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Introduction

Abstract
Regeneration and repair is the ultimate goal of therapeutics in
trauma of the central nervous system (CNS). Stroke and spinal
cord injury (SCI) are two highly prevalent CNS disorders that
remain incurable, despite numerous research studies and the
clinical need for effective treatments. Neural engineering is a
diverse biomedical field that addresses these diseases using
new approaches. Research in the field involves principally rodent
models and biologically active, biodegradable hydrogels. Promising
results have been reported in preclinical studies of CNS repair,
demonstrating the great potential for the development of new
treatments for the brain, spinal cord and peripheral nerve injury.
Several obstacles stand in the way of clinical translation of
neuroregeneration research. There seems to be a key gap in the
translation of research from rodent models to human applications,
namely non-human primate models, which constitute a critical
bridging step. Applying injectable therapeutics and multimodal
neuroimaging in stroke lesions using experimental rhesus monkey
models is an avenue that a few research groups have begun to
embark on. Understanding and assessing the changes that the
injured brain or spinal cord undergo after an intervention with
biodegradable hydrogels in non-human primates seem to represent
critical preclinical research steps.
Existing innovative models in non-human primates allow us
to evaluate the potential of neural engineering and injectable
hydrogels. The results of these preliminary studies will pave the way
for translating this research into much needed clinical therapeutic
approaches. Cutting edge imaging technology using connectome
scanners represents a tremendous advancement, enabling the
in vivo, detailed, high-resolution evaluation of these therapeutic
interventions in experimental animals. Most importantly, they also
allow quantifiable and clinically meaningful correlations with humans,
increasing the translatability of these innovations to the bedside.
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The limited regenerative capacity of the CNS makes neurological
conditions devastating, offering limited therapeutic options to
patients. As shown in figure 1, it is not only the mechanical gaps
that disrupt neuronal function in brain or spinal injury, but also
the triggered cascade of events that leads to secondary neuronal
degeneration and death. Therefore, there is a pressing clinical
need for the development of therapeutic strategies for currently
untreatable disorders of the CNS. Neural tissue engineering is a
highly diverse biomedical field that combines experimental and
computational neuroscience, clinical neurology, biomaterial science,
nanotechnology and many other fields to address neurological
diseases from a new perspective. This field seems to hold the promise
of effective treatments, but there remain strategic steps that need to
be followed to reach the full potential that this technology can offer.
In this review we aim to provide a succinct outline of the most
clinically translatable current animal models, focusing on next steps
that would allow advances in neural repair to progress from bench
to bedside. We focus principally on spinal cord injury (SCI) and
ischemic stroke, because these are the clearest and most reproducible
models for developing initial CNS therapies and also because they
are based on known etiology and widely studied recovery patterns.
Importantly, the results of these studies can be easily quantified
to assess and monitor the progress of cavitary lesions using
neuroimaging tools. These results could then be applied to other
clinical conditions of the CNS involving neurodegeneration (i.e.,
stroke, traumatic brain injury, amyotrophic lateral sclerosis, multiple
sclerosis).
Despite the complexity of the CNS and the challenges of
developing effective neuroregeneration methods, there is a
considerable amount of data regarding disease models focusing on
repair of the nervous system [1-12]. One widely explored approach
involves the utilization of structural support by biodegradable,
biocompatible, injectable hydrogels in stroke and SCI applications,
along with sustained and targeted release of trophic factors and/or
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Why do spinal cord axons not regenerate?

Inactive growth program
Neurons may possess a good
program for regeneration, but
need to have it switched on.
Lack of growth factors
Molecules called neurotrophins
can increase and guide axon
growth. Without them, growing
axons wither.

Myelin

Myelin, the insulation wrapped
around axon, contains molecules
such as Nogo, MAG, and OMgp,
which inhibit axon growth.
The lesion cavity
Neurons do not grow
weell through empty
spaces.

Extracellular matrix

The framework between cells has
surface molecules that can inhibit
axon growth, especially after
injury.

Copyright 2006 by Dr.Ephron Rosenzwe

Figure 1: The figure illustrates the various inhibitory factors blocking axonal regeneration in the central nervous system (CNS). The CNS is unable to regenerate
despite its regenerative potential due to the imbalance of inhibitory and promoting factors for regeneration [34].

stem cells to trigger an endogenous neuroregenerative response [712]. In the following section we will mention some of the significant
achievements in preclinical research work based on small animal
models (i.e., rats, mice) that have allowed us to move closer from
bench to bedside treatment protocols.

