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a b s t r a c t

Several studies have reported that mesenchymal stromal/stem cells (MSCs) restore neurological damage
through their secretion of paracrine factors or their differentiation to neuronal cells. Based on these
studies, many clinical trials have been conducted using MSCs for neurological disorders, and their safety
and efficacy have been reported. In this review, we provide a brief introduction to MSCs, especially
umbilical cord derived-MSCs (UC-MSCs), in terms of characteristics, isolation, and cryopreservation, and
discuss the recent progress in regenerative therapies using MSCs for various neurological disorders.
© 2018, The Japanese Society for Regenerative Medicine. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

Recently, mesenchymal stromal cells (MSCs) have been
attracting much attention for their potential to treat neurological
disorders [1e3].

The concept of MSCs introduced by Caplan in 1991 [4], can be
traced to investigation of the inherent osteogenic potential asso-
ciated with bone marrow (BM) [5]. MSCs have now been reported
to be isolated from several sources, including BM, umbilical cord
blood (UCB), adipose tissue (AD), and the umbilical cord (UC)
[3,6e9]. Among various sources of MSCs, we focused on the UC
because of (1) their abundance and ease of collection, (2) non-
invasive process of collection, (3) little ethical controversy, (4)
low immunogenicity with significant immunosuppressive ability,
and (5) migration ability towards injured sites [3].
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ported improvements after MSCs administration, and clinical
studies using MSCs to treat brain injuries have been already con-
ducted [10e15].

In this review, we characterize UC-MSCs, in terms of charac-
teristics, isolation, and cryopreservation, and discuss the recent
progress of regenerative therapies using MSCs in various neuro-
logical disorders.
2. Methods to isolate UC-MSCs

There are several protocols used for isolating and culturing UC-
MSCs. We review two major methods: explant method and enzy-
matic digestion method.
2.1. Improved explant method

Collected UCs are manually minced into approximately
1e2 mm3 fragments. These fragments are aligned and seeded
regularly on a tissue culture dish. After the tissue fragments attach
to the bottom of the dish, culture media is added, slowly and gently
to prevent detachment of the fragments [16e18]. When the
fibroblast-like adherent cells growing from the tissues reach 80%e
90% confluence in 2e3 weeks, the cells and tissue fragments are
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detached using trypsin. The culture is then filtered to remove the
tissue fragments.

When using the explant method, it is critical that the UC tissue
fragments tightly adhere to the dish to obtain MSCs consistently
and efficiently. This is because MSCs can only migrate from the
adherent UC tissue fragments and not from floating fragments. In
fact, we demonstrated that only the adherent part of the cells in UC
tissues showed positive CD105 expression [19]. To prevent the
floating of tissue fragments from the bottom of the culture dish, we
improved the explant method by using a stainless-steel mesh
(Cellamigo®; Tsubakimoto Chain Co.). In addition, the incubation
time required to reach 80e90% confluence is reduced upon inclu-
sion of the mesh [19].
2.2. Enzymatic digestion method

UCs are minced into small pieces and immersed in media con-
taining enzymes such as collagenase, or a combination of collage-
nase and hyaluronidase with or without trypsin [16,20,21]. Tissues
are then incubatedwith shaking for 2e4 h, washedwithmedia, and
then seeded on a tissue culture dish. MSCs are then obtained as
described above.
3. Cryopreservation

Long-term cryopreservation of UCs and UC-MSCs is desirable,
because the same donor sample may be required multiple times in
the future, and because the cells may be further investigated in the
future with techniques yet to be devised. Long-term cryopreser-
vation extends the usability of UC-MSCs. The main technique used
to prevent damage is a well-studied combination of slow freezing
at a controlled rate, and addition of cryoprotectants [22].

As a cryoprotectant, 5e10% dimethyl sulfoxide (DMSO) with
animal or human serum is typically used. Ten percent DMSO and
various amounts of fetal bovine serum (FBS) with or without cul-
ture medium is the common standard cocktail for the cryopreser-
vation of cells in research facilities [23]. There are several reports of
cryopreservation of the UC tissue and MSCs, using serum-free and
xenogeneic animal free (xeno-free) cryoprotectants [24,25].
Fig. 1. Characteris
4. Characteristics of MSCs

MSCs and characteristics of MSCs are defined by criteria that
form the basis for their use as therapeutic agents (Fig. 1).

