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NEURAL REGENERATION RESEARCH 

Taking central nervous system regenerative therapies 
to the clinic: curing rodents versus nonhuman 
primates versus humans

Introduction
The central nervous system (CNS) is known to have a lim-
ited regenerative capacity (Boni et al., 2018; Hussain et al., 
2018; Gorabi et al., 2019), making the path toward the devel-
opment of effective therapeutic strategies challenging. Stroke 
and spinal cord injury (SCI) are highly prevalent neurolog-
ical entities with tremendous impact on society. Yet, despite 
numerous research attempts to uncover solutions to the CNS 
regeneration problem, these conditions remain incurable. 
Neurite regrowth after brain injury is limited due to a dimin-
ished intrinsic capacity of the neurons to grow and an in-
hibitory extrinsic environment (Cheah and Andrews, 2016; 
Yu and Gu, 2019). This “unbreakable wall” toward solutions 
for incurable CNS conditions is currently being targeted by 
novel regenerative therapies with the utilization of advanced 
neuroimaging modalities to quantify restorative effects and 
establish reproducible and clinically applicable treatments 
(Figure 1).

Neuroregeneration and neural tissue engineering are 
highly diverse, relatively new biomedical fields that have 
the potential to target the cause of CNS conditions, and not 

only symptoms like currently used conventional clinical 
treatments. As such, they offer promising future treatment 
options. The main problem impeding the effective clinical 
translation of such therapies is the gap that exists in the 
translational pipeline due to interspecies pathophysiologi-
cal and neuroanatomical differences (Tsintou et al., 2016). 
Experimental studies in animals such as mice have demon-
strated curative techniques for severe and intractable CNS 
disorders such as stroke and SCI. However, we fail to cure 
humans when the therapies reach randomized clinical trials, 
suggesting that something is problematic with the transla-
tion pipeline. 

The first part of this review discusses some promising 
regenerative interventions (i.e., stem cells, exosomes and hy-
drogels use) for stroke and SCI, based on the most recent lit-
erature and the treatments that have managed to reach clin-
ical trials. The second part analyzes some key interspecies 
differences that may affect functional outcomes, potentially 
leading to failure at the level of clinical trials. This review fo-
cuses solely on stroke and SCI, considering those key condi-
tions the starting point for establishing therapeutic strategies 
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for other CNS conditions. The aim is to point out treatments 
that hold promise for the cure of presently incurable CNS 
conditions, consider factors that may impede clinical trans-
lation of those therapies, and suggest potential strategies to 
improve the translatability of potential treatments.

To this end, we conducted an electronic search on PubMed 
and Google Scholar using search terms such as ‘stroke AND 
stem cells’, ‘stroke AND nerve repair’, ‘spinal cord injury 
AND stem cells’, ‘spinal cord injury AND nerve repair’, ‘central 
nervous system AND repair AND translation’, ‘human AND 
nonhuman primate AND CNS AND translation’, ‘human 
AND rodent AND CNS AND translation, and ‘species AND 
divergence AND motor’. Articles were reviewed for each 
search after being sorted by ‘best match’. Subsequently, the 
results of the same search were sorted by ‘most recent’. The 
results were further screened by title and abstract to ensure 
relevance to the reviewed topics. Up to 100 articles were re-
viewed for each search outcome with no filtering based on 
publication dates to avoid missing important historic neuro-
anatomical data. This is why some older publications are cited 
in this review. Certain significant citations within the papers 
examined were also reviewed after independent searches. 

Selected Promising Central Nervous System 
Regenerative Therapies with Potential for 
Clinical Translation
The pathophysiological basis of the inability to fully restore 
function after a CNS injury in humans is a matter of inef-
fective neuroregeneration. Thus, it is logical to target the 
neuroregeneration problem as a means of finding an effec-
tive curative, rather than symptomatic, therapy. Cellular, 
acellular or combinatorial approaches utilizing principles 
from the highly diverse fields of neural tissue engineering 
and nanotechnology have been attempted with highly prom-
ising results and occasionally impressive outcomes, mostly 
in rodent preclinical models (Lu et al., 2012). Figure 2 il-
lustrates the stem cells that have moved forward to clinical 
trials for the treatment of stroke, but it also portrays a model 
of evolution for translational treatments, demonstrating the 
tendency to shift toward cell enhancement methodologies 
(e.g., biomaterials/scaffolds, cytokines, micrornas), as well 
as acellular techniques using, e.g., exosomes, growth factors, 
and non-coding RNAs. In the following section we will focus 
only on regenerative therapies that have managed to reach 
the stage of clinical trials. For the purposes of this review, we 
will mention only studies targeting adults that are currently 
registered in ClinicalTrials.gov, excluding withdrawn, sus-
pended or terminated studies.

Stem cell-based therapies and their mechanism of 
reparative action
In recent years, stem cell-based therapies have revolutionized 
medicine. Naturally, apart from the several other applica-
tions tested, stem cells have been used for CNS applications 
with impressive results in preclinical animal models. Thus, 
certain stem cells, either alone or combined with hydrogels 
or other scaffolds, have been used to induce neuroregenera-
tion, and some have even reached the stage of clinical trials. 
Tables 1 and 2 summarize stem cell-based therapeutic inter-
ventions currently shown as ongoing in the ClinicalTrials.
gov website for stroke and SCI, respectively.

Although there are several cell types that some may argue 
could be the future of regenerative neurology, such as the in-
duced pluripotent stem cells, in fact only a few types of stem 
cells have reached clinical trials. Future studies may allow for 
techniques to mature and more data to accumulate, so that 
more cell types can be added to that list. Currently, based on 
the registered clinical trials, the major stem cell lines most 
often used for preclinical applications, potentially moving 
one step closer to clinical practice, are mesenchymal stem 
cells (MSCs), hematopoietic stem cells and bone marrow 
mononuclear cells.

The therapeutic potential of bone marrow MSC for stroke 
is by far the most widely studied in preclinical and clinical 
research. Bone marrow MSCs seem to be an attractive can-
didate for stem cell neural repair therapies because of the 
lack of ethical concerns associated with their use, in contrast 
to the use of fetal cells. Although further studies are needed 
to gain a better understanding of the potential mechanisms 
involved, some effects of bone marrow MSC transplantation 
in preclinical models include sensorimotor function en-
hancement (Huang et al., 2013), synaptogenesis promotion, 
nerve regeneration stimulation (Abbas et al., 2019), tissue 
plasminogen activator-induced brain damage reduction (Liu 
et al., 2012b) and immunomodulation (Weiss and Dahlke, 
2019). However, the bone marrow MSCs’ ability to replace 
dead or damaged neuronal and glial elements requires fur-
ther verification.