Regeneration and repair: Selected preclinical achievements
that open the path to animal models closer to humans
The majority of preclinical data for CNS repair is based on
rodent animal models [13]. Rodents are widely used for preclinical
investigations given their low cost, small size, ease of handling and
rapid growth and reproduction rate. Their use can be highly valuable
Tsintou et al. Int J Stem Cell Res Ther 2016, 3:042

in terms of understanding the neurobiology of disorders in relatively
complex in vivo settings compared to in vitro. The field is advancing
so rapidly that there are already significant accomplishments in terms
of nerve repair within the CNS of animal models.
The pioneering work of Tuszynski, Lu and colleagues is one of
the clearest recent examples of the potential of CNS utilizing tools
offered by neural engineering [14,15]. Using fibrin matrices loaded
with a cocktail of growth factors and green fluorescent protein
(GFP)-expressing neural stem cells (NSCs) in a complete spinal
transection and hemisection rodent SCI model, Tuszynski, et al. have
accomplished, to the best of our knowledge, the longest-distance
axonal sprouting after SCI. Axons emerged by post-operative day
• Page 2 of 8 •
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2 and extended at a rapid rate of 1-2 mm/day, sprouting tens of
thousands of axons from the lesion site over virtually the entire length
of the rat CNS. Despite Tuszynski, et al.’s success in rat models, in a
collaborative attempt with Friedli and colleagues they emphasized the
importance of non-human primate models for the development of
clinically relevant treatments [16].
Carmichael and colleagues have focused their studies on stroke
repair strategies [17]. To this end, they have combined rodent models,
non-human primate models and imaging for further assessment and
monitoring of intervention-related outcomes. To achieve sustained
release of brain-derived neurotrophic factor (BDNF) within the CNS
after ischemic stroke, they used a hyaluronan (HA) hydrogel-BDNF
combination. BDNF was detected over 3 weeks post-operatively,
promoting behavioral recovery and axonal sprouting within the
motor system. Importantly, Carmichael, et al. found that magnetic
resonance imaging (MRI) allowed detection of the hydrogel-BDNF
combination and tracked changes over time in living mice and in
non-human primates, which is not easily achievable with all brainbiocompatible biomaterials. They also observed that in both animal
models, BDNF achieved significant diffusional distances in the brain.
Specifically BDNF was seen up to 2 cm from the infract in the nonhuman primate models, an important fact that suggests translatable
clinical potential in humans.
Admittedly these are only two examples of several promising
results reported in the literature, but an exhaustive consideration of
regenerative studies is beyond the scope of this review. Among the
several experimental rodent disease models and the different ways
researchers have tried to mimic human pathology in order to obtain
clinically-relevant results, there are a few that have paved the way in
neuregeneration and neurorepair research, as discussed below [18].

Main experimental rodent models used for SCI
The gold standard for closely mimicking the most common SCI
injuries is the contusion model. This is the most clinically relevant
model, demonstrating high reproducibility. In addition to this
model, there are compression (prolonged spinal cord compression),
distraction (stretches the cord), dislocation (replicates human vertebral
displacement) and transection or hemisection (complete or partial
cuts of the spinal cord) models. The reproducibility of these methods
varies considerably. Contusion along with compression models
are the most clinically relevant, resulting in the most reproducible
lesions. Nevertheless, it is common practice for researchers to utilize
transection models, because they permit studying SCI regeneration in
complete lesions [18].

