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Study Design: Experimental animal study.
Purpose: This study aimed to assess effects of conditioned medium (CM) of dental pulp-derived stem cells loaded in collagen hydro-
gel on functional recovery following spinal cord injury (SCI).
Overview of Literature: SCI affects sensory and motor functions, and behavioral recovery is the most essential purpose of thera-
peutic intervention. Recent studies have reported that CM from dental pulp-derived stem cells has therapeutic benefits. In addition, 
collagen hydrogel acts as a drug delivery system in SCI experiments.
Methods: Stem cells from human exfoliated deciduous teeth (SHEDs) were cultured, and SHED-CM was harvested and concentrated. 
Collagen hydrogel containing SHED-CM was prepared. The rats were divided into five groups receiving laminectomy, compressive SCI 
with or without intraspinal injection of biomaterials (SHED-CM), and collagen hydrogel with or without SHED-CM. Basso, Beattie, and 
Bresnahan (BBB) scoring, inclined plane, cold allodynia, and beam walk tests were performed for 6 weeks to assess locomotor, motor, 
sensory, and sensory-motor performances, respectively.
Results: Scores of the rats receiving SHED-CM loaded in collagen hydrogel were significantly better than those of the other injured 
groups at 1-week post-injury for BBB, 2 weeks for inclined plane, 2 weeks for cold allodynia, and 4 weeks for beam walk tests (p<0.05). 
The differences remained significant throughout the study.
Conclusions: Intraspinal administration of SHED-CM loaded in collagen hydrogel leads to improved functional recovery and pro-
poses a cell-free therapeutic approach for SCI.
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Introduction

Spinal cord injury (SCI) affects motor, sensory, and auto-
nomic functions due to changes at the injury site. These 
changes lead to limited tissue regeneration [1]. Behavioral 
recovery following SCI is one of the most important pur-
poses of therapeutic intervention and is related to the se-
verity of damage [2]. Functional recovery is the key factor 
in clinical investigations regarding a therapeutic approach 
for SCI [3].

Dental pulp-derived stem cells have multiple poten-
tial uses; they are simple to extract and collect and show 
rapid proliferation. Differentiation of these stem cells into 
neural-like cells has been demonstrated in vitro [4,5]. 
Recently, transplantation of stem cells from human exfoli-
ated deciduous teeth (SHEDs) after experimental SCI has 
shown improved motor functional recovery [6,7]. How-
ever, there are some disadvantages related to cell therapy, 
such as tumorigenesis and immune reactions [8]. A useful 
approach to overcome the difficulties in cell transplanta-
tion is the use of cell-derived conditioned medium (CM). 
Recent studies have reported that CM derived from dental 
pulp stem cells improves bone healing [9], promotes cog-
nitive function in Alzheimer’s disease [10], and reduces 
cardiac injury after ischemia reperfusion [8]. In this study, 
we speculated that SHED-CM could be effective in func-
tional recovery following SCI.

Collagen hydrogel has many benefits, such as good bio-
compatibility and appropriate biodegradability. The effec-
tiveness of the collagen scaffold as a drug delivery system 
has been shown in several animal SCI experiments [11-
13]. For example, it has been effective as a delivery system 
for epidermal growth factor and fibroblast growth factor-2 
to the SCI site [14]. Therefore, this study was based on the 
hypothesis that collagen hydrogel acts as a delivery system 
for the slow release of SHED-CM to the SCI site. Thus, the 
study aimed to assess the effects of SHED-CM loaded in 
collagen hydrogel on functional recovery following SCI.

