Res. 2011;7:219–29.

	42.	 Gimble JM, Bunnell BA, Chiu ES, Guilak F. Concise review: adipose-derived 
stromal vascular fraction cells and stem cells: let’s not get lost in transla‑
tion. Stem Cells. 2011;29:749–54.

	43.	 Khalpey Z, Janardhanan R, Konhilas J, Hemphill C. First in man: adipose-
derived stromal vascular fraction cells may promote restorative cardiac 
function. Am J Med. 2014;127:e11–2.

	44.	 Premaratne GU, Ma L-P, Fujita M, Lin X, Bollano E, Fu M. Stromal vascular 
fraction transplantation as an alternative therapy for ischemic heart 
failure: anti-inflammatory role. J Cardiothorac Surg. 2011;6:43.

	45.	 Jurgens WJFM, Kroeze RJ, Zandieh-Doulabi B, Van Dijk A, Renders 
GAP, Smit TH, et al. One-step surgical procedure for the treatment of 
osteochondral defects with adipose-derived stem cells in a caprine knee 
defect: a pilot study. BioResearch Open Access. 2013;2:315–25.

	46.	 Mehrkens A, Saxer F, Güven S, Hoffmann W, Müller A, Jakob M, et al. 
Intraoperative engineering of osteogenic grafts combining freshly 
harvested, human adipose-derived cells and physiological doses of bone 
morphogenetic protein-2. eCM. 2012;24:308–19.

	47.	 Charles-de-Sá L, Gontijo-de-Amorim NF, Maeda Takiya C, Borojevic 
R, Benati D, Bernardi P, et al. Antiaging treatment of the facial skin 
by fat graft and adipose-derived stem cells. Plast Reconstr Surg. 
2015;135:999–1009.

	48.	 Bora P, Majumdar AS. Adipose tissue-derived stromal vascular fraction in 
regenerative medicine: a brief review on biology and translation. Stem 
Cell Res Ther. 2017;8:145.

	49.	 Wang Q, Li Y-H, Jiang W-J, Zhao J-G, Xiao B-G, Zhang G-X, et al. Graphene-
based nanomaterials: potential tools for neurorepair. Curr Pharm Des. 
2018;24:56–61.

	50.	 Li J, Chen S, Zhao Z, Luo Y, Hou Y, Li H, et al. Effect of VEGF on inflam‑
matory regulation, neural survival, and functional improvement in 
rats following a complete spinal cord transection. Front Cell Neurosci. 
2017;11:381.

	51.	 Bowles AC, Wise RM, Gerstein BY, Thomas RC, Ogelman R, Febbo I, et al. 
Immunomodulatory effects of adipose stromal vascular fraction cells 
promote alternative activation macrophages to repair tissue damage. 
Stem Cells. 2017;35:2198–207.

	52.	 Pak J, Lee J, Pak N, Pak Y, Park K, Jeon J, et al. Cartilage regeneration in 
humans with adipose tissue-derived stem cells and adipose stromal 
vascular fraction cells: updated status. IJMS. 2018;19:2146.

	53.	 Smith DR, Dumont CM, Park J, Ciciriello AJ, Guo A, Tatineni R, et al. Polycis‑
tronic delivery of IL-10 and NT-3 promotes oligodendrocyte myelination 
and functional recovery in a mouse spinal cord injury model. Tissue Eng 
Part A. 2020;26:672–82.

	54.	 Guo J, Nguyen A, Banyard DA, Fadavi D, Toranto JD, Wirth GA, et al. 
Stromal vascular fraction: A regenerative reality? Part 2: mechanisms of 
regenerative action. J Plast Reconstr Aesthet Surg. 2016;69:180–8.

	55.	 Donnelly DJ, Popovich PG. Inflammation and its role in neuroprotection, 
axonal regeneration and functional recovery after spinal cord injury. Exp 
Neurol. 2008;209:378–88.

	56.	 François P, Giraudo L, Veran J, Bertrand B, Dumoulin C, Aboudou H, 
et al. Development and validation of a fully GMP-compliant process for 
manufacturing stromal vascular fraction: a cost-effective alternative to 
automated methods. Cells. 2020;9:2158.