By contrast, despite the limited implementation in clini-
cal trials to date - possibly due to prior concerns regarding 
the ethically controversial use of fetal or embryonic cellular 
tissues (Ramos-Zúñiga et al., 2012), as well as the immuno-
genicity of the allogenic graft (Aboody et al., 2011) - another 
hot research area for neurobiologists regards transplantation 
of neural stem cells (NSCs) given their ability to differen-
tiate into different neuronal and glial elements that form 
the CNS. In mammalian brains, NSCs have been shown to 
migrate naturally to areas of injury and neurodegeneration. 
Embryonic NSCs have been found to migrate to the isch-
emic lesion after ischemic stroke in rat models. Subsequent-
ly, they have been shown to mature into neurons (Darsalia 
et al., 2007; Takahashi et al., 2008), astrocytes and microglia 
(Guzman et al., 2008), restoring impaired sensorimotor and 
spatial learning functions (Mine et al., 2013). Even in a non-
human primate stroke model, NSCs partially differentiated 
into neurons after engraftment and survived up to 105 days 
(Roitberg et al., 2006), showing promise for future clinical 
trials. It is anticipated that the use of NSCs might increase in 
future clinical trials given the advent of cellular reprogram-
ming techniques (Liu et al., 2012a; McCaughey-Chapman 
and Connor, 2018) or even the direct lineage conversion of 
somatic cells into induced neural cells in vitro (Vierbuchen 
et al., 2010; Lujan et al., 2012; Yang et al., 2013). Such ad-
vancements avoid the prior ethical controversy and increase 
the clinical potential of NSCs.

The mechanisms of action of NSCs after transplantation to 
the injured host can be divided into endogenous (host-de-
pendent) and exogenous (transplanted stem-cells-depen-
dent). Figure 3 depicts both endogenous and exogenous 
mechanisms. In particular, some of the endogenous mecha-
nisms of NSCs’ actions are: 1) host-dependent induction of 
proliferation and differentiation of NSCs via trophic factors; 
2) host-induced chemoattraction of the transplanted stem 
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Table 1 Summary of stem cell-based therapeutic interventions regarding stroke in ClinicalTrials.gov

Stem cell type Cells origin(s)
Delivery 
method(s)

Clinical trial 
phase(s) ClinicalTrials.gov identifier(s)

No. of studies/No. of total 
stroke studies (%)

Published clinical results/
references

Mesenchymal stem 
cells 

Bone marrow
Umbilical cord 
blood 
Adipose tissue

Intravenous, 
intracerebral

Phase I; 
Phase II; 
Phase III

NCT02564328; NCT01714167; 
NCT00875654; NCT02580019; 
NCT01716481; NCT01678534; 
NCT01297413; NCT03371329; 
NCT03186456; NCT03176498; 
NCT01461720; NCT03570450; 
NCT02813512; NCT01287936; 
NCT02448641; NCT02378974; 
NCT01273337; NCT03176498; 
NCT02795052

19/50 (38.0) Bhasin et al., 2012; 
Kim et al., 2013; 
Díez-Tejedor et al., 2014; 
Steinberg et al., 2016

Endothelial 
progenitor cells 

Bone marrow Intravenous Phase I; 
Phase II

NCT02605707; NCT01468064; 
NCT01289795; NCT03218527; 
NCT02980354; NCT02157896; 
NCT03250728

7/50 (14.0) N/A

Hematopoietic stem 
cells

Bone marrow
Peripheral blood 
(CD34+)
Umbilical cord 
blood (CD34+)

Intra-arterial, 
Intracerebral 

Phase I; 
Phase II

NCT01518231; NCT00950521; 
NCT00535197; NCT01239602; 
NCT01438593; NCT01249287; 
NCT03735277; NCT03004976; 
NCT02397018

9/50 (18.00) Banerjee et al., 2014

Mononuclear cells Bone marrow Intravenous, 
intra-arterial, 
intrathecal

Phase I; 
Phase II; 
Phase III

NCT01501773; NCT00859014; 
NCT00761982; NCT03080571; 
NCT02425670; NCT01832428; 
NCT03545607; NCT01436487; 
NCT00473057

9/50 (18.00) Suárez-Monteagudo et al., 
2009; Battistella et al., 2011; 
Savitz et al., 2011; Friedrich 
et al., 2012; Moniche et al., 
2012; Prasad et al., 2012, 
2014; Hess et al., 2017

Neural stem cells Brain Intracerebral Phase I; 
Phase II

NCT03296618; NCT01151124; 
NCT03629275; NCT02117635

4/50 (8.00) Glass et al., 2012; Kalladka 
et al., 2016

Induced neural stem 
cells 

Skin Intracerebral Early Phase I NCT03725865 1/50 (2.00) N/A

Olfactory 
ensheathing cells

Olfactory mucosa Intracerebral Phase I NCT01327768 1/50 (2.00) N/A

N/A: Not applicable.

Table 2 Summary of stem cell-based therapeutic interventions regarding SCI in ClinicalTrials.gov

Stem cell type Cells origin(s) Delivery method(s)
Clinical trial 
phase(s) ClinicalTrials.gov identifier(s)

No. of studies/No. of 
total SCI studies (%)

Published results/
references

Mesenchymal stem 
cells 

Bone marrow
Umbilical cord 
blood 
Adipose tissue

Intralesional; intrathecal; 
intramedullar; surgical 
unspecified (with 
collagen scaffold); 
subarachnoid; 
intravenous combined 
with intrathecal; 
percutaneous; 
intradural, intravenous; 
bilateral paraspinal; 
intranasal

Phase I; 
Phase II; 
Phase III

NCT01325103; NCT01694927; 
NCT03505034; NCT01676441; 
NCT02688049; NCT01393977; 
NCT02481440; NCT01446640; 
NCT03521336; NCT03521323; 
NCT02152657; NCT02574585; 
NCT02981576; NCT03308565; 
NCT01186679; NCT02034669; 
NCT02574572; NCT01769872; 
NCT02352077; NCT01274975; 
NCT01873547; NCT01624779; 
NCT03003364; NCT02570932; 
NCT01909154; NCT03225625; 
NCT02917291; NCT00816803

29/37 (78.4) Moviglia et al., 
2006; Yoon et al., 
2007; Geffner et 
al., 2008; Pal et al., 
2009; Ra et al., 2011; 
Karamouzian et al., 
2012; Park et al., 
2012; Cheng et al., 
2014; Mendonça et 
al., 2014; Satti et al., 
2016

Hematopoietic 
stem cells 

Bone marrow
Peripheral blood 
(CD34+)

Surgical unspecified Phase II NCT02687672 1/37 (2.70) N/A

Mononuclear cells Bone marrow Intrathecal; surgical 
unspecified (with 
Collagen scaffold)

Phase I; 
Phase II

NCT01730183; NCT01833975; 
NCT02352077

3/37 (8.1) Geffner et al., 2008

Neural stem cells Brain
Spinal cord

Intraspinal and 
intrathecal (with 
3-dimensional 
biomatrix); surgical 
unspecified

Phase I; 
Phase II

NCT02326662; NCT01772810 2/37 (5.4) N/A

Human central 
nervous system 
stem cells

Fetal brain Intramedullar Phase I; 
Phase II

NCT01321333 1/37 (2.70) N/A

Oligodendrocyte 
progenitor cells

Central nervous 
system

Surgical unspecified Phase I; 
Phase II

NCT02302157 1/37 (2.70) N/A

N/A: Not applicable.
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cells to the site of injury; 3) NSCs’ behavior and surviv-
al pattern modification through locally released immune 
cell-derived factors; and 4) host-initiated graft-rejection-like 
processes. By contrast, as noted in Figure 3, exogenous 
mechanisms involve the NSCs per se, with actions such as: 
1) in situ NSC differentiation toward the neuronal and glial 
lineage for cell replacement in the injury site and subsequent 
functional integration within the host’s pre-existing neuro-
nal circuits; 2) NSC-derived neurotrophic and neurogenic 
factors’ release triggering the endogenous neuroregenerative 
and neuroprotective mechanisms of the host; and 3) stem 
cells’ influence on the host, leading to bilateral modulation 
of the transplanted cells and the host’s immune system (Ol-
iveira et al., 2016). Among all of these mechanisms, a major 
mechanism by which NSCs lead to post-stroke neural func-
tional improvement is the release of soluble trophic factors 
and cytokines (Smith et al., 2012).