Main experimental rodent models used for ischemic stroke
In an attempt to mimic the ischemic insults in the human brain,
many different animal stroke models have been explored. Among
these, the four predominant models for investigating NSC responses
are the middle cerebral artery occlusion (MCAO), common carotid
artery occlusion (CCAO), devascularization via pial vessel disruption
(PVD) and photothrombosis models. MCAO closely resembles the
results of human strokes by causing a striatal infarct that can extend
to the cortex after an adequate amount of occlusion time. CCAO,
which is also known as transient global ischemia, given the “global”
deprivation of blood supply in the entire brain, is a simpler model
in terms of surgery but less clinically relevant. Devascularization by
PVD is an excellent model for assessing functional recovery due to
disruption of specific motor or sensory brain areas by local cortical
ischemic damage. Finally, photothrombosis is an important method
obviating the need for craniotomy, because it uses an argon-ion laser
and photosensitive dye to cause focal cortical damage, enabling an
accurate stroke lesion induction non-invasively [18].
Despite the abundance of preclinical rodent models, there are
differences between rodents and humans in neuroanatomical and
functional complexity that cannot be overlooked. These differences
significantly limit the clinical utility of the preclinical therapies based
on rodent models.
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Why is there a gap between successful rodent preclinical
models and their clinical potential?
The rapid pace of advances in neuroregenerative therapies and
the impressive achievements in small animal models have motivated
researchers to try translating treatments directly from rodents to
humans, albeit with discouraging outcomes. Rodents represent
readily available models that can be used for a deeper understanding
of basic biological mechanisms and for proof of concept for preclinical
research hypotheses. However, attempts at direct clinical translation
to humans have proven problematic or even impossible to date,
principally due to issues of scaling and complexity.
One obvious key problem for the direct clinical translation from
rodents to humans is the significantly smaller size or the rodents’
nervous system compared to humans, limiting generalizability
regarding the repair of critical gap defects in humans. Moreover,
the rat species-specific neurobiological regenerative profile differs
significantly from that in humans [19]. After SCI, for example,
inflammation is less pronounced in humans, even though cytokine
expression is similar, demyelination is probably less, Wallerian
degeneration is much more prolonged, glial scar with chondroitin
sulfate production is less extensive, Schwannosis is extensive, the
inhibitory protein Nogo-A is rarely found in the periaxonal myelin
sheath, and the myelin-associated glycoprotein (MAG) persists
longer, disappearing between 14 days and 4 months post-injury. A
major difference, for example, that makes mice an inappropriate
model for the study of human SCI is the lack of cyst formation that
occurs in humans. Such differences could significantly affect the
translation of results from rodents to humans in a variety of ways [20].
When considering rodent preclinical models, it is important to
note that the brain of a mouse is 1/1000th that of the human and that
in the humans axonal sprouting of a few millimeters is rarely adequate
to repair CNS damage that normally extends over a few centimeters
[21]. Furthermore, the significantly less complex rodent brain, with
many fewer synapses and connections within its neuronal networks,
may respond to certain regenerative interventions in ways that would
not reach the threshold for clinical improvement in humans. Thus,
it is perhaps not surprising that many Phase II and Phase III human
clinical trials based on preclinical rodent data have failed, raising
questions regarding the feasibility of such direct clinical translation
[21].
In an attempt to clarify biological and functional divergence
among species, Friedli and colleagues examined the reorganization
and function of the corticospinal tract (CST) after SCI in rats,
monkeys and humans [16]. CST is known to heavily affect human
voluntary movement ability even though its contribution to
locomotion is debated. In lower mammals, CST is not necessary for
non-complex movement execution. Analysis of SCI lesions in all
models indicated that monkeys and humans have the potential for
synaptic reorganization of the spared CST fibers above and below
the lesion, bridging the area across the hemisection and improving
fine movement control capabilities. By contrast, such reorganization
was not seen in rats. Based on this fact, the rodent models do not
appear adequate for evaluating the restoration of fine motor skills and
voluntary movements after an injury.
Thus, it is evident that there is a substantial need for nonhuman primate models before proceeding to clinical trials, to ensure
minimal risk and maximum success based on the similar underlying
pathophysiological mechanisms in humans and non-human primates.
Due to the higher cost and complexity of experiments with nonhuman primates, there have been suggestions for the incorporation
of other relatively larger animals (compared to rodent model) in
neuroregeneration research (e.g., dogs, cats, pigs), in order to acquire
adequate supportive data for clinical translation to humans.