Materials and Methods

1.   Preparation of stem cell from human exfoliated de-
ciduous teeth-conditioned medium

SHEDs were obtained from the Stem Cells Technology 
Research Center of the University. They were cultured 
in Dulbecco’s modified Eagle medium (DMEM; Gibco, 

Grand Island, NY, USA) containing 10% fetal bovine se-
rum (Gibco) and antibiotics (100 U/mL penicillin, 100 
µg/mL streptomycin; Gibco) at 37°C and in 5% CO2 at-
mosphere. At approximately 80% confluence, SHEDs at 
passages 2–4 were washed with phosphate buffer saline 
(Gibco) and transferred to a serum-free DMEM culture 
medium. After 48 hours, the CM was harvested and cen-
trifuged at 1,500 rpm for 5 minutes. The supernatant was 
recentrifuged at 3,000 rpm for 3 minutes, followed by 
collection of the second supernatant. The CM was con-
centrated 10 times using ultrafiltration with a cut-off of 10 
kDa (Millipore, Bedford, MA, USA) and stored at −80°C 
[8-10].

2. Preparation of collagen hydrogel

Collagen was extracted from the rat tail based on the 
instructions provided in a previous study [15]. It was dis-
solved in 0.6% acetic acid at 4°C to obtain a concentration 
of 4 mg/mL. Next, 5 mL of the prepared solution, 5 mL 
of DMEM or SHED-CM, and 1 M NaOH were mixed in 
that order to obtain collagen solutions at pH 7.5 and a 
temperature of 4°C. Final solutions containing DMEM or 
SHED-CM were used for injections.

3. Animals

Adult male Sprague-Dawley rats weighing 250–280 g were 
used in the present research. The animals were housed in 
standard conditions. The research was performed with the 
approval and guidelines of the Animal Care and Ethics 
Committee of the University (approval no., 95-11655).

4. Experimental groups

The rats were randomly divided into the following five 
groups (n=10/group): (1) control: laminectomy was per-
formed; (2) SCI: laminectomy and SCI were performed; 
(3) SCI+SHED-CM: laminectomy and SCI were per-
formed, and SHED-CM was injected into the injury site; 
(4) SCI+Col: laminectomy and SCI were performed, and 
collagen hydrogel was injected into the injury site; and (5) 
SCI+SHED-CM+Col: laminectomy and SCI were per-
formed, and SHED-CM loaded in collagen hydrogel was 
injected into the injury site.
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5.   Surgical procedure, injection of biomaterials, and 
post-surgery care

Surgical procedures were performed under deep anesthe-
sia with ketamine (80 mg/kg) and xylazine (10 mg/kg). 
In summary, laminectomy was performed at the thoracic 
level, and a compression injury was induced at T7 level 
by the application of a 20 g aneurysm clip (Harvard Ap-
paratus) for 1 minute. Immediately after induction of SCI, 
the determinate biomaterials for each group were injected 
into the injury epicenter (at a depth of 1.5–2 mm from 
the dura) using a 33-gauge Hamilton syringe for a total 
dose of 3 µL. The needle was maintained in the cord for 
5 minutes to prevent reflux; then, it was ejected, and the 
muscles and skin were sutured. After surgery, the ani-
mals were kept in a warm environment until regaining 
consciousness. A combination of tylosin and meloxicam 
was immediately injected after the surgery, followed by 
three additional injections for 1 day post-injury for pain 
relief and prevention of infection. The rats’ bladders were 
manually expressed 3 times daily until the return of spon-
taneous bladder function [16].

6. Behavioral tests

Behavioral tests were classified as locomotor, motor, 
sensory, and sensory-motor to examine different aspects 
of behavioral performance [3]. The time of the day when 
the tests were performed and order of testing remained 
the same during the experimental period. A 30-minute 
interval was considered as resting time after performing 
different tests. Testing conditions were constant for all the 
tests and animals. Testing devices were cleaned after each 
trial.

7. Locomotor test

Locomotor performance was assessed using the Basso, Be-
attie, and Bresnahan (BBB) open-field test. Animals were 
acclimatized to the testing equipment and environment. 
All animals were examined before the surgery, on day 2 
post-surgery, and then weekly up to 6 weeks. BBB testing 
was used to measure specific components of locomotor 
ability, including hind limb movement, trunk stability, toe 
clearance, and body, tail, and paw positions. The BBB rat-
ing scale ranged from 0 to a maximum of 21. A score of 
0 indicated no observable locomotion, and 21 indicated 

normal locomotor activity. All the animals were evaluated 
for 5 minutes by two experienced observers. The mean 
scores recorded from both hind paws were used for analy-
sis [17].