4.1. Criteria for MSCs; biomarkers and differentiation potentials

The International Society for Cellular Therapy proposedminimal
criteria for defining human MSCs [26,27]. Firstly, MSCs must be
plastic-adherent when maintained in standard culture conditions.
Secondly, MSCmust express CD105, CD73, and CD90, but not CD45,
CD34, CD14 or CD11b, CD79a or CD19 and HLA-DR surface mole-
cules. Thirdly, MSCs must differentiate into adipocytes, chondro-
blasts, and osteoblasts in vitro. UC-MSCs as well as MSCs derived
from other sources meet these criteria [24,28].

4.2. Immunosuppressive properties

Immunosuppressive and immunomodulatory effects have now
become the most popular property of MSCs for their clinical use
[29]. Defect of HLA-class II expression in UC-MSCs can theoretically
rescue them from immune recognition by CD4þ T cells [30].
Moreover, MSCs don't express co-stimulatory surface antigens,
CD40, CD80, and CD86, which activate T-cells [31]. Thus, MSCs can
escape activated T cells and exert immunomodulation. The immu-
nomodulation may be resulted from soluble factors such as indo-
leamine 2,3-dioxygenase (IDO), PGE2, galectin-1, and HLA-G5 [23].
On the other hand, several studies have reported that UC-MSCsmay
display immunosuppressive properties only after exposure to in-
flammatory cytokines and/or activated T-cells, a process called
licensing or priming [32e34]. With these anti-inflammatory ac-
tions, MSCs could be good therapeutic candidates for neurological
disorders accompanying inflammation.

4.3. Migration ability

MSCs are reported to exert migratory action similar to those of
leukocytes with respect to cytokine responsiveness and the ability
for transendothelial migration [35], and this migration capacity
towards injured sites is one of the important factors in MSCs-based
tics of MSCs.
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transplant therapy. In addition, Teo GS et al. reported that, BM-
MSCs preferentially adhere to and migrate across tumor necrosis
factor-a-activated endothelium in a vascular cell adhesion
molecule-1 (VCAM-1) and G-protein-coupled receptor signaling-
dependent manner and transmigrate into inflammatory lesion
like leukocytes [36]. We actually reported the migration ability of
UC-MSCs towards injured neural cells with glucose depletion
in vitro [28]. Considering the treatment of neurological diseases, the
passage of the MSCs through the bloodebrain barrier (BBB) is a
critical issue. Lin MN et al. reported phosphatidylinositol 3-kinase
(PI3K)/Akt and Rho/ROCK (Rho kinase) pathways are involved in
MSCs migration through human brain microvascular endothelial
cell monolayers [37]. In addition, Matsushita T et al. revealed MSCs
transmigrate across the brain microvascular endothelial cells
(BMECs) monolayers through transiently formed intercellular gaps
between the BMECs [38]. The migration ability of MSCs and the
elucidation of mechanisms broaden the possibility of cellular
therapy of neurological diseases.

4.4. Tissue repair properties

Neurorestorative and neuroprotective effects as a tissue repair
property of MSCs can be mainly characterized by two mechanisms
of action: (1) neurogenic differentiation and cell replacement, and
(2) secretion of neurotrophic factors. Regarding the former, it has
been reported transplantation of UC-MSCs can significantly alle-
viate ischemic injury, and the rescue arises from differentiation of
transplanted cells into neurons and astrocytes [11]. On the other
hand, concerning the latter point, it has been reported the para-
crine effects of UC-MSCs on nerve regeneration, showing that UC-
MSCs secret neurotrophic factors and that UC-MSCs-conditioned
medium enhances Schwann cell viability and proliferation via in-
creases in nerve growth factor (NGF) and brain-derived neuro-
trophic factor (BDNF) expression [39]. We also found that UC-MSCs
which secrete neurotrophic factors such as BDNF and hepatocyte
growth factor (HGF), but not nerve growth factor (NGF), attenuate
brain injury [40]. BDNF has been reported to improve hypomyeli-
nation via Erk phosphorylation or TrkB signaling [41,42], and HGF
has been reported to influence the development and growth of
oligodendrocytes, as well as the proliferation of myelin-forming
Schwann cells [43], and also reduces gliosis by suppressing MCP-
1 induction [44]. These BDNF and HGF are reported to activate
the phosphatidylinositol 3-kinase/Akt and MAP-kinase pathways
which lead to neurorestorative, anti-apoptotic and neurogenic ef-
fects [45e49]. In addition to the anti-inflammatory effect
mentioned above, these neurogenic differentiation ability and the
paracrine effects of UC-MSCs are expected to contribute toward
their use as therapeutics for neurological injuries.

5. Clinical application of MSCs for neurological disorders

Based on the mechanisms suggested by basic experiments,
clinical trials using MSCs for neurological disorders have been
increasing in number and the recent clinical reports are summa-
rized in Table 1.