Larger mammals as means to increase translatability
Larger domesticated mammals such as dogs, pigs, sheep, and goats
have been suggested as effective alternatives to increase the clinical
• Page 3 of 8 •
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translation potential of novel theranostics. Indeed, such animal
models do offer significant advantages compared to rodents due to
their larger gyrencephalic brains with gray/white matter proportions
that are closer to humans. These animals have a longer life span, which
facilitates longitudinal studies critical for most neural engineering
and stem cell applications, and they have greater physiological and
anatomical resemblance to humans [22].
Larger mammals, mainly cats or dogs, have been popular models
in neuroscience due to their ability to withstand extensive surgeries,
their lower cost, and their larger size that allows for more complex
interventions. However, after the mid-1980’s, new regulations and
growing public opinion against the use of companion animals for
basic research purposes led to a reduction in the number of studies
with feline models. Similarly, in recent years there has been a notable
shift away from using dogs and toward the use of swine disease
models, especially mini-pigs [23].
Swine models have been used increasingly in research due to
similarities of their nervous system (especially the brain) to that of
humans. The size and anatomic characteristics of pig brains have
made this model attractive for CNS research [24]. There are certain
limitations, however, due to differences in vascular and vertebral
structure in comparison with humans. Although pig spinal vasculature
is remarkably similar to humans, there are some significant differences.
For example, the pig brain is supplied mainly by the internal carotid
arteries, contrary to humans. In pigs, there is a larger plexus of vessels
in the lower neck, larger bilateral vertebral arteries contributing to
the circle of Willis, notably extensive branching, collaterals and
shunting around larger arteries, and other vascular differences [25].
In addition, the vertebral formula of pigs differs from humans (C7,
T14-15, L6-7, S4, Cy20-23) with the cauda equine originating at the
S2-3 level. Structural difference (e.g., narrow intervertebral spaces
and more prominent vertebral processes) may influence CNS related
protocols, such as those in SCI applications [26].

a

Drug delivery
scaffold (HAMC)

There is also a recent trend toward miniature swine models (minipigs), due to ease of handling and closer approximation to average
human size at full maturity. Conventional swine breeds typically reach
100 kg. or 220 lb. by the 4th month of age and can triple this weight
by full maturity, posing practical challenges. In addition, the minipig’s slower growth curve make this model of particular importance
for capturing the late-stage outcomes of interventions, i.e., outcomes
related to the chronic SCI stage [27]. Husbandry and handling of
mini-swine is also easier due to their favorable temperament [28].
No matter how advantageous these animal models are for ensuring
better quality and more clinically meaningful data, there remain
limitations due to the lack of standardized procedures, and limited
availability of species-specific antibodies, protocols and reagents.
Moreover, certain species-specific pathophysiological or anatomical
differences may influence the regenerative results regarding more
hierarchically complicated structures such as the brain [29]. After
proof of concept with rodents or with larger non-primate mammals,
the next essential step before proceeding to clinical trials is testing
the neuroregenerative method on non-human primates. Non-human
primates provide a model highly relevant to human pathology and
behavior that may permit the development of nerve repair therapeutics
more likely to be successful in clinical trials.

The missing link: Non-human primate models for motor
circuitry repair
Although non-human primates are expensive to maintain and
require an experienced team with specific skills for handling the
animals and evaluating their progress, non-human primate disease
models have provided preclinical results that have helped pave the way
for human CNS repair [30-32]. Such studies remain at a preliminary
stage due to the limited number of animals tested and the limited
number of researchers having access to such models. However, there
are already indications that nerve repair can occur in those models
with significant functional restoration.

Drug delivery
casing

Injury site

Drug delivery
scaffold (HAMC)

b
Injectable
hydrogel

Drug
delivery
casing

CSF filled
intrathecal
space
Dura mater
Spinal cord

CSF flow

Figure 2: This is an illustrative demonstration of an injectable hydrogel applied to an ischemic stroke and a spinal cord injury (SCI) model: a) Stroke model: The
drug-containing hydrogel (HAMC) is placed on top of the cortex, permitting diffusion into the brain. Additionally, other neurotrophic factors and/or stem cells can
be delivered instead according to the focus and hypothesis of the experiment. The arrows in the horizontal cross-section indicate diffusion in all directions; b) SCI
model: The rational is the same as in stroke lesions. The hydrogel is injected into the space between the spinal cord and dura matter called intrathecal space in
order to structurally bridge the lesion site and provide the needed biomolecules through diffusion of the embedded substance [67].