Thus, stem cell transplantation has been demonstrated to 
trigger neural recovery through several mechanisms. Some 
of the described mechanisms include cell replacement, tro-
phic influences, immunomodulation, and enhancement of 
endogenous repair processes. Nevertheless, despite advances 
in the field and the potential of stem cell use for neuroregen-
erative purposes, as pointed out in Figure 2, the future takes 
translational research toward cell-free concepts, with the use 
of exosomes as one of the most promising for future clinical 
applications due to several benefits it may entail.

Exosome-based therapies and their mechanism of 
reparative action
Exosomes are endosome-derived small extracellular ves-
icles released from cells to the extracellular space after an 
intermediate endocytic compartment, the multivesicular 
body, is fused with the plasma membrane to ultimately form 
exosomes (Edgar, 2016). Just like the most prominent extra-
cellular vesicles that respond to intercellular communication 
and cellular immunity, exosomes are nano-sized (30–100 
nm) and contain several types of nucleic acids and proteins 
(Jo et al., 2014; Lee et al., 2015).

Although it was initially believed that transplanted stem 
cells would differentiate into the target tissue, thereby induc-
ing their effects, there is an increasing amount of research 
showing that transplanted stem cells are more likely to exert 
their function in a paracrine manner, by secreting extracellu-
lar vesicles, i.e., exosomes (Ratajczak et al., 2012; Shen et al., 
2013; Liang et al., 2014; Song et al., 2014). Stem cell-derived 
exosomes have been found to promote tissue repair and 
regeneration, while it is believed that exosome inclusions 
induce epigenetic changes in the recipient’s cells, positively 
regulating their fates by promoting proliferation or inhibit-
ing apoptosis (Zhou et al., 2013; Tan et al., 2014; Nakamura 
et al., 2015; Zhang et al., 2015a, 2016; Nong et al., 2016; Qi et 
al., 2016; Lee et al., 2018).

Further research is needed to determine the exact mecha-
nisms by which exosomes can promote neuroregeneration. 
Nevertheless, emerging data indicate that treatment of stroke 
and traumatic brain injury with MSC-derived exosomes fa-
cilitates interwoven brain repair processes, including neurite 
remodeling, thereby improving neurological function (Xin 
et al., 2013a, b; Zhang et al., 2015b). Stimulation of axonal 
growth of cortical neurons, as well as angiogenesis have also 
been associated with exosomes (Zhang et al., 2017b). Finally, 

MSC-derived exosomes have been found to enhance func-
tional recovery in rodent stroke models, promoting axonal 
plasticity and neurite remodeling in the perilesional cortex 
through the microRNA 133b (Xin et al., 2013b). In agree-
ment with this finding, microRNA 124 (miR-124)-loaded 
exosomes have been found to ameliorate brain injury by 
promoting neurogenesis (Yang et al., 2017).

Thus, exosomes seem to be a promising acellular thera-
peutic strategy for inducing neural repair after CNS injury, 
providing several benefits over the use of cells. Unlike cells, 
acute immune rejection is not elicited by exosomes since 
they are nonviable and much smaller. In addition, the use 
of exosomes as “natural” delivery vehicles, i.e., for the safe, 
stable, targeted and concentrated delivery of agents such 
as curcumin, can be the basis of novel nanoparticle drug 
delivery systems to induce desired effects (Sun et al., 2010). 
Carcinogenesis and embolism have been a point of concern 
for cells, but this does not apply to exosomes, which have re-
duced safety risks linked to their use. Technically speaking, 
cell-based therapies rely on high-maintenance protocols, 
which can be costly given the need to maintain viability. This 
does not apply to exosomes, thereby minimizing complexity 
and expenses. The unique characteristics of exosomes can 
increase clinical translatability of certain novel therapies 
in the future. Figure 4 illustrates some advantages of using 
MSC-derived exosomes/microvesicles in conjunction with 
3-dimensional MSC-cultures for efficient scalable produc-
tion, pointing to the potential of using such acellular meth-
ods for neural repair. 

There is already one clinical trial (NCT03384433) Phase I/
II registered in ClinicalTrials.gov, which should have begun 
recently, in October 2018. This trial attempts to test the func-
tional outcomes and possible adverse effects after delivery of 
200 mcg total protein of allogenic MSC-generated exosome 
transfected by miR-124, one month after cerebral infarc-
tion via stereotaxis. Nevertheless, the therapeutics based 
on MSC-derived exosomes still face challenges due to their 
short half-life and rapid clearance by the innate immune 
system in vivo (Imai et al., 2015). Damaged neural tissue 
requires time to heal through a complex multiphase process. 
However, based on prior studies, retaining the unconjugated 
exosomes in the lesion site for an extended period of time is 
not realistic (Imai et al., 2015). The use of nanotechnology, 
as discussed below, could offer pioneering options to tackle 
these obstacles. Hydrogel matrices could impede the rapid 
clearance and accomplish targeted, sustained release of exo-
somes, tuned based on the period of time needed to attain a 
beneficial functional outcome with CNS tissue repair.

Hydrogel-based or combinatorial therapies and the 
rationale behind such methods
The mechanical gap after a CNS lesion occurs combined 
with the highly hostile microenvironment of the CNS for 
neuroregeneration has led scientists to utilize not only bio-
active substances to induce neuroregeneration, but also me-
chanical bridges or scaffolds to facilitate the healing process. 
In rodents and other small animal models, the size of the 
lesion is not sufficient to impede the regenerative processes 
and affect the therapeutic interventions tested. In humans, 
however, the size is much larger, causing the same successful 
therapeutic strategies used in rodents to fail. The key issue is 
that even if stem cells were transplanted in humans to induce 
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neuroregeneration, and axonal growth was accomplished, 
the effects of the treatment would wear off before the growth 
was adequate to bridge the gap in the damaged tissue. Nerve 
fibers would elongate with no guidance, in random direc-
tions, making the task of effectively bridging the gap im-
possible. This is why it is important to use some sort of bio-
compatible and biodegradable scaffold to create a temporary 
bridge that provides mechanical cues for nerve growth to 
occur. Another important factor that scientists have consid-
ered before moving toward more combinatorial approaches 
that involve the use of hydrogels or other scaffolds, is that 
the substances tested cannot be effectively retained in the le-
sion site to minimize unwanted generalized effects while also 
maximizing desired targeted effects. As a result, therapeutic 
agents are often rapidly cleared or become unstable in the 
CNS microenvironment without proper structural support 
and protection (Liu et al., 2017; Zhang et al., 2018).

