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Abstract

Purpose: This study evaluated the action of human amniotic membrane (HAM) in rats after induced spinal cord injury (SCI).

Methods: twenty-five Wistar rats were divided into five groups (n=5): health (healthy animals underwent to surgical procedure simulation), control (C-injury
simulation), injury (I - spinal cord injury) and HAM (SCI + immediate application of HAM). We analyzed the effect of application of HAM fragment on SCI using
gait speed analysis (kinematics) and the sciatic functional index (SFI) to the animal gait. Both tests were performed in triplicate at 5 and 12 days after the surgery.

Results: Movement analyses demonstrated that the groups which received the HAM application showed an increase in average speed (after 12 days) and in the sciatic

functional index (at both 5 and 12 days) when compared to other groups.

Conclusion: The gait speed kinematics and the functional gait (SFI) analyses indicated that the application of HAM in induced SCI in rats led to the recovery of
motion and functional gait, which suggests a positive action of this biomaterial in SCI sequels.

Introduction

Spinal cord injury (SCI) is a reduction or loss of motor function and
/ or sensory trauma of neuronal elements within the spinal canal where
the neurological level of involvement may be complete or incomplete
[1]. Complete SC injuries are one of the most common causes of loss of
movement and sensitivity at and below the level of the lesion. SCI can
lead to spinal shock followed by loss all sensory-motor functions, which
includes sagging, bladder paralysis and loss of deep tendon reflexes at
and below the level of the lesion [1,2]. The incomplete SCI wounds are
accompanied by varying degrees of motor and sensory loss below the
level of injury and may include rectal and bladder paralysis [2].

The incidence of SCT has increased significantly worldwide in recent
years. The SCI occurrence is abrupt, unexpected, and severely impairs
the quality oflife of these individuals [3-5]. About 2.5 million people live
with SCI, and around the world, between 250.000 and 500.000 people
suffer new injuries and males are most at risk in young adulthood (20-
29 years) [6]. According to the National Guidelines of the Ministry of
Health [7], in Brazil, the incidence coefficient of traumatic spinal injury
is unknown and there is no precise data regarding its incidence and
prevalence, however it is estimated to occur around 6.000 to 8.000 new
cases per year, being 80% of the victims are men and 60% are among
the 10 to 30 years of age.

Trauma is the most common cause of SCI [6], which may be caused
by traffic accidents (50,4%), falls (23.8%), injuries associated with
sports activities (9%), and violence (11.2%). Non-traumatic injuries
can be caused by tumors, infections, vascular disorders, degenerative,
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and malformations [7,8]. SCI sequels may include expenses with
high medical treatment for physical and pathological complications,
as urinary tract infection, spasticity, chills and fever, decubitus ulcers
and autonomic dysreflexia, as well as social complications as job loss
and the permanent need for emotional support systems and medical
assistance [6,9].

This scenario may lead to the research of new therapeutic
approaches to repair SCI using stem cell-based therapies, such as
transplantation of stem cells / neural progenitor. Previous studies have
reported functional recovery after stem cell transplantation for spinal
cord injury in rodents and nonhuman primates [10]. In this context,
application of cells or fragments obtained from human Amniotic
Membrane (HAM) has gained importance due to their ability to
reduce inflammation and scarring and to serve as a substrate for cell
proliferation and differentiation [11-14].

Therefore, considering HAM properties could promote tissue
repair as a source of stem cell, we have hypothesized that their use after
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SCI could represent a potential new treatment for SCI sequel’s in motor
function. This study aimed to analyze the functional gait of rats with
induced SCI comparing the action of HAM applied immediately after
the injury.

Methods

After approval by the Research Ethics Committee of University of
Vale of Paraiba (CAAE: 16381213.2.0000.5503; CEAU n°A15), 20 adult
male rats (Rattus norvegicus, Albinus, Wistar, 60 days, 230 + 20 g) were
divided into four groups:

1. H (health - healthy animals who suffered no surgical nor injury
procedures, n=5);

2. C (control-simulation procedures surgical, n=5);
3. I (Injury - spinal cord injured animals, n=>5);
4. HAM (SCI + immediate application of HAM, n=5) and