Tsintou et al. Int J Stem Cell Res Ther 2016, 3:042

• Page 4 of 8 •

DOI: 10.23937/2469-570X/1410042

Current developments indicate that the monkey model has great
potential, especially when testing for the recovery of skilled movement.
The under-representation of monkey models in translational
research is a significant gap that impedes progress towards clinical
translation. This is supported by recent lesional and behavioral studies
implementing injectable therapeutics in rhesus monkeys after the
induction of stroke in motor cortex, in the dedicated area for fine
finger movements [33]. There are studies of injectable substances
in the form of a gel material, which can act as scaffold loaded with
growth factors, stem cells and cytokines. These substances can also be
introduced in the form of stem cells directly injected into the cavity or
exosomes from mesenchymal stem cells (Figure 2). The rationale for
using these materials is that they will produce neuronal bridging, i.e.,
filling-in, and thus will generate connectivity across the lesion [10,3441].
To this end, a translational pipeline that would maximize the safety
and the clinical success of any prospective human treatment strategies
has been suggested, as shown in figure 3. A neuroregenerative
therapy could first be tested in small animal models (rodents), in
order to gain an understanding of the repair mechanisms and the
factors contributing to this process. The therapeutic vehicle would
subsequently be tested in non-human primate models that more
accurately represent human pathology, thereby achieving high-level,
complex, clinically significant correlations. With the help of highresolution imaging, such correlations can be quantified to establish
objective scales for assessing the nerve repair potential. This “rodentmonkey-human” translational pipeline seems to be a solid basis for
future translational research on nerve repair.
In a series of experiments, using devascularization via PVD
in non-human primate ischemic stroke models, Rosene, Moore
and colleagues, demonstrated the recovery pattern for hand motor
function [33,42,43]. They also measured the delay for recovery
based on age (130-150 days of recovery for middle-aged animals
compared to the 65-80 days of recovery for younger animals) and
the statistically significant motor functional recovery in a treatment
group with human umbilical tissue-derived cells (hUTCs) compared
to the control group. The hand motor area and, the control of the
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digits in particular, is a vital area of brain research for nerve repair and
neurorehabilitation for improving the quality of life of patients with
CNS disorders and restoring their fine motor skills.
Quantifying the recovery pattern in the aging brain with the use
of imaging is also of high importance given that many CNS disorders
target different age groups of patients [44,45]. This is needed to fully
understand human brain degenerative changes and, ultimately, for
developing repair and neuroprotection methods. Such understanding
could subsequently inform other areas of aging research and the
application of anti-aging drugs or nutrients that could, in turn,
indirectly help in neural repair and neuroprotection processes. One
interesting example in this regard is the neuroprotective nutrient
curcumin, which appears to be beneficial for many CNS conditions
(e.g., SCI, intracerebral hemorrhage, brain ischemia, and various
encephalopathies) [46,47]. Nevertheless, its beneficial effects need to
be evaluated in non-human primates en route to clinical translation.
An important step in this direction is the use of neuroimaging
technology, in particular for the delineation of nervous system
white matter architecture. In fact, the assessment of all changes
in and around a lesion can be done by using current Connectome
scanners (http://www.humanconnectome.org/data/) and multimodal
neuroimaging.

Neuroimaging prepares the ground for clinical translation
The advent of neuroimaging and its tremendous development
over the last thirty years have opened up a huge opportunity in
medical diagnostics and translational research, making in vivo, noninvasive interventions and treatment assessment an everyday reality
[48]. Development of a highly reproducible and reliable non-human
primate model for neuroregeneration is challenging. Neuroimaging
and quantifiable high-resolution image analysis will be critical for
assessing regenerative outcomes in order to translate novel therapies
to the clinical domain.
Current structural imaging allows the characterization of a vast
variety of parameters of brain tissue, in terms of biophysical properties,
size and brain structure based on architectural and connectional
factors [49-51]. Furthermore, using functional imaging and functional