Most of these clinical studies were performed in adults, and
trials focusing on cerebral palsy were performed in children. With
regard to the source of MSCs, most of the BM and AD are autolo-
gous, whereas the UC are allogeneic. Autologous transplantation is
desirable considering the possibility of transplant rejection, but it
depends on the sources and administrative timing. Regarding
sources, it is difficult to isolate autologous MSCs derived from BM
and AD in infants and children compared to the autologous MSCs
from UC and UCB, because sampling of BM and AD is an invasive
procedure. As for administrative timing, as it takes 3e6 months to
mass culture MSCs and to confirm that they pass quality tests such
as infection tests and chromosome tests, it is impossible to
administer autologous MSCs in the acute phase of neurological
injuries. On the other hand, allogeneic MSCs can be ordered as a
preparation and administered in the acute to subacute phase.

As for the administration route of MSCs, intravenous injection is
usual for graft versus host disease, liver disease, and heart disease,
whereas local injection is used for arthrosis, and so on, but in
clinical studies targeting neurological disorders, most studies were
performed using intrathecal injection [3].
5.1. Spinal cord injury

A recent study reported the safety of intrathecal injection of
autologous BM-MSCs in nine patients with spinal cord injury [50].
In this study, patient received two or three injections with amedian
of 1.2 � 106 cells/kg and no treatment-related adverse event was
observed. Vaquero J et al. reported that variable improvement was
found in the patients, and that mean values of BDNF, glial-derived
neurotrophic factor, ciliary neurotrophic factor, and neurotrophin
3 and 4 showed slight increases compared with basal levels after
subarachnoid administrations of BM-MSCs [51]. In a study using
UC-MSCs study, it was proved that transplantation of allogeneic
UC-MSCs has advantages in neurofunctional recovery in compari-
son with rehabilitation therapy and self-healing alone [52]. Other
reports using BM, AD-MSCs showed the feasibility of MSCs
administration in spinal cord injury patients, and subjects dis-
played variable improvements especially in motor functional re-
covery [53,54].
5.2. Amyotrophic lateral sclerosis (ALS)

Oh K et al. reported two repeated intrathecal injections of
autologous BM-MSCs were safe and feasible for ALS patients
throughout the duration of the 12-month follow-up period [55]. In
addition, there is a report showing intrathecal and intramuscular
administration of BM-MSCs secreting neurotrophic factors (MSC-
NTF) in patients with ALS is safe and indicates possible clinical
benefits [56]. On the other hand, Staff NP et al. reported the safety
of intrathecal autologous AD-MSCs treatment for ALS patients, but
the results didn't directly address the efficacy of MSCs therapy [57].
It has been reported that therapeutic effectiveness of intrathecal
administration of MSCs was related with the level of neurotrophic
factor and anti-inflammatory cytokines in ALS patients and that the
potential therapeutic effect of MSCs would not be long-lasting
because MSCs gradually disappear over time in cerebrospinal
fluid, therefore multiple administration of MSCs would be needed
to sustain therapeutic effects [55,58].
5.3. Spinocerebellar ataxia (SCA)

There are two clinical trials to assess the feasibility and efficacy
of allogeneic MSCs therapy in patients with SCA. Tsai YA et al. re-
ported the safety and possible efficacy (scale for assessment and
rating of ataxia and sensory organization testing scores, metabolite
ratios on the brain magnetic resonance spectroscopy, and brain
glucose metabolism) during the 1-year follow-up after intravenous
administration of allogeneic AD-MSCs [59]. On the other hand,
Jin J.L et al. reported intravenous and intrathecal infusion of allo-
geneic UC-MSCs was performed with no serious transplant-related
adverse events and the majority of patients showed improved Berg
Balance Scale (BBS) and International Cooperative Ataxia Rating
Scale (ICARS) scores continuing for at least 6 months [60].



Table 1
Summary of recent clinical trials using mesenchymal stromal cells for neurological disorders.