There are many kinds of scaffolds that have been designed 
for neural tissue engineering purposes, but the most ap-
propriate and effective for CNS use are hydrogels (Wang 
et al., 2018). The classification category of a hydrogel (e.g., 
its porosity, physical structure, source, ionic charge, and 
crosslinks) can already provide important information on 
whether a hydrogel is appropriate for a specific tissue repair 
attempt or the delivery of a bioactive substance, such as a 
drug, growth factors, cells, and other substances or mole-
cules, to the cells or tissues where the hydrogel is applied 
to promote a certain effect. Therefore, not all hydrogels are 
helpful for facilitating neural repair. Based on prior experi-
mental work in the field by the authors of this paper (Tsintou 
et al., 2018) and several other scientific teams (Assunção-Sil-
va et al., 2015; Tuladhar et al., 2018), an ideal hydrogel for 
CNS regeneration requires the following: 1) in situ gelling at 
the CNS lesion site to achieve an accurate fit with irregularly 
shaped tissue defects; 2) effective retention and stabilization 
of any bioactive molecules, cells or exosomes used, to avoid 
rapid clearance and reactions caused by non-targeted treat-
ment applications; 3) hydrogel-CNS tissue integration in a 
way that significantly facilitates the migration of circum-
jacent cells into the hydrogel scaffold, mimicking the CNS 
microenvironment, ideally with mechanical cues to guide 
axonal growth in the correct direction for the establishment 
of functional synapses; 4) biodegradability of the hydrogel to 
allow for the scaffold to gradually disintegrate, maintaining 
the structural and nourishing support for at least the amount 
of time needed for effective regeneration to occur, while also 
avoiding a potential second surgery to remove the scaffold; 
and 5) tuneability of the hydrogel system not only to allow 
for the aforementioned requirements to be fulfilled, but also 
to permit development of sustained release systems to pace 
the release of the desired therapeutic substance to achieve 
maximum effect.

At the present time, to the best of our knowledge, only 
NeuroRegen and NWL’s Regeneration MatrixTM (RMxTM) 
scaffolds for SCI in combination with stem cells have 
managed to reach the stage of clinical trials (phases I/
II) registered in the ClinicalTrials.gov website (studies 
NCT02688049 and NCT02352077 for NeuroRegen and 
NCT02326662 for RMxTM). NeuroRegen is a linearly or-
dered collagen scaffold that has demonstrated promising 
preclinical results in rodents and dogs with SCI, moving 
towards clinical trials in order to establish the safety and 

efficiency of the proposed treatment. Collagen is a type of 
extracellular matrix with excellent biocompatibility and bio-
degradability, enabling the use of collagen-based scaffolds 
for CNS applications with good results. The researchers 
involved in those clinical trials recently published some 
results indicating potential safety and efficiency of the scaf-
fold in terms of promoting functional recovery (Xiao et al., 
2016, 2018; Zhao et al., 2017), in agreement with their pre-
clinical reports (Li et al., 2017). However, these data are not 
sufficient for accurately estimating whether the proposed 
treatment might work in future clinical applications. Nev-
ertheless, this is the first step toward a promising future in 
clinical trials of combinatorial regenerative approaches. The 
RMx™ biomatrix is a novel self-assembling 3-dimensional 
biomaterial with intricate physical characteristics that aim 
to mimic the matrix in regenerating tissues (https://www.
fortunafix.com/technologies). 

Another highly promising hydrogel-based therapeutic 
strategy not yet ready to be implemented in the clinic, but 
with demonstrated potential, is the use of miniature hydro-
gel micro-columns for the transplantation of micro-tissue 
engineered neural networks (Harris et al., 2016). This min-
imally invasive technique is able to facilitate neural repair 
by simultaneously providing neuronal replacement and 
physical reconstruction of long-distance axonal pathways in 
the brain. In an attempt to optimize the model, the research 
team has developed a computational growth model for mi-
cro-tissue engineered neural networks (https://github.com/
PSUCompBio/GrowthModel) (Marinov et al., 2018), taking 
advantage of current technological advances that could ac-
celerate clinical applications.

Animal Models in the Pathway toward 
Clinical Translation
Preclinical animal models have been widely used over the 
years in order to establish the safety and efficiency of a po-
tential treatment before moving toward clinical trials in hu-
mans. Figure 5A depicts the current reality in the research 
community for the discovery of therapies. Figure 5B, by 
contrast, shows our proposed ideal model of “rodent-mon-
key-human”, which would increase the translatability of re-
generative therapies and could allow for reductions not only 
in financial cost, but also the cost in human lives. It should 
be noted that most current research is being done in rodents, 
which demonstrate significant differences compared to hu-
mans. Given the occasionally impressive results in rodent 
models of regenerative therapies, there have been attempts to 
translate potential therapies directly from rodents to humans 
with no intermediate step. Such attempts mainly involved 
companies attempting to accelerate the path toward clinical 
translation of their potential therapies. However, not sur-
prisingly given interspecies differences, these clinical trials 
ultimately failed. The next section summarizes some key 
interspecies differences and stresses the importance of using 
nonhuman primate models to attempt to minimize risk and 
attain more beneficial clinical outcomes. 

There are important, long-standing ethical questions re-
garding the use of any animal species for research (Tsintou 
et al., 2016). Regulations such as the American Welfare Act 
(AWA) in United States are present in order to ensure the 
well-being of animals used in research settings, but those 
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regulations are far from ideal. 90–95% of the animals used 
in research laboratories are currently excluded from AWA, 
while for the 10% of larger animals covered by AWA (dogs, 
cats, non-human primates, guinea pigs, hamsters, rabbits 
and other warm-blooded animals) the minimal standards 
for housing, feeding, handling, veterinary care or psycholog-
ical care, where applicable, are strictly regulated. This makes 
it more difficult for the regulated animals to be used for re-
search purposes unless there is proper justification. The shift 
towards animal species not covered by AWA for research 
purposes bears an additional risk of increasing unjustified 
rodent use for translational purposes. Thus, developing new 
regulatory requirements to ensure the appropriate, justified 
use of certain animals for research purposes, with proper 
husbandry techniques, is a necessity. Moreover, research 
exploring the distress mechanisms of animals during ther-
apeutic interventions could potentially shed light on what 
might be missing from protocols aimed at minimizing an-
imals’ stress and suffering during research procedures. The 
stricter regulations regarding larger research animals (i.e., 
nonhuman primates or companion domesticated animals) 
could stem from the notable ethical concerns linked to their 
closer relationship and integration with human society. It is 
important for preliminary testing to occur in smaller ani-
mals in an attempt to understand mechanisms and potential 
limitations before attempting the use of larger animals, thus 
moving in a stepwise manner toward a safe clinical transla-
tion pipeline.

Given the discrepancies in functional outcomes even 
when clinical translation is attempted using the best preclin-
ical models currently available, our proposed “ideal model” 
with nonhuman primates serving as a bridge from rodents 
to humans seems timely. For the time being, the use of larg-
er animals, especially nonhuman primate models, remains 
a necessity for fully understanding and treating disorders 
of the human CNS that involve complicated neuronal net-
works that underpin life-threatening or highly debilitating 
conditions with tremendous societal impact. Proposed tech-
nological alternatives to obviate the use of nonhuman pri-
mates presently include: 1) ex vivo “artificial humans” with 
engineered organs resembling the function, hierarchy and 
complexity of the actual human body; 2) virtual systems and 
holograms that can simulate the full complexity of the hu-
man CNS and mimic the detrimental effects of a CNS injury, 
while also mimicking the pathophysiological mechanisms 
and effects of a potential regenerative therapy in a comput-
erized system; and 3) organs-on-a-chip for ex vivo trials of 
potential regenerative therapies prior to human use, such as 
the recently developed Brain-Chip of the start-up company 
Emulate that is a preliminary, early-stage attempt to mimic 
brain physiology and the blood-brain barrier. Therefore, 
animal models, and especially nonhuman primate models, 
remain crucial for the safe and effective clinical translation 
of therapies.