Figure 3: Illustrative demonstration of the suggested pipeline (on the left) for taking a therapy more safely and effectively from bench to bedside. An injectable
hydrogel loaded with growth factors and/or stem cells can be initially tested in rodent models in order to study the pathophysiological mechanisms involved and
establish an initial proof of concept for the proposed treatment strategy. The hydrogel can also be tested in larger mammals (e.g., mini-pigs) after the initial
proof of concept to allow more generalizability to humans. After initial success in rodents and/or larger animals, the hydrogel should be tested in non-human
primate models in order to address more complex questions of relevance to humans that cannot be addressed in other species due to differing neurobiological
regenerative profiles. Finally, if the treatment is safe and successful for these animal models, it can proceed to human clinical trials. At each step imaging data can
help to quantify the results and establish standards that can be clinically meaningful for assessing the progress of the patients and the regenerative potential of
the treatment. In the middle figure, the contrast of such pipelines to current research reality is illustrated. In particular, over 90% of the animals used for research
purposes are rodents based on current estimations. In many cases promising results in rodents have led to clinical trials without further testing in other animal
models, leading to discouraging failures of trials and significant increase in the cost (financial as well as quality of life). The right side of the image is an illustrative
representation of the future. Animals testing may become unnecessary and inappropriate due to advances in the field of tissue engineering. Human-based artificial
tissue development would allow direct testing of novel theranostics within appropriate platforms directly related to human pathophysiology and anatomy. This could
become an ideal setting for maximizing the translational potential of new therapeutic approaches.
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connectivity analyses, motor circuitry can be functionally evaluated
[52-54]. Thus, the structural, functional and behavioral effects of a
therapeutic intervention on an injured brain’s plasticity, regeneration
and repair can be measured in vivo in a non-invasive and objective
way, assessing the gray and white matter [50,55].
There are hydrogels that have been visualized and studied with
MRI, along with some basic CNS lesion characteristics (i.e., volume
of lesion) [17]. In ischemic stroke models, it has been observed that
hydrogels can lead to expansion of the cavitary lesion in the 2-week
post-injection period. Therefore, we need to be able to visualize the
hydrogel and track its degradation rate, as well as to quantify lesion
size, correlate it with functional outcomes and, possibly, with in vivo
visualized cells. Recently, Nicholls, et al. have demonstrated a reliable
in vivo imaging method for tracking transplanted cells without the
use of transfected vector, using DNA-gadolinium-gold nanoparticles
[56]. However, in this study the false negatives were 30%, indicating a
significant underestimation of the transplanted cells population that
needs to be reduced in future work.
A critical notion in comparative neuroimaging is the harmonization of structure across species, which involves the utilization of
well-informed brain atlases in neuroanatomy [57,58]. Brain atlases
have been developed for several species, so that anatomical-clinical
correlations may be possible, along with quantification of the therapeutic outcomes [59].

Monkey brain atlases
Several brain MRI atlases have been developed for different
primate species such as chimpanzees, macaques and marmosets
[60-62]. These atlases can be used to assess the structural as well as
functional integrity of the nervous system of monkeys using MRI
scanners. Considering the great homology of non-human primate
DNA to humans, up to 98% in chimpanzees, we can guardedly
optimistic that an intervention found to be successful in a monkey
model may be appropriate for testing in humans.
Several projects have been launched worldwide, e.g., in the

USDA Animals No. Percentage in
2015 (%)

United States, Europe, China and Japan for creating human brain
maps of both functional and structural connectivity using noninvasive imaging technology. The Human Connectome Project
(HCP) represents one such initiative in the United States (http://
www.humanconnectome.org/data/). The HCP is aimed at setting a
normal baseline for the human brain, and establishing key clinical
correlations with pathological human disease models. Once the
human neural architecture has been investigated at high resolution
both structurally and functionally, it would seem feasible to establish
associations with non-human primate models. This creates a unique
opportunity to develop a translational pipeline between humans
and monkeys that can be used to accelerate the development of new
therapies and interventions for the human CNS.

Ethical considerations-could we develop cures without the
use of animals?
Although regulations exist to protect the well-being of animals
and their ethical use for research purposes (e.g., the Animal Welfare
Act (AWA) in United States), the animal research setting is far from
ideal. AWA does not address animals such as rats, mice and birds
bred for research use, therefore excluding approximately 90-95% of
animals used in research laboratories. This does not mean that the
excluded animals are not protected by other federal laws, however
the regulations are less strict. Given that national annual statistical
reports are based only on animals covered by AWA, there is no way
to have an accurate overall enumeration of animals used for research
purposes in United States. For the 10% of larger animals covered by
AWA (dogs, cats, non-human primates, guinea pigs, hamsters, rabbits
and other warm-blooded animals) the law sets the minimal standards
for housing, feeding, handling, veterinary care or psychological care,
where applicable.
AWA standards have made it more difficult for such animals
to be used for research purposes without appropriate justification
(Figure 3 and Figure 4), thereby gradually decreasing the number of
these animals used for research. Nevertheless, the U.S. Department
of Agriculture (USDA) states that the overall use of animals has not