Reference Disease Source Number
of patients

Mean age
(range), year

Route of
administration

Number of cells Number of
treatments

Results Adverse events

Liu X et al. (2017) [62] Cerebral palsy BM 35 4.12 (6m-11) IT 1 � 106/kg at 3e4 days
interval

4 Motor functional recovery after
12 months

Nausea, fever, head ache

Vaquero J et al. (2017)
[51]

Spinal cord injury BM 12 42.2 (34e59) IT 3 � 107 cells at 3-months
interval

4 Motor functional recovery after
12 months

Head ache, puncture pain

Petrou P et al. (2016)
[56]

ALS BM 20 20e75 IT 1.0e2.0 � 106 cells 1 Motor functional recovery after
6 months

Nausea, fever, head ache
IM 2.4e4.8 � 107 cells

Satti H et al. (2016) [50] Spinal cord injury BM 9 31.6 (24e38) IT 1.2 � 106/kg 2 or 3 Only safety assessment No
Oh K et al. (2015) [55] ALS BM 8 45.7 (29e62) IT 1.2 � 106/kg at 26 days

interval
2 Decline in the ALSFRS-R score

was not accelerated during 6
months

No serious adverse events

Mendonça MV et al.
(2014) [53]

Spinal cord injury BM 14 35.7 (18e65) Direct injection
into the lesion
following
laminectomy and
durotomy

1 � 107 cells 1 Motor functional recovery after
6 months

low-intensity pain at the
incision site

Tsai YA et al. (2017)
[59]

SCA AD 7 21e66 IV 1 � 106/kg 1 Possible efficacy No

Staff NP et al. (2016)
[57]

ALS AD 27 36e75 IT 1 � 107, 5 � 107,
5 � 107 � 2, 1 � 108,
1 � 108 � 2 cells

1 or 2 No efficacy Temporary back and leg pain in
the highest dose

Hur JW et al. (2016)
[54]

Spinal cord injury AD 14 41.9 (20e66) IT 9 � 107 cells at 1-month
interval

2 Motor (5/14) and sensory (10/
14) functional recovery after 8
months

Nausea, vomit, head ache

Okur SC et al. (2018)
[64]

Cerebral palsy UC 1 6 IT 1 � 106/kg 4 Motor functional recovery after
18 months

Back pain
IV 1 � 106/kg

Wang et al. (2015) [15] Cerebral palsy UC 16 (8 twins) 6.29 (3e12) IT 1e1.5 � 107 cells at 3e5
days interval

4 Motor functional recovery after
1 & 6 months

No

Cheng H et al. (2014)
[52]

Spinal cord injury UC 10 35.3 (19e57) IT 2 � 107 cells at 10 days
interval

2 Motor functional recovery (7/
10) after 6 months

No

Jin et al. (2013) [60] SCA UC 16 39.9 (21e56) IT þ IV IV: 4 � 107 cells 4 Motor functional recovery after
6 months

No
IT: 2 � 107 cells at 7-day
interval

Wang et al. (2013) [14] Traumatic brain injury UC 20 27.5 (5e48) IT 1 � 107 cells at 5e7 day
interval

4 Motor functional recovery after
6 months

No

Huang L et al. (2018)
[63]

Cerebral palsy UCB 27 7.3 (3e12) IV 5 � 107 cells at 7 days
interval

4 Gross motor and
comprehensive functional
recovery after 3, 6,12, 24
months

No

IV, intravenous injection; IT, intrathecal injection; IM, intramuscular injection; BM, bone marrow; AD, Adipose; UC, Umbilical cord; UCB, Umbilical cord blood; ALS, amyotrophic lateral sclerosis; SCA, spinocerebellar ataxia.
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5.4. Cerebral palsy

Recently, stem cells are emerging as a new treatment and
possible cure for cerebral palsy [61]. Liu X et al. investigated
whether BM-MSCs and BM-mononuclear cells (MNC) have any
difference of curative effect for the treatment of spastic cerebral
palsy. The results indicated that BM-MSCs transplantation for the
treatment of cerebral palsy is safe and feasible, and can improve
gross and fine motor function significantly compared with the re-
sults of BM-MNC treatment [62]. In addition, both of UC-MSCs and
UCB-MSCs transplantation in children with cerebral palsy were
reported to be safe and effective in improving gross motor function
[15,63]. These reports suggest transplantation of MSCs in subjects
with cerebral palsy is safe and may promote neurological
improvements.
6. Conclusion

MSCs for neurological disorders are expected as a new cell
therapy to be effective by combining with rehabilitation and other
medication therapy suggested by recent clinical trials.

Considering the suppression of inflammation, administration of
allogeneic third-party MSCs in the acute to subacute period is
considered desirable, whereas administration of autologous MSCs
is sufficiently effective in the chronic phase possibly resulting from
neurotrophic and neurorestorative effects rather than immuno-
suppressive effects in recent clinical trials. Therefore, it is important
to investigate the appropriate administration protocol of MSCs
considering the sources and timing, and also there are many
problems to be solved including the number of MSCs to be
administered, the kinds of medium used for culturing MSCs, the
number of culture passages, and the preservation state until use.
Further studies and clinical use in the near future will extend our
knowledge of MSCs.
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