8. Motor test

The inclined plane test was performed to assess motor 
function by observing muscle strength of the hind paw. 
All the animals were evaluated before the surgery, on day 
2 post-surgery, and then weekly up to 6 weeks. The ani-
mals were placed on an inclined plane. The inclined plane 
was incrementally raised from the horizontal plane (0°), 
and the largest angle at which the animal could maintain 
its position for 5 seconds was recorded. Three measure-
ments were performed for each animal, and the mean 
score was used for analysis [18].

9. Sensory test

Animals were administered the cold allodynia test. Foot 
withdrawal reaction to acetone contact was considered as 
cold sensitivity. All the animals were assessed before the 
surgery, on day 2 post-surgery, and then once weekly up 
to 6 weeks. Before starting the trial, animals could habitu-
ate inside the test apparatus (transparent cage on metal 
mesh) for approximately 10 minutes. A fresh acetone drop 
(50–100 μ) was lightly dabbed to the mid plantar surface 
of both the hind paws using a syringe. It was repeated for 
five administrations with a minimum of 5 minutes rest 
between trials. Either brisk foot withdrawal or flinching 
was regarded as a positive reaction. The time spent for re-
sponding was measured for each animal [19].

10. Sensory-motor test

Animals were assessed for the sensory-motor function 
using the beam walk test. Assessments were performed 
before the surgery, at 2 weeks post-surgery, and then once 
weekly for up to 6 weeks. All the animals were tested on 
seven beams with different widths. A scoring scale, rang-
ing from 1 to a maximum of 7, was used according to the 
beam width. Rats were placed on the beams sequentially 
from the widest to the narrowest. Two trials were per-
formed for each rat. The beam with the narrowest width 
that an animal was able to walk without foot slips was re-
corded [20].
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11. Statistical analysis

The data are presented as the mean±standard deviation. 
Analysis of variance followed by Tukey’s post-hoc test was 
used to compare the mean values using the IBM SPSS ver. 
19.0 statistical software (IBM Corp., Armonk, NY, USA). 
All p≤0.05 were considered statistically significant.

Results

1. BBB locomotor score

All the groups had BBB scores of 21 before injury, indi-
cating normal locomotion (Fig. 1, Table 1). The control 

group showed a BBB score of 21 throughout the study. 
There were significant differences between BBB scores of 
the control and other groups at all time points post-sur-
gery (p<0.001). All injured animals presented flaccid hind 
limb paralysis with a BBB score of approximately 0 on 
day 2 post-surgery. Over the following 6 weeks, continu-
ous recovery of hind limb locomotion was observed in all 
injured animals. However, BBB scores of the SCI+SHED-
CM+Col group were significantly higher than those of 
the other groups beginning at 1 week post-surgery, and 
the difference remained significant throughout the study 
(p<0.05, p<0.01) (Fig. 1, Table 1). Notably, no significant 
differences were found among SCI+SHED-CM, SCI+Col, 
and SCI groups. BBB score of 9 is critical to indicate a 
weight-supporting step. Fig. 1 shows that this stage was 
reached 4 days earlier in the SCI+SHED-CM+Col group 
compared with other injured groups (Fig. 1, Table 1).

2. Inclined plane

The mean angle recorded in the inclined plane test be-
fore injury was approximately 70° for all the animals 
(Fig. 2, Table 2). The control group maintained this result 
throughout the study. Significant differences were ob-
served between the control and other groups at all time 
points post-surgery (p<0.001). After surgery, a continuous 
increase in the mean angle recorded in the inclined plane 
test was observed in all injured animals. The SCI+SHED-
CM+Col group showed a significantly better performance 
than that by other injured groups at 2 weeks post-surgery 
and at all subsequent time points (p<0.05, p<0.01) (Fig. 2, 
Table 2). No significant differences were found among the 
SCI+SHED-CM, SCI+Col, and SCI groups.
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Fig. 1. BBB scores showing locomotor recovery during the study in the 
different groups. BBB score, Basso, Beattie, and Bresnahan score; SCI, 
spinal cord injury; SHED, Stem cells from human exfoliated deciduous 
teeth; CM, conditioned medium. *p<0.05, **p<0.01 (Significant differ-
ences between the SCI+SHED-CM+Col and other injured groups are 
indicated).