Rodent models versus nonhuman primate models versus 
humans
Rodents, nonhuman primates and humans demonstrate 
crucial differences in qualities such as size, neuroanatomy, 
behavior, and pathophysiology. This raises the question of 
how these differences impact the restorative effect of a tested 
treatment, the functional impact on the subject after an in-

tervention, the maintenance of desired results, and the emer-
gence of adverse effects as well as their severity. The section 
below will attempt to shed some light on key interspecies 
differences that might affect the clinical translation of regen-
erative therapies after CNS injury.

Size
This is perhaps the most obvious difference between the 
commonly used, readily available rodent models and non-
human primates or humans. The rodent nervous system not 
only is much less complex with fewer synapses within neu-
ronal networks, but it is also significantly smaller than those 
of nonhuman primates or humans. To illustrate the scale 
difference, the size of the mouse brain is 1/1000th that of the 
human. Encephalization is a measure of brain size relative 
to a taxonomic standard. Nonhuman primate brains closely 
resemble human brains on a variety of criteria, including en-
cephalization, number and density of cortical neurons, and 
greater myelination compared to other, lower order mam-
mals (Ventura-Antunes et al., 2013; Phillips et al., 2014). For 
example, the encephalization quotient for humans is 7.4–7.8, 
for Old World monkeys 1.7–2.7, and for capuchin monkeys 
2.4–4.8; by contrast, rodents are in the 0.4–0.5 range (Phillips 
et al., 2014). Figure 6 depicts the brain mass and total num-
ber of neurons for the mammalian species examined to date 
with the isotropic fractionator to better exemplify significant 
interspecies differences.

Thus, an intervention that results in axonal sprouting of 
a few millimeters might be highly effective for the mouse, 
resulting in functional recovery, but the same intervention 
would hardly make a difference in humans, who normally 
need to overcome lesions of over a few centimeters instead 
(Tsintou et al., 2016). No matter how impressive the results 
are after an intervention is tested in rodents, patience and 
caution are warranted in moving toward clinical translation. 
Given the major differences between rodents and primates, 
it is not surprising that several Phase II and III clinical trials 
have failed when the study relied only on preclinical ro-
dent data to accelerate the translation pipeline (Llovera and 
Liesz, 2016).

Neuroanatomical differences 
Even though there is remarkable conservation among the 
motor systems of vertebrates, there are pronounced quan-
titative and qualitative differences between rodents and 
primates in terms of the number, location and termination 
patterns of significant fiber tracts, such as the corticospinal 
tract (CST), due to certain evolutionary changes (Friedli et 
al., 2015; Filipp et al., 2019). 

The motor cortex, which is of particular clinical signifi-
cance for functional recovery after stroke or SCI, projects 
extensively to brainstem and spinal motor neurons in pri-
mates, contrary to its connections in lower order mammals 
(Lawrence and Kuypers, 1968; Galea and Darian-Smith, 
1997; Lacroix et al., 2004). This allows the CST of primates to 
influence motor neurons both directly and indirectly (Lemon 
et al., 2004; Riddle et al., 2009). In several nonhuman pri-
mates (e.g., rhesus monkey) a significant proportion of the 
CST fibers project to the ventral horn, while muscle groups 
that are especially crucial for dexterity, and hence functional 
recovery (e.g., hand muscles), are innervated by axons that 
synapse directly with spinal motor neurons (Lemon et al., 
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2004; Riddle et al., 2009). In fact, it has been found that the 
higher the number of direct connections between neocortex 
and motor neurons, the higher the level of manual dexterity 
in nonhuman primates (Lemon et al., 2004), something that 
is even more marked in humans (Kuypers, 1964).

The neocortex of humans and nonhuman primates, which 
gives rise to the CST, has massively increased over the 
course of evolution. The CST axons have moved from the 
dorsal to the lateral columns of the spinal cord, and the CST 
has developed a fast-conducting component (Rouiller et al., 
1996), expanding the gap between rodents and primates and 
potentially explaining some of the altered responses to in-
jury. Contrary to the complex projection pattern of the CST 
in primates to control voluntary movement, the CST in ro-
dents projects mainly to dorsal horn neurons and premotor 
spinal circuits and is not necessary for non-complex move-
ment execution. After CNS injury, it has been found that 
synaptic reorganization of the spared CST fibers is possible 
in an attempt to bridge the perilesional area and restore fine 
movement control capabilities in humans and nonhuman 
primates, but not in rats (Friedli et al., 2015). Accordingly, 
the use of rodents would not suffice for evaluating the resto-
ration of fine motor skills and voluntary movements after an 
injury. In regard to reliable assessment of functional recov-
ery and clinical progress of the subject after a tested inter-
vention through functional clinical scales, the stepping-re-
lated spinal circuitry is of utmost significance. Nevertheless, 
supraspinal input might play a much more significant role 
in the activation of that circuitry in nonhuman primates 
compared to lower order mammals (Côté et al., 2016), mak-
ing the interpretation of the functional results much less 
relevant to clinical translation of the treatment.

In addition, it should be pointed out that stimulation of 
CST neurons in the motor cortex elicits markedly different 
motor responses not only between primates and rodents 
(Lemon and Griffiths, 2005), but also among different pri-
mate species (Lemon et al., 2004). Therefore, preclinical 
results should always be interpreted with caution before 
proceeding with the clinical translation pipeline. Areas as-
sociated with adult neurogenesis are no different, given the 
important cytoarchitectural differences between primate 
and rodent brains in such regions (Brus et al., 2013). Finally, 
certain structural and functional brain areas, like the frontal 
and temporal poles, appear to be unique to primates (Tsu-
jimoto et al., 2011; Insausti, 2013; Buckner and Margulies, 
2019), while differences are also present in spinal cord anat-
omy (Courtine et al., 2007).

Behavioral differences
In terms of behavior patterns, humans and Old World 
monkeys commonly used in neuroscience research (e.g., 
rhesus monkeys), have some significant similarities in 
lifestyle (e.g., diurnality, terrestriality, omnivory), senso-
ry-perceptual abilities, anatomical specializations (e.g., use 
of hands and thumbs for tactile perception), and genetics. 
These similarities are reflected in brain organization as well 
(Krubitzer, 2007).