The animals stayed in individual cages with a 12:12 light-dark
cycle, at controlled temperature (20 + 2 °C), feed with diet and water
ad libitum. The HAM was obtained from human placentas collected at
the Hospital and Maternity of Santa Casa in Sdo José dos Campos, Sdo
Paulo, Brazil. All donors signed a Free, Prior, and Informed Consent,
as well as met the inclusion criteria and all laboratory procedures
for processing HAM occurred in sterile conditions inside a laminar
flow cabinet in accordance with the processing protocol described by
Sant’Anna, et al. [13]. First, we manually peeled the HAM from the
chorion and extensively washed it with saline solution containing
100 U/ml penicillin, 100 mg/ml streptomycin, and 2.5 ug/ml of
amphotericin B. Then, we cut the HAM into pieces of 2 cm x 2 cm
and we stored them separately at room temperature in 50 ml tubes
containing DMEM (Dulbecco’s Modified Eagle’s medium) without
addition of serum and red phenol, in a sterile condition until the
application into the animal [13,15].

Surgical procedures

Spinal cord injury was induced by direct trauma with a mini
guillotine in groups I and HAM following the protocol described by
Paula, etal. [16]. We submitted Group C rats only to surgical procedures
and simulation of HAM application, without any kind of injury. For
the surgical procedures, the animals received intramuscularly 10%
ketamine (anesthetic) associated with xylazine (muscle relaxant)
at doses 0.01 ml/kg and 0.005 ml/kg, respectively. We performed a
longitudinal incision (2.5 cm) in the dorsal region, between T9 and T10,
to expose and visualize the spinal cord. Hereafter, an impactor system
(Figure 1) was used to induce a SCI by dropping the guillotine weight
from 25 mm free fall, causing a trauma injury by direct contusion.
Fifteen seconds were waited and then it was removed [16].

After removal the guillotine weight, we applied a 2.5 cm fragment
of HAM in the group of HAM animals. It is emphasized that the MAH
fragment was applied with the mesenchymal side in contact with the
SCI area, completely covering this region. The edges of HAM fragment
were adhered to the surrounding bone tissue with one drop of
methacrylate. Tissues are repositioned and sutured with 3-0 polyamide
monofilament thread (nylon) suture (Figure 2).

All  animals received antibiotic (enrofloxacin, 5 mg/kg
subcutaneously once per day for 4 days) and analgesic therapy
(tramadol hydrochloride, 10 mg/kg, intraperitoneally, every 12 hours
for 5 days) and housed at heated cage (25°C) for 45 min to control the
postoperative hypothermia.
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Figure 1. Induction of SCI between T9-T10, by direct trauma, with the use of the mini

guillotine.

Figure 2. Surgical procedure. (A) T9-T10 area with spinal cord injury; (B) HAM edges
attached to the bone tissue around the region of interest; (C) suturing the tissues.

Al

Evaluation of motor function

Two analyses of movements were performed in triplicate on groups
H, C, I and HAM at 5 and 12 days after the surgery. For gait speed
analysis (kinematics), we used a box made of acrylic (46 cm longX 8
cm wideX30 cm high) open at the surface. The box was placed in the
angle with two cinematic cameras (Optitrack, Flex model: V100 R2)
supported on tripods, and positioned laterally to the collection area.
For three-dimensional image reconstruction, a reflective marker,
adhered to the femur of the mouse’s left hind leg, remained visible
simultaneously for both cameras. The positioning of the box and the
camera was marked on the floor to standardize data collection in
relation to cameras and their calibration.

The software Motive (OptiTrack®) captured the movement of each
animal and exported the data in CVS model for analysis in Origin Pro
8.5° software. Each animal performed the test three times (triplicate)
and the average gait speed (cm/s) was obtained by calculating the linear
coefficient held in the analysis software and expressed by mean and
standard deviation.

Also, for the sciatic functional index (SFI) run (collected in
triplicate), we used the same box (Figure 3). We coupled a dark box at
the end of the trial box where the animals headed for refuge. The trial
box was suspended, resting on two aluminum stands. A mobile device
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Figure 3. Sciatic functional index (SFI): (A) acrylic box for walk test; (B) Capture motion made by mobile phone using Image J Software; (C) rat print showing the measurements taken:

ITS (intermediary toe spreading), TS (toe spreading), PL (print length).

was positioned below, with the camera directed to the center of the
acrylic box, enabling the capture of images from the lower plane.