Table 1. Basso, Beattie, and Bresnahan scores during the study in the different groups

Groups Pre-injury Day 2 Day 7 Day 14 Day 21 Day 28 Day 35 Day 42

Sham 21±0 21±0 21±0 21±0 21±0 21±0 21±0 21±0

SCI 21±0 0±0 4.4±1.2 7.7±0.9 8.6±0.8   9.8±0.9    10±1.3 10.6±1.6

SCI+SHED-CM 21±0 0±0 5.5±2.2 6.6±1.7 9.1±1.7 10.2±1.7 10.8±1.6 11.4±1.9

SCI+Col 21±0 0±0 4.7±0.8 7.4±1.3 8.5±1.6      9±1.4 10.1±1.2 11.3±1.7

SCI+SHED-CM+Col 21±0 0.2±0.4 7.5±1.9* 9.9±1.5** 11.1±1.5*     12.3±1.8**     13.1±1.7**     13.9±1.9**

Values are presented as mean±standard deviation.
SCI, spinal cord injury; SHED, stem cells from human exfoliated deciduous teeth; CM, conditioned medium.
*p<0.05, **p<0.01 (SCI+SHED-CM+Col group vs. other injured groups).
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3. Cold allodynia

One of the distinctive features of clinical neuropathic 
pain is increased sensitivity to typically nonpainful cold 
stimuli. In our study, SCI induced adverse pain behavior 
of cold allodynia with positive reactions to a cold stimu-
lus. Sensitivity to acetone contact increased at 2, 3, and 
4 weeks post-injury in all the injured groups. Afterward, 
a decrease in sensitivity was observed at 5 and 6 weeks 
post-injury. The duration of response to acetone was sig-
nificantly lower in the SCI+SHED-CM+Col group than 
in the other injured groups at 2, 3, and 4 weeks post-
injury, indicating lower sensitivity (p<0.05, p<0.01) (Fig. 3, 
Table 3). There were no significant differences among the 
SCI+SHED-CM, SCI+Col, and SCI groups. The duration 
of response to acetone was constant in the control group 
throughout the study. In addition, at the end of the study, 
no significant differences were observed among all the 
groups, indicating recovery of all animals (Fig. 3, Table 3).

Table 3. Duration of response (sec) to cold stimulus (acetone) at different time points of the study in the different groups

Groups Pre-injury Day 2 Day 7 Day 14 Day 21 Day 28 Day 35 Day 42

Sham 4.3±1.5 4.1±1.3 4.2±0.9 4.2±1.5 4.3±1.9 4.2±1.3 3.9±1.1    4±1.8

SCI 3.5±1.1 1.8±1.3 1.8±1.4 9.2±2.8 8.8±2.3    9±2.4 6.6±2.1 5.8±2.2

SCI+SHED-CM 3.8±1.6 1.8±1.8 2.1±1.1 8.9±2.7 8.9±2.5 8.5±2.1 6.2±1.3    6±1.8

SCI+Col 4.3±1.6 1.7±1.3 1.5±1.5 9.4±3.2 9.5±2.3 9.7±2.9 6.7±3.1 5.5±2.2

SCI+SHED-CM+Col    4±1.1 1.8±1.4 1.7±1.2     4.4±1.8**     5.2±2.2**   5.3±2.1* 5.8±1.5 5.3±1.7

Values are presented as mean±standard deviation.
SCI, spinal cord injury; SHED, stem cells from human exfoliated deciduous teeth; CM, conditioned medium.
*p<0.05, **p<0.01 (SCI+SHED-CM+Col group vs. other injured groups).
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Fig. 2. The maximum angle of inclined plane at which the animal could 
maintain its position for 5 seconds at different time points of the study 
in the different groups. SCI, spinal cord injury; SHED, stem cells from 
human exfoliated deciduous teeth; CM, conditioned medium. *p<0.05, 
**p<0.01 (Significant differences between the SCI+SHED-CM+Col and 
other injured groups are indicated).