A highly relevant example for functional recovery in hu-
man patients regards the ability of some primates, in con-
trast to rodents, to control distal hand muscles to accomplish 
precision grip (Lawrence and Kuypers, 1968; Galea and 

Darian-Smith, 1997; Vilensky and O’Connor, 1998). There 
is even evidence suggesting that an increased number of 
direct cortical projections to spinal musculature signifies 
increased dexterity and that these projections are the ones 
that facilitate precision grip in certain primates (Tuszynski 
et al., 2002). Behaviorally speaking, nonhuman primates and 
humans are more similar to one another than to rodents, 
and their commonalities are much more profound in CNS 
lesions where the motor circuit plays a major role. In specif-
ic, unlike rodents (Lawrence and Kuypers, 1968; Lacroix et 
al., 2004; Lemon and Griffiths, 2005), primates, and especial-
ly humans (Nathan and Smith, 1982), rely on intact cortical 
projections to the spinal cord for maintaining fine motor 
control of the extremities. In addition, stepping is crucial for 
assessing motor recovery, and this function is minimally im-
paired after CST lesions in rodents (Rosenzweig et al., 2009), 
indicating that the motor cortex is not essential for sustain-
ing simple locomotion in rats or mice. By contrast, it is well-
known that in humans, CST damage leads to severe motor 
impairment that can be detrimental for the individual, com-
promising independent walking (Nathan and Smith, 1982). 
Similar to humans, damage to the CST in rhesus monkeys 
also significantly affects stepping, resulting in permanent 
deficits (Rosenzweig et al., 2010; Friedli et al., 2015). 

Given the similar behavioral patterns and functions in hu-
mans and nonhuman primates, testing nonhuman primates 
may lead to more accurate prediction of potential therapies 
after CNS lesions in order to mediate recovery of manual 
dexterity and stepping. Not only can functional assessments 
be highly detailed and comprehensive in nonhuman primate 
models, but they can also correlate closely with human func-
tional assessments. Fine motor control of the forelimb in 
nonhuman primates involves the precision grip, pre-shaping 
of the hand, grasping and other manual prehensile tasks per-
formed by macaques and other Old World monkeys. All of 
these behaviors can be assessed in detail and quantified with 
direct association to similar tasks performed by humans. Al-
though fine motor control of the forelimb can also be tested 
in rodents, with CST lesions affecting this function (Blesch 
and Tuszynski, 2003), the assessments are much less refined. 
Finesse in digital control is far less developed in rodents 
compared to nonhuman primates and humans, and the 
musculoskeletal system of the limbs is markedly different. 
Another important assessment of locomotor function for 
human applications is bipedal walking (Larson, 2018), which 
is possible only in primates. Manually or robotically assisted 
bipedal step training after SCI is also possible in experiments 
with nonhuman primates, but not rodents. 

Considered together, these behavioral differences strongly 
suggest that nonhuman primate disease models are an es-
sential step in the path toward clinical translation, especially 
when the motor circuit is the impaired system. It is also 
highly important that assessment of cortical connectivity, su-
praspinal access to spinal motor neurons and segmental cir-
cuit properties can be performed in a similar way in nonhu-
man primates and humans. Multimodal analysis with the use 
of transcranial magnetic stimulation, magnetic resonance 
imaging and measurement of sensory-evoked potentials can 
provide additional value, supplementing the results with 
motor performance data from nonhuman primate models 
similar to that obtained from humans. 
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Figure 1 Illustrative demonstration of the, to date, “unbreakable wall” of 
nerve repair for central nervous system (CNS) disorders. 
The CNS lesions are depicted in the center and are surrounded by all the 
promising “tools” for breaking the “wall” by offering therapies or contribut-
ing to the development of therapies in order to repair the CNS damage. In 
particular, the surrounding area includes the most clinically relevant, promis-
ing therapeutic regenerative strategies and tools (i.e., neural tissue engineer-
ing-based strategies or stem cell-based strategies combined with advanced 
neuroimaging tools, such as diffusion tensor imaging (DTI) tractography). 
Part of the figure modified after the graphical abstract from “Translational 
Regenerative Therapies for Chronic Spinal Cord Injury” by Dalamagkas et 
al. (2018); licensed under CC BY 4.0. The right part of the figure is modified 
after “Magnetic resonance imaging tracking and assessing repair function of 
the bone marrow mesenchymal stem cells transplantation in a rat model of 
spinal cord injury” by Zhang et al. (2017a); licensed under CC BY 3.0.

Figure 2 Depiction of cell therapies currently being used for 
stroke in clinical trials based on ClinicalTrials.gov-registered 
studies and inclusion of next generation cell therapy 
applications that hold promise and might be implemented in 
future clinical trials, given advances in neurosciences, neural 
tissue engineering and nanotechnology. 
MSCs: Mesenchymal stem cells; HSCs: hematopoietic stem cells; 
BMMNCs: bone marrow-derived mononuclear cells; EPCs: endo-
thelial progenitor cells; NSCs: neural stem cells; OECs: olfactory 
ensheathing cells; iPSCs: induced pluripotent stem cells. Figure 
modified after “Translational cardiac stem cell therapy: advancing 
from first-generation to next-generation cell types” by Cambria et 
al. (2017); licensed under CC BY 4.0. 

Figure 3 Endogenous and exogenous mechanisms of action of neural stem cells (NSCs). 
Endogenous mechanisms are depicted by numbers, whereas exogenous by letters. In particular, in terms of the endogenous mechanisms: 1) “en-
vironmental-guided differentiation” illustrates the endogenous mechanism by which proliferative and survival promoting factors and cues are 
released by the host supporting and guiding the proliferation and differentiation of the implanted cells; 2) “migration to places of injury” illustrates 
the chemoattraction of the transplanted cells to the sites of the injury because of the host environment; 3) “reciprocal modulation” illustrates the 
modulation of the transplanted NSCs behavior and survival by factors released by local immune cells; 4) “rejection process” illustrates the potential 
development of graft rejection-like processes because of the host’s immune awareness of the exogenous cells. In terms of the exogenous mech-
anisms: (A) “cell replacement” illustrates the in situ differentiation of the exogenous NSCs towards the neuronal and glial lineage for supplying 
newly created neurons to be integrated in the host pre-existing neuronal circuits; (B) “release neurotropic and neurogenic factors” illustrates the 
production of neurotropic and neurogenic factors by the exogenous NSCs, which subsequently promotes endogenous mechanisms for adult neu-
rogenesis and neuroprotection of the local neuronal population; (C) “reciprocal modulation” illustrates the NSCs-induced cytokine production 
and host’s inflammatory cells activation in the site of the injury. Therefore, as the two-sided arrow suggests, the transplanted NSCs and the host 
immune system engage in a bilateral modulation post-transplantation. Figure reprinted from “Neural stem cell transplantation and mechanisms 
for functional recovery” by Oliveira et al. (2016); licensed under CC BY-NC 4.0.

Injury 28 d   Repaired 28 d

Injury 1 d

Repaired 28 d

Normal 
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Figure 5 Ideal translation pipeline contradicting current 
research practices.
(A) Depicts the present reality in the research community 
for the discovery of therapies, with 90% of research focusing 
on rodent models with no involvement of larger mammals. 
(B) Depicts, by contrast, the proposed ideal model of “ro-
dent-monkey-human” aimed at reducing risks and costs and 
maximizing translatability of regenerative therapies. Part A 
is part of a figure from “Advancing Research in Regeneration 
and Repair of the Motor Circuitry: Non-Human Primate 
Models and Imaging Scales as the Missing Links for Success-
fully Translating Injectable Therapeutics to the Clinic” by 
Tsintou et al. (2016); licensed under CC BY 4.0. Part B is a 
modified section of the graphical abstract from “Translational 
Regenerative Therapies for Chronic Spinal Cord Injury” by 
Dalamagkas et al. (2018); licensed under CC BY 4.0.