	57.	 Bonnet M, Alluin O, Trimaille T, Gigmes D, Marqueste T, Decherchi P. 
Delayed injection of a physically cross-linked PNIPAAm- g -PEG hydrogel 
in rat contused spinal cord improves functional recovery. ACS Omega. 
2020;5:10247–59.

	58.	 Scheff SW, Rabchevsky AG, Fugaccia I, Main JA, Lumpp JE. Experimental 
modeling of spinal cord injury: characterization of a force-defined injury 
device. J Neurotrauma. 2003;20:179–93.

	59.	 Maijub JG, Boyd NL, Dale JR, Hoying JB, Morris ME, Williams SK. Concen‑
tration-dependent vascularization of adipose stromal vascular fraction 
cells. Cell Transplant. 2015;24:2029–39.

	60.	 El-Habta R, Andersson G, Kingham PJ, Backman LJ. Anti-apoptotic effect 
of adipose tissue-derived stromal vascular fraction in denervated rat 
muscle. Stem Cell Res Ther. 2021;12:162.

	61.	 Basso DM, Beattie MS, Bresnahan JC. A sensitive and reliable locomotor 
rating scale for open field testing in rats. J Neurotrauma. 1995;12:1–21.

	62.	 Li Y, Decherchi P, Raisman G. Transplantation of olfactory ensheathing 
cells into spinal cord lesions restores breathing and climbing. J Neurosci. 
2003;23:727–31.

	63.	 Semler J, Wellmann K, Wirth F, Stein G, Angelova S, Ashrafi M, et al. Objec‑
tive measures of motor dysfunction after compression spinal cord injury 
in adult rats: correlations with locomotor rating scores. J Neurotrauma. 
2011;28:1247–58.

	64.	 Hamers FPT, Lankhorst AJ, Van Laar TJ, Veldhuis WB, Gispen WH. Auto‑
mated quantitative gait analysis during overground locomotion in the 
rat: its application to spinal cord contusion and transection injuries. J 
Neurotrauma. 2001;18:187–201.

	65.	 Khalki L, Sadlaoud K, Lerond J, Coq J-O, Brezun J-M, Vinay L, et al. Changes 
in innervation of lumbar motoneurons and organization of premo‑
tor network following training of transected adult rats. Exp Neurol. 
2018;299:1–14.

	66.	 Cheng H, Almström S, Giménez-Llort L, Chang R, Ove Ögren S, Hoffer 
B, et al. Gait analysis of adult paraplegic rats after spinal cord repair. Exp 
Neurol. 1997;148:544–57.

	67.	 Mendes CS, Bartos I, Márka Z, Akay T, Márka S, Mann RS. Quantification of 
gait parameters in freely walking rodents. BMC Biol. 2015;13:50.

	68.	 Gueye Y, Marqueste T, Maurel F, Khrestchatisky M, Decherchi P, Feron F. 
Cholecalciferol (vitamin D3) improves functional recovery when delivered 
during the acute phase after a spinal cord trauma. J Steroid Biochem Mol 
Biol. 2015;154:23–31.

	69.	 Nawrotek K, Marqueste T, Modrzejewska Z, Zarzycki R, Rusak A, Decher‑
chi P. Thermogelling chitosan lactate hydrogel improves functional 
recovery after a C2 spinal cord hemisection in rat. J Biomed Mater Res A. 
2017;105:2004–19.



Page 19 of 19Ertlen et al. Stem Cell Research & Therapy           (2024) 15:29 	

	70.	 Bonnet M, Trimaille T, Brezun J-M, Feron F, Gigmes D, Marqueste T, et al. 
Motor and sensitive recovery after injection of a physically cross-linked 
PNIPAAm-g-PEG hydrogel in rat hemisectioned spinal cord. Mater Sci 
Eng, C. 2020;107:110354.

	71.	 Skinner RD, Houle JD, Reese NB, Berry CL, Garcia-Rill E. Effects of 
exercise and fetal spinal cord implants on the H-reflex in chronically 
spinalized adult rats. Brain Res. 1996;729:127–31.