Table 2. Maximum angle (°) of inclined plane at which the animal could maintain its position for 5 seconds at different time points of the study in 
the different groups

Groups Pre-injury Day 2 Day 7 Day 14 Day 21 Day 28 Day 35 Day 42

Sham 69.5±1.5 69.6±2.2 69.3±1.8 70.6±1.9 70.9±1.8 68.7±1.8 70.2±1.5 69.4±0.8

SCI 70.7±1.8 36.4±3.9 46.4±3.9 52.8±3.6 53.8±2.6 57.8±3.6 57.7±3.3 57.6±3.2

SCI+SHED-CM 68.6±1.7    39±3.8    49±3.8 53.7±2.9 54.9±2.8 56.6±1.7 57.1±2.9 56.9±2.9

SCI+Col 70.2±1.5 38.2±4.6 48.2±4.6    53±2.8 53.4±2.5    56±2.9 56.6±3.4 56.4±1.8

SCI+SHED-CM+Col 70.1±2.1 37.6±5.2 47.6±5.2   58.4±2.5*        60±2.9**   62.2±2.3*   61.7±2.5*      62±4.1*

Values are presented as mean±standard deviation.
SCI, spinal cord injury; SHED, stem cells from human exfoliated deciduous teeth; CM, conditioned medium.
*p<0.05, **p<0.01 (SCI+SHED-CM+Col group vs. other injured groups).
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4. Beam walk

Before injury, all rats were able to cross the beam with the 
narrowest width without any errors in foot placement (Fig. 
4, Table 4). The control group showed a maximum beam 
walk score of 7 throughout the study. All injured groups 
showed severe deficits following injury. The beam walk 
score was significantly higher in the SCI+SHED-CM+Col 
group than in the other injured groups beginning at 
4 weeks post-injury and during the subsequent weeks 
(p<0.05, p<0.01) (Fig. 4, Table 4). No significant differenc-
es were observed among the SCI+SHED-CM, SCI+Col, 
and SCI groups.

Discussion

The purpose of this study was to evaluate the possible 
therapeutic effects of SHED-CM loaded in collagen hy-
drogel on performance improvement when injected at the 
site of SCI in rats.

Previous investigations have dealt with the transplanta-
tion of SHEDs and their beneficial effects on functional 
recovery after experimental SCI [6,7]. For example, graft-
ed SHEDs resulted in improved motor activity following 
SCI [7]. However, few research studies have specifically 
focused on the therapeutic potential of SHED-CM to treat 
SCI.
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Fig. 3. Duration of response to cold stimulus (acetone) showing cold 
allodynia at different time points of the study in the different groups. 
SCI, spinal cord injury; SHED, stem cells from human exfoliated de-
ciduous teeth; CM, conditioned medium. *p<0.05, **p<0.01 (Significant 
differences between the SCI+SHED-CM+Col and other injured groups 
are indicated).