The video images were exported to the computer to capture the
“Frame Grabs” (frames) of the phases of the gait and subsequent
measurement [17] using Microsoft® Windows Movie Maker®, Version
5.1 to capture three frames of each animal (triplicate). The frames were
stored and exported to the program Image J (Version 1.48, National
Institute of Health) to calculate the parameters length of the footprint
of the experimental paw (PL), distance between the first and fifth toes
of the experimental paw (TS), and distance between the second and
the fourth toe of the experimental paw (IT). The SFI values below zero
show functional impairment and near -100 configured losses of total
function [18].

One-way ANOVA statistical test could be applied after all tests
were run in triplicate generating mean and standard deviation values
(T-test; p < 0.05).

Results

Table 1 and Figure 4 show the motor assessments of the H, C, T and
HAM groups, at 5 and 12 days after surgeries represented as mean +
standard deviation, at significance level p < 0.05.

Table 1 shows that 5 days after induced SCI, the injured group (I)
had a significant reduced mean velocity when compared to health (p
= 0.0349), to control (0.0480) group. HAM group presented slower
movement when compared to health (p = 0.0449) and control (p =
0.0094) at the same experimental time. In the intragroup analyses, both
injury group (p < 0.001) and HAM group (p = 0.386) had mean gait
speed increased, while Control group showed no significant change of
mean gait speed. It is important to observe that regarding 12* post-
operatory day, there was no significant difference in the intergroup.

Figure 4 presents the data relating Sciatic Functional Index (SFI)
to functional gait. The experimental groups I (n=5) and HAM-0 (n=>5)
showed significant motor impairment of the hind paw when compared
to H (n=5) and C (n=>5) groups both 5 and 12 days after surgery (p <
0.05). Post-operative groups did not differ among themselves at 5 days.
However, the movement impairment of HAM group was significantly
lower when compared to groups I (p = 0.0093) and at the twelfth post-
operatory day. In the intragroup analysis at the same experimental
times, only the HAM-0 group showed significant recovery of motor
function at the twelfth post-operatory day (p = 0.0335).
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Figure 4. Sciatic Functional Index (SFI) columns for health, control, injury, HAM-0, and
HAM-8 groups 5 and 12 days after SCI surgery. * p < 0.05, **p < 0.001. HAM (Human

amniotic membrane), PO (Post-operatory).

Table 1. Average gait speed by motion analysis (kinematics) of speed (cm/s) expressed by
mean and standard deviation for the control, injury and HAM groups, at 5 and 12 days after
surgery. (*p < 0.05), (**p < 0.001).

__. | CONTROL B HAM

Health (n=5) @=5) INJURY (n=5) @=5)
5™ post-operatory 6.9+04 6.8+2.3 4.1+0.9% 4.2+ 1.8%
12 post-operatory = Not applied. 51+£0.8 7.3+ 4.1%* 8.6 £2.8%*

Discussion

This is an innovative study evaluating the effect of human amniotic
membrane (HAM) fragments applied immediately (HAM group)
after the induction of spinal cord injuries in rats. The application of
a HAM fragment aimed to preserve the tissue microenvironment
of this biomaterial, since it contains several growth factors and
undifferentiated mesenchymal cells, on the assumption that this
would facilitate the repair of nervous tissue lesion [11-14]. Further,
the application of HAM in fragments requires less manipulation than
the application of stem cells, keeping the growth factors present in it
microenvironment could stimulate the differentiation of mesenchymal
cells as response to stimuli received from the injured tissue [13].
The number and viability of cells in the human amniotic membrane
fragments, when stored for 24 h, suffer no significant change when
compared to the fresh membrane [12].
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The application of HAM immediately after the induction of SCI
aimed to evaluate possible differences in the action of the biomaterial
applied immediately after the injury. From our results, we verified
that the application of HAM was effective to improve gait speed and
functional gait after induced SCI in rats.

SCI can cause loss of neurological functions that affect all levels
at and below the injury site, which means that the movements and
sensations can be totally or partially reduced below the lesion area [19].
The inflammatory process following trauma can start a secondary lesion
characterized by edema, hemorrhage, progressive tissue loss, neuronal
loss, and glial cell dysfunctions [16]. The recovery process in humans
is limited and not very functional, because the tissue environment that
hinders the regenerative process of the axon [19,20].

SCI is also associated with motor and sensory symptoms that
lead to changes in posture and gait. The recovery of the gait is one of
the main goals of rehabilitation treatment from the point of view of
patients and therapists [21].