USDA Animal use in Research

Dogs
Cats
Pigs
Sheep

No.of Animals (thousands)

80
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40
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20
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Cats

Pigs

Sheep

Non-human
primates

Non-human primates
Remaining AWA covered animals

Number in 2015

Number in 2008

Figure 4: The left side of the figure illustrates the most useful models for human neuroscience (i.e., pigs, non-human primates) that are the rarely used in research
settings, due to factors such as increased administrative costs, the necessity for highly trained staff members for animal handling, and the stricter regulations
of AWA. It should be noted that, despite the fact that it is estimated that rodent models represent 90-95% of the animals used in research settings, they are not
included in the graph. Because these animals are not covered by the AWA, accurate national statistics related to their use in research settings are not available.
It is estimated by the USDA however, that their use has increased due to less strict regulations, lower costs, and the development of genetically modified species.
On the right side of the figure the gradual decrease in the number of larger animals used in research settings indicates that the USDA regulations have become
stricter and that researchers are possibly discouraged from using larger animal models in the presence of alternatives such as i.e., rodent models.
Abbreviations used: USDA: United States Department of Agriculture; AWA: Animal Welfare Act.
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changed, but has shifted towards rodents. This could possibly increase
poorly justified use of rodent models as well as methodological
research errors due to the choice of such models as inappropriate
for translational purposes. Therefore, there is a need for further
development of regulatory requirements to ensure the continuous
appropriate and justified use of animals for research purposes, with
proper husbandry techniques. Only highly trained and specialized
personnel should be allowed to handle animals in order to minimize
suffering and stress during the research process. Additional research
aimed at exploring the distress mechanisms of animals during
therapeutic interventions should be considered in order to optimize
animal welfare regulations.
Larger animals, such as non-primates and companion
domesticated animals raise an even higher level of concern for the
society, given their psychosocial presence and privileged position
among humans. Obviously, the use of each animal model should be
carefully considered, and preliminary testing should be conducted in
smaller animals in order to get a better understanding of the potential
mechanisms and limitations. The use of larger animals, especially nonhuman primate models, remain a necessity for fully understanding
disorders of the human central nervous system that affect complicated
neuronal networks and are life-threatening or highly debilitating.
Apart from ethical issues that one needs to consider before
designing an animal-based experiment, there is also the need to find
a solution for the increasing number of failing clinical trials. Such
trials significantly increase not only financial costs, but also the cost
in human and animal lives. Technology seems to be close to offering a
solution, offering the possibility of the development of cures without
the use of animals. Biomedical therapeutics ultimately may lead to
the development and use of artificial organs in research so that, in the
future, not only will animals be unnecessary for research applications,
but the models themselves will be based on human’s pathophysiology
and human-based tissues, resulting in more efficient design of clinical
trials [63-66].

Conclusion
The field of neural engineering and neuroregeneration is
undoubtedly a highly promising research area that integrates
medical rationale and clinical need with the development of clinical
treatments. The rapid advances of the field have yielded a large
amount of data from small animal models (mainly rodents), setting
the basis for a deeper understanding of neurobiology that can address
significant clinical issues in humans. Nevertheless, there markable
accomplishments in CNS repair using such animal models are at
variance with the efficacy of clinical translation. Rodents and other
small animals have different nervous system anatomy and pathology,
and respond to neural injury, differently from humans, therefore
clinical trials cannot be based solely on small animal models. As
neural engineering and neuroregeneration research have progressed,
there is an escalating need for the development of a more complex,
structured pipeline for clinical translation. This pipeline should entail
a series of steps, including in vitro and in vivo small animal models,
as well as in vivo non-human primate models and imaging in all in
vivo steps, to assess potential clinical human applications. Although
non-human primate models may appear to be less cost-effective for
research use, there is a significant long-term gain to be realized. This
is due to the significant health-related and high financial risk involved
in the direct translation from small animal models to humans. Until
research without animal use is made possible with artificial humanbased organs, the establishment of a “rodent-monkey-human”
pipeline would accelerate the field of CNS regeneration and repair
research, overcoming significant barriers in this much needed and
important endeavor of biomedical research.
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