Figure 6 Illustrative demonstration of brain mass and 
total number of neurons for the mammalian species 
examined to date with the isotropic fractionator. 
Brains are arranged from left to right, top to bottom, in 
order of increasing number of neurons according to aver-
age species values previously reported (Herculano-Houzel 
et al., 2006, 2007; Azevedo et al., 2009; Sarko et al., 2009). 
Figure reprinted from “The human brain in numbers: a lin-
early scaled-up primate brain” by Herculano-Houzel (2009); 
licensed under CC BY 2.0.

Figure 4 Advantages and scalability of mesenchymal stem cells (MSCs)-derived 
exosomes.
(A) Illustrative demonstration of the advantages of using MSC-derived exosomes/
microvesicles (MVs) for regenerative therapies as opposed to the use of whole MSCs. 
(B, C) The use of 3-dimensional (3D) MSC cultures could potentially enhance those 
benefits, leading to efficient scalable production of therapeutic vesicles for reparative 
processes. 2D: 2-Dimensional. Figure reprinted from “Efficient scalable production 
of therapeutic microvesicles derived from human mesenchymal stem cells” by Cha et 
al. (2018); licensed under CC BY 4.0.
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Key differences that could affect neuroregeneration and 
functional outcomes
It is important to realize that even when functional outcomes 
appear quite similar in rodents and primates used for clini-
cal translation purposes, the pathophysiology and anatomy 
involved may be markedly different, limiting the potential 
for generalization. Even for the simplest skilled movements, 
primates engage much more complex neural circuits of the 
parietal and frontal lobes in the cerebral cortex, contrary to 
what occurs in rodents. Thus, although specific functional 
improvements might seem similar in primates and rodents, 
they could have a different neurological basis, ultimately af-
fecting interpretation and potential for translation. 

For example, in animal models with an incomplete SCI 
lesion, the enhanced neuroplasticity and recovery observed 
in primates compared to rodents can be explained due to 

the reliance of primate models on the cortex for maintaining 
motor function. This allows for spared descending CST fibers 
to “rewire” after incomplete SCI. In conjunction with, e.g., a 
regenerative treatment or physiotherapy, this characteristic 
of primates can lead to positive functional outcomes, given 
the more efficacious neuroplasticity compared to the rodent 
models. Therefore, targeting neuroprotection and neural 
plasticity could possibly lead to even better results in such a 
case. In addition, the fact that new synapses are formed after 
an injury and the spared fiber tracts can be reorganized at 
multiple sites in the brain to maximize function and com-
pensate for the lack of mobility in incomplete injuries (Belci 
et al., 2004), is important to consider for data analysis and 
assessment of outcomes after a regenerative therapy is test-
ed. It is crucial for the analysis to include adjacent areas of 
the cerebral cortex and other fiber tracts (Jones and Adkins, 
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2015; Seitz and Donnan, 2015) in order to accurately inter-
pret restorative outcomes in primate models. In addition, tar-
geting restoration of sensory function for improving mobility 
by inducing regeneration of a few ascending fibers across 
the injury site is something that would not be as impactful 
in rodents. Sensory discrimination is much more critical for 
manual dexterity in primates, potentially leading to a more 
significant change that could improve mobility and func-
tional outcomes (Darian-Smith and Ciferri, 2005). Knowing 
the unique characteristics of each species involved in the 
translation pipeline allows for scientific questions to be more 
focused and results interpreted more appropriately.

Although, qualitatively speaking, the cascade of events 
after CNS injury is highly similar in rodents and humans, 
the rodent species-specific neurobiological regenerative pro-
file is markedly different (Kaplan et al., 2015). In particular, 
after CNS injury in both rodents and humans, degenerative 
processes such as vascular response, inflammation, demye-
lination, axonal degeneration, glial scar, cyst formation (in 
rats but not mice), and Schwann cell response are observed, 
as well as regenerative processes such as axonal sprouting, 
remyelination, and plasticity of uninjured systems. For ex-
ample, after SCI, cytokine expression has been found to be 
similar in humans and rodents (Kjell and Olson, 2016; Du 
et al., 2017). In addition, angiogenesis in the injured human 
spinal cord appears to develop over a similar time frame as 
in injured rodents (Kakulas, 2004; Norenberg et al., 2004). 

In terms of the regenerative processes, in humans there is 
some evidence of endogenous regeneration in the injured 
spinal cord, just as observed in animals, most clearly in sen-
sory afferents. Tator (1998) has reviewed this phenomenon 
of spontaneous recovery. Neuroplasticity is observed both 
in humans and animal models. Plasticity has been observed 
in spinal cord circuitry, and the plastic changes may include 
growth of sensory fibers (Filipp et al., 2019). Another inter-
esting aspect is that not only spinal cord circuitry, but also 
cortical circuitry shows plastic changes and reorganization 
in humans with SCI (Filipp et al., 2019). Remyelination 
by Schwann cells is another regenerative process shown to 
occur in humans with SCI, and also in the animals used in 
preclinical research. Rodents and primate species demon-
strate similarities in terms of the extents of spontaneous 
axonal sprouting, alterations in the extracellular matrix, 
activation of glia, and migration of Schwann cells into injury 
sites (Fawcett and Geller, 1998; Beattie et al., 2000; Orr and 
Gensel, 2018; Alizadeh et al., 2019). Another example of 
how similarly rodent CNS neurons react to injury is that the 
regeneration associated genes growth associated protein 43 
and c-Jun are transiently expressed in Clarke’s nucleus after 
SCI just as in humans (Schmitt et al., 2003).

Nevertheless, certain differences at the molecular level 
differentiate the microenvironment around CNS lesions in 
different species. Some examples of such differences that 
set humans apart in terms of the reaction after CNS injury 
are the prolonged Wallerian degeneration, less pronounced 
inflammation, less extensive glial scar formation, extensive 
Schwannosis, and the prolonged presence of myelin-asso-
ciated glycoprotein. These differences can lead to different 
functional outcomes. With specific regard to the degenera-
tive processes that differ in humans, the astroglial response 
is markedly delayed and reduced compared to rodents, and 
only a mild astroglial scar develops (Puckett et al., 1997; Buss 

et al., 2004). In addition, chondroitin sulphate proteogly-
cans, which are known outgrowth-inhibitory molecules, are 
expressed after SCI in humans, but are associated primarily 
with other cells such as Schwann cells and not astrocytes 
(chondroitin sulphate proteoglycans are detected mainly in 
blood vessel walls) (Bruce et al., 2000). Schwannosis and 
Wallerian degeneration are highly pronounced in humans, 
but much more limited in rodents. In fact, Wallerian de-
generation can be found years after injury in humans (Buss 
et al., 2004, 2005). One of the most significant degenerative 
differences that affect the translatability of tested interven-
tions from rodents to humans is the lack of cyst formation in 
mice contrary to what happens in humans and in rats; given 
the fact that the cyst is responsible for the cascade of events 
that result in functional challenges in patients, mice do not 
undergo similar processes (Hagg and Oudega, 2006).