Table 4. Beam walk scores during the study in the different groups

Groups Pre-injury Day 14 Day 21 Day 28 Day 35 Day 42

Sham 7±0   7±0 7±0    7±0 7±0 7±0

SCI 7±0     1±0.9 1.5±0.7 1.8±1 2.1±0.8 2.5±0.8

SCI+SHED-CM 7±0 1.1±0.7 1.5±0.7   1.8±0.7 2.5±0.5 2.8±0.7

SCI+Col 7±0 1.1±0.7 1.5±0.8      2±0.8 2.2±0.6 2.7±0.6

SCI+SHED-CM+Col 7±0 1.8±1.1 2.2±0.6     3.1±0.5*     3.7±0.9**     4.2±0.7**

Values are presented as mean±standard deviation.
SCI, spinal cord injury; SHED, stem cells from human exfoliated deciduous teeth; CM, conditioned medium.
*p<0.05, **p<0.01 (SCI+SHED-CM+Col group vs. other injured groups).
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Fig. 4. Beam walk scores during the study in the different groups. SCI, 
spinal cord injury; SHED, stem cells from human exfoliated deciduous 
teeth; CM, conditioned medium. *p<0.05, **p<0.01 (Significant differ-
ences between the SCI+SHED-CM+Col and other injured groups are 
indicated).
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Our results demonstrated for the first time that intra-
spinal injection of SHED-CM loaded in collagen hydrogel 
can promote functional recovery following SCI. These 
results suggested a potential area for investigating the 
mechanisms in future in vitro and in vivo studies. The 
findings are consistent with previous studies that reported 
that trophic factors released by dental pulp stem cells 
improve proliferation, migration, differentiation, and sur-
vival of neurons [21,22]. In addition, recent studies have 
reported that CM derived from dental pulp stem cells has 
beneficial effects on bone healing [9], cognitive function 
in Alzheimer’s disease [10], and cardiac injury [8].

SHED-CM contains various factors that have anti-
inflammatory and anti-apoptotic activity as well as neu-
roprotective and angiogenic effects. For example, brain-
derived neurotrophic factor improves the survival of 
neurons and plasticity [23] and positively affects learning 
and memory formation [24]. Glial cell line-derived neu-
rotrophic factor is involved in neuroprotection [25], sup-
pression of microglial activation [23], and improvement 
in axonal regeneration [25,26]. Stem cell factor and hepa-
tocyte growth factor are also involved in neuroprotection 
[27,28].

SHED-released factors are used as a concentrated CM 
to optimize potential impacts. We consider that the effects 
of SHED-CM on functional recovery after SCI may be at-
tributed to simultaneous effects of the factors in SHED-
CM. In the present study, intraspinal injection of collagen 
hydrogel alone could not improve performance after SCI. 
This result is consistent with the findings in earlier studies 
showing little or no effect following collagen hydrogel im-
plantation at the SCI site [29]. Conversely, collagen hydro-
gel loaded with other factors has been found to be benefi-
cial for the recovery after SCI, similar to the results found 
in this study [11-13]. Therefore, our results confirmed that 
collagen hydrogel acts as an excellent delivery system for 
the slow release of SHED-CM to the injured spinal cord.

According to our data, SHED-CM alone did not affect 
performance improvement. This result may be due to the 
rapid diffusion of SHED-CM after injection into the spi-
nal cord. However, SHED-CM was effective when loaded 
into collagen hydrogel. This result is explainable by the 
fact that collagen hydrogel acts as a slow-release system. 
Our results confirmed the findings of previous reports 
regarding the effectiveness of collagen scaffold as a drug 
delivery system in SCI [11-13].

It is also possible that SHED-CM without collagen is ef-

fective if higher doses and/or more injections are admin-
istered. A previous study showed that the use of CM from 
bone marrow-derived mesenchymal stem cells for 1 week 
with a higher dose than that used in our study was effec-
tive on motor function after SCI [30]. One advantage of 
our study compared with this earlier study is that different 
aspects of behavior, including locomotor, motor, sensory, 
and sensory-motor functions, were investigated. Second, 
using a single injection of a lower dose of SHED-CM 
loaded in collagen was effective, and this could be more 
applicable for future clinical studies.

There are some limitations of our study. Only behav-
ioral tests were performed, and no histological analysis 
was included. There was no dose oscillation and analysis 
of inflammation and neuronal protection. Finally, consid-
ering the importance of functional recovery in terms of a 
therapeutic approach for SCI, it was important to find a 
method for using behavioral tests after SCI for subsequent 
research, such as histological study and in vitro analysis of 
SHED-CM. Therefore, further investigations are currently 
being implemented to clarify the mechanisms involved in 
this study.

Conclusions

Our data demonstrated that intraspinal administration of 
SHED-CM loaded in collagen hydrogel is advantageous 
following compressive SCI in rats and leads to improved 
functional recovery. Therefore, our data proposes a cell-
free therapeutic approach for SCI.
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