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Abstract: Spinal cord injuries (SCI) are a