Thus, although different species undergo similar patho-
physiological processes after CNS injury, the anatomical 
and size-related differences stressed in this article, as well as 
the potential differences in the extent of secondary damage 
caused by mechanisms such as cytokine activation (Fitch 
and Silver, 1999; Alizadeh et al., 2019), support a continued 
need to study primate models. 

Restorative Outcomes Assessments to 
Encourage Clinical Translation
Even if the correct questions are being asked, the method-
ology for the regenerative treatment in question is robust, 
and the best preclinical models have been used in the “ro-
dent-monkey-human” pipeline, there is still one crucial step 
that can impede clinical translation. This regards the quanti-
tative effect of the regenerative therapy, the measurement of 
the functional outcomes and the progress of the subjects, as 
well as the objectivity and reproducibility associated with the 
treatment. 

The state-of-the-art methodology for assessing functional 
outcomes following a CNS intervention entails standardized 
and widely used clinical scales. Scales for stroke functional 
assessment include the Scandinavian Stroke Scale, Barthel 
Index, National Institutes of Health Stroke Scale, and mod-
ified Rankin Scale (Theofanidis, 2017; Zietemann et al., 
2018), whereas for SCI the American Spinal Injuries Associ-
ation impairment scales for sensory and motor function (El-
laway et al., 2011) are widely employed. Such scales, which 
rely on the acumen of the examiner and his or her level of 
expertise, are used to assess functional recovery in clinical 
trials. At the same time, similar modified scales are used 
for preclinical models (e.g., modified neurological severity 
scores for stroke (Tang et al., 2018) or Basso, Beattie, Bres-
nahan Locomotor Rating Scale for chronic SCI) (Gianaris 
et al., 2016) with similar limitations. In order to quantify 
reparative functional outcomes and accomplish reliability 
and reproducibility at a worldwide level, which is crucial for 
clinical translation, these scales need to be supplemented by 
non-invasive, objective and reliable neuroimaging parame-
ters to provide new, more comprehensive scales. 

A vast variety of brain tissue parameters (i.e., biophysical 
parameters, size and brain structure) can be characterized 
based on architectural and connectional factors, using current 
structural imaging techniques (Kim et al., 2010; Schmierer 
et al., 2010; Wen et al., 2014). By contrast, functional image 
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analysis can further explore connectivity and evaluate motor 
circuitry from a functional perspective (Li et al., 2014a, b; 
Stephan et al., 2015), supplementing the structural results. 
Therefore, by including assessment of the gray and white mat-
ter, the structural, functional and behavioral effects of a ther-
apeutic intervention can all be combined in an imaging-based 
scale that objectively and non-invasively quantifies plasticity, 
regeneration and repair before and after an intervention for 
CNS injury is tested. If all these parameters are studied in 
nonhuman primate models, while being coupled with bio-
logical markers of neural plasticity (e.g., synaptophysin as a 
marker of synaptic density), neuroregeneration (e.g., quanti-
tative analysis of c-Fos as a marker of cell activation, synap-
tophysin as a marker of synaptic density, quantitative analysis 
of 5-bromodeoxyuridine positive neural progenitor cells in 
the subventricular and subgranular zones as a marker of cell 
proliferation) and inflammation (e.g., cerebrospinal fluid and 
blood inflammation-related markers), the outcomes could be 
even more valuable for developing a holistic scale with func-
tional, neuroanatomical and biological bases. This could fa-
cilitate the future use of solely non-invasive methodologies in 
animals and humans to accurately characterize the CNS tissue 
condition in an objective, quantitative way.

Not only can the benefit of a treatment be quantified effec-
tively this way, along with assessment of clinical progress, but 
also the therapeutic intervention itself can be tracked non-in-
vasively in real time to better understand its mechanisms 
of action and allow for future improvements. For example, 
certain hydrogels have already been visualized with imaging 
modalities (Cook et al., 2017), tracking their degradation rate 
to quantify their contribution to the structural repair of the 
lesion and consequent functional neurological improvements, 
thereby enabling modifications of the therapeutic methodolo-
gy based on real-time feedback. Even stem cells can be traced 
by utilizing nanotechnology to allow for imaging modalities 
to track their trajectories, thus gaining in-depth understand-
ing of the mechanisms of action for the development of future 
targeted treatments (Nicholls et al., 2016).

In addition, image analysis can contribute to the clinical 
translation pipeline with well-informed brain atlases for sev-
eral different species (Makris et al., 1999, 2010), potentially 
enabling the establishment of structural and functional links 
between species. This could allow for more effective tailoring 
of therapeutic protocols when moving from rodents toward 
larger mammals and ultimately humans, thus minimizing 
safety risks, maximizing therapeutic potentials, and acceler-
ating the translation path. 

Conclusions and Future Directions
Neuroregeneration and neural tissue engineering are highly 
promising research fields that keep moving medicine for-
ward in ways that scientists could not have predicted years 
ago, challenging common knowledge (i.e., the inability of the 
CNS to regenerate). 

Several hydrogel matrices potentially suitable for CNS 
repair applications and with translational potential have 
already been developed. The structural support, the nourish-
ing effect and the tunability that a biocompatible hydrogel 
has to offer could be utilized in the future to enhance the 
therapeutic effects of promising regenerative therapies. A 
suggested combination for future study could be the use of 
such a hydrogel system with MSC-derived exosomes in an 

attempt to safely retain the exosomes in the lesion site for 
periods of time that would be adequate for effective nerve 
repair. This could take advantage of a nanoscale acellular de-
livery system, which would maintain the positives and avoid 
the negatives of cell-based therapies, while maximizing the 
therapeutic impact due to coupling with the hydrogel sys-
tem. Nevertheless, successful clinical translation of any pio-
neering strategy does not rely solely on novel methodologies 
and revolutionizing tools. 

The prerequisites for successfully translating a promising 
novel therapeutic strategy are: 1) the hypothesis needs to be 
correct and to the point in terms of clinical significance to 
maximize the impact; 2) the developed methodology needs 
to be robust, reliable and reproducible so that the interven-
tion can be safely and effectively applied globally; 3) the 
results need to be validated in a nonhuman primate model 
appropriate for the condition being studied, after taking into 
account potential interspecies differences that might affect 
translatability; and 4) the assessments for restoration of 
function need to be both qualitative and quantitative, relying 
not only on highly subjective clinical functional scales, but 
also on objective and reliable scales guided by advanced im-
age analysis.

There is much more progress needed for these conditions 
to be met and solutions to the currently unsolved problem 
of CNS repair to be found. There are also challenges that 
should be taken into consideration before considering any 
regenerative therapy as panacea for CNS repair. For exam-
ple, even though the discussed regenerative therapeutics at-
tempt to resolve the ineffective CNS nerve repair within the 
hostile micro-environment of the CNS, and could well be 
implemented in damaged CNS tissue regardless of causation, 
certain underlying neurodegenerative conditions should 
be taken into account when implementing such treatments 
given potential pathophysiological changes that may alter 
the functional post-treatment outcome. Nevertheless, the in-
corporation of image analysis tools (e.g., DTI tractography) 
along with adoption of the suggested “rodent-monkey-hu-
man” translation pipeline could move the scientific com-
munity in a more productive direction, and maximize the 
success rates of clinical trials in regenerative neurology.
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