	72.	 Bianco J, Gueye Y, Marqueste T, Alluin O, Risso J-J, Garcia S, et al. Vitamin 
D3 improves respiratory adjustment to fatigue and H-reflex responses 
in paraplegic adult rats. Neuroscience. 2011;188:182–92.

	73.	 Pertici V, Amendola J, Laurin J, Gigmes D, Madaschi L, Carelli S, et al. 
The use of poly(N-[2-hydroxypropyl]-methacrylamide) hydrogel to 
repair a T10 spinal cord hemisection in rat: a behavioural, electrophysi‑
ological and anatomical examination. ASN Neuro. 2013;5:149–66.

	74.	 Caron G, Marqueste T, Decherchi P. Restoration of post-activation 
depression of the H-reflex by treadmill exercise in aged rats. Neurobiol 
Aging. 2016;42:61–8.

	75.	 Decherchi P, Dousset E, Jammes Y. Respiratory and cardiovascular 
responses evoked by tibialis anterior muscle afferent fibers in rats. Exp 
Brain Res. 2007;183:299–312.

	76.	 Hellenbrand DJ, Quinn CM, Piper ZJ, Morehouse CN, Fixel JA, Hanna 
AS. Inflammation after spinal cord injury: a review of the critical time‑
line of signaling cues and cellular infiltration. J Neuroinflammation. 
2021;18:284.

	77.	 Skaper SD, Giusti P, Facci L. Microglia and mast cells: two tracks on the 
road to neuroinflammation. FASEB j. 2012;26:3103–17.

	78.	 Gao T-Y, Huang F-F, Xie Y-Y, Wang W-Q, Wang L-D, Mu D, et al. Dynamic 
changes in the systemic immune responses of spinal cord injury model 
mice. Neural Regen Res. 2021;16:382.

	79.	 Seblani M, Ertlen C, Coyle T, Decherchi P, Brezun J-M. Combined effect 
of trifluoperazine and sodium cromoglycate on reducing acute edema 
and limiting lasting functional impairments after spinal cord injury in 
rats. Exp Neurol. 2024;372:114612.

	80.	 Dumont CM, Margul DJ, Shea LD. Tissue engineering approaches to 
modulate the inflammatory milieu following spinal cord injury. Cells 
Tissues Organs. 2016;202:52–66.

	81.	 Zhu M, Xue J, Lu S, Yuan Y, Liao Y, Qiu J, et al. Anti‑inflammatory effect 
of stromal vascular fraction cells in fat transplantation. Exp Ther 
Med [Internet]. 2018 [cited 2023 Aug 3]; Available from: http://www.
spandidos-publications.com/https://​doi.​org/​10.​3892/​etm.​2018.​7082

	82.	 Bowles AC, Wise RM, Gerstein BY, Thomas RC, Ogelman R, Manayan RC, 
et al. Adipose stromal vascular fraction attenuates TH1 cell-mediated 
pathology in a model of multiple sclerosis. J Neuroinflammation. 
2018;15:77.

	83.	 Gao S, Guo X, Zhao S, Jin Y, Zhou F, Yuan P, et al. Differentiation of 
human adipose-derived stem cells into neuron/motoneuron-like 
cells for cell replacement therapy of spinal cord injury. Cell Death Dis. 
2019;10:597.

	84.	 Pang Q-M, Chen S-Y, Xu Q-J, Fu S-P, Yang Y-C, Zou W-H, et al. Neuroinflam‑
mation and scarring after spinal cord injury: therapeutic roles of MSCs on 
inflammation and glial scar. Front Immunol. 2021;12:751021.

	85.	 Wang H, Wang Y, Li D, Liu Z, Zhao Z, Han D, et al. VEGF inhibits the inflam‑
mation in spinal cord injury through activation of autophagy. Biochem 
Biophys Res Commun. 2015;464:453–8.

	86.	 Ceccarelli S, Pontecorvi P, Anastasiadou E, Napoli C, Marchese C. Immu‑
nomodulatory effect of adipose-derived stem cells: the cutting edge of 
clinical application. Front Cell Dev Biol. 2020;8:236.

	87.	 Al-Ghadban S, Bunnell BA. Adipose tissue-derived stem cells: 
immunomodulatory effects and therapeutic potential. Physiology. 
2020;35:125–33.

	88.	 Heo JS, Kim S. Human adipose mesenchymal stem cells modulate inflam‑
mation and angiogenesis through exosomes. Sci Rep. 2022;12:2776.

	89.	 Krishna V, Andrews H, Jin X, Yu J, Varma A, Wen X, et al. A contusion model 
of severe spinal cord injury in rats. J Vis Exp. 2013;78:e50111.

	90.	 Bellardita C, Kiehn O. Phenotypic characterization of speed-associated 
gait changes in mice reveals modular organization of locomotor net‑
works. Curr Biol. 2015;25:1426–36.

	91.	 Takahashi A, Nakajima H, Kubota A, Watanabe S, Matsumine A. Adipose-
derived mesenchymal stromal cell transplantation for severe spinal 
cord injury: functional improvement supported by angiogenesis and 
neuroprotection. Cells. 2023;12:1470.

	92.	 Tomita K, Madura T, Sakai Y, Yano K, Terenghi G, Hosokawa K. Glial differen‑
tiation of human adipose-derived stem cells: Implications for cell-based 
transplantation therapy. Neuroscience. 2013;236:55–65.

	93.	 Atkinson E, Dickman R. Growth factors and their peptide mimetics for 
treatment of traumatic brain injury. Bioorg Med Chem. 2023;90:117368.

	94.	 Alexander RW. Understanding adipose-derived stromal vascular fraction 
(AD-SVF) cell biology and use on the basis of cellular, chemical, structural 
and paracrine components: a concise review. J Prolother. 2012;4:e855–69.

	95.	 Hiersemenzel L-P, Curt A, Dietz V. From spinal shock to spasticity: Neu‑
ronal adaptations to a spinal cord injury. Neurology. 2000;54:1574–82.

	96.	 Thompson FJ, Reier PJ, Lucas CC, Parmer R. Altered patterns of reflex excit‑
ability subsequent to contusion injury of the rat spinal cord. J Neuro‑
physiol. 1992;68:1473–86.

	97.	 Lee JK, Emch GS, Johnson CS, Wrathall JR. Effect of spinal cord injury 
severity on alterations of the H-reflex. Exp Neurol. 2005;196:430–40.

	98.	 Mukhamedshina YO, Akhmetzyanova ER, Kostennikov AA, Zakirova 
EY, Galieva LR, Garanina EE, et al. Adipose-derived mesenchymal stem 
cell application combined with fibrin matrix promotes structural and 
functional recovery following spinal cord injury in rats. Front Pharmacol. 
2018;9:343.

	99.	 Yuan X, Yuan W, Ding L, Shi M, Luo L, Wan Y, et al. Cell-adaptable dynamic 
hydrogel reinforced with stem cells improves the functional repair 
of spinal cord injury by alleviating neuroinflammation. Biomaterials. 
2021;279:121190.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

https://doi.org/10.3892/etm.2018.7082

	Efficacy of the immediate adipose-derived stromal vascular fraction autograft on functional sensorimotor recovery after spinal cord contusion in rats
	Abstract 
	Background 
	Method 
	Results 
	Conclusion 

	Introduction
	Materials and methods
	Animals
	Ethical considerations
	Protocol design and experimental groups
	Fat removal, SVF purification and characterization of its components
	Spinal cord injury and SVF subdural injection
	Endogenous inflammation
	Behavioral tests
	Electrophysiological recordings
	Euthanasia
	Statistical analysis


	Results
	SVF composition
	Animals
	Endogenous inflammation
	Behavioral tests
	Electrophysiological recordings.

	Discussion
	The SVF reduced the SCI-induced inflammation level
	The SVF improves sensorimotor recovery
	The SVF restores spinal and supraspinal sensorimotor loop
	The SVF is a good candidate for clinical trial
	Conclusion

	Acknowledgements
	References