Researchers have proposed several therapeutic strategies to repair
secondary injury via spinal cord regeneration and neuronal growth
[22]. In this context, SCI treatment protocols have evolved a plurality of
options, such as anti-inflammatory non-steroidal drugs; physiotherapy;
Low-Level Laser Therapy (LLLT); ultrasound; corticosteroid injections;
shock wave therapy; surgery; biomaterials, growth factor and stem cell
application [14,16,20,23].

Up to this moment the reports in the literature pertaining to
neurological tissue repair involving the amniotic membrane are still
scarce. Although, there are consistent reports of its effectiveness when
applied, in the clinical ophthalmology field [24]; as a fragment, about
ischemic heart of rats [12]; on the experimental biliary fibrosis of rats,
reducing the degeneration fibrotic [13]; about inducted lesion in mouse
Achilles tendon [14], among others.

A pilot study from Oliveira, et al. which investigated by
histopathological qualitative analysis the application of the HAM
fragment in rats SCI, could observe that the HAM visibly reduced the
formation of cavitation with cystic aspect, determining less destruction
of the spinal cord tissue, with consequent preservation of healthy
tissue, when compared to the animal who did not receive HAM after
SCI. They also observed the reduced presence of chronic inflammatory
infiltrate in the animals of the HAM group, which was a positive
response factor, considering that the presence of these cells after the
28-day period would be classified as a chronic response, and could
lead to tissue degeneration and necrosis, as well as the formation of
large cavities in the nerve tissue, with consequent loss of coordinated
functions.

The kinematic analysis demonstrated that the HAM did not differ
from health and control groups. However, the HAM group showed a
significant increase in average speed on the 12th day after the induced
SCI, which was confirmed by improved function observed by the
SFI (Table 1). The gait evolution of groups with the HAM suggests a
promising positive action of this biomaterial in the repair of nervous
tissue.

Other studies showed that HAM has other properties that can aid in
tissue repairs, such as anti-adhesive effect, wound protection, adhesion
and migration of basal epithelial cells, reduction of fibrosis, prevention of
apoptosis, and restoration of the epithelial phenotype. HAM also contains
various growth factors, which stimulate re-epithelialization [24,25].
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According to Nicodemo, et al. [14] the use of HAM in wound
healing in Achilles tendon of rats proved to be very efficient, because
there was no increased induction in the inflammatory response, and
HAM presented excellent biocompatibility with the injured tendon
tissue. Histological analysis of histological sections showed that HAM
fragment was incorporated into the area of tendon injury after 7 days,
and the number of mature fibroblasts and collagen fibers significantly
increased compared to the injured group at 14" day.

Bottai, et al. [26] analyzed the effects of amniotic fluid cells in the
third trimester of pregnancy applied in rats with spinal cord injury.
These cells grew in different culture media and when transplanted to
animals, some of the tested samples were able to induce significant
improvement in motor recovery Basso Mouse Scale (BMS). The
improved motor functional recovery shows a correlation to the greater
preservation of myelin in the ventral horn of white matter and increased
vascularization in the peri-wound area.

According to Brown, et al. [27] HAM is a biologically active tissue
and has been used to repair myelomeningocele (MMC) in human
fetuses. In their study, sheep fetuses underwent surgical creation of
MMC at the gestational age of 75 days followed by intrauterine repair
at the gestational age of 100 days. The lambs recovered after applying
a fragment of autologous HAM, followed by skin closure. The autopsy
and histopathology of the spinal cords showed an increase in motor
neurons and decreased scarring of wounds in the skin.

Our results are consistent with the properties described for HAM
in several studies. HAM acts in the tissue repair process probably as a
“basement membrane transplant”, as a substrate for cell proliferation
that occurs after spinal cord injury. Articles previously mentioned
showed the action antibacterial, anti-inflammatory and inhibitory of
proteinase of HAM, as well as the presence of various growth factors
such as EGF, TGF-, HGF, which stimulate and promote the functional
recovery [13,14,24,25,28].

The high availability and ease of obtaining HAM makes this
biomaterial an excellent option for the treatment of SCI. However,
clinical application depends on the validation of new controlled
experimental studies.

Conclusion

The results of this study suggested that HAM could repair surgically
induced spinal cord injuries in rats, and lead to better performance in
the recovery of average speed gait and sciatic functional index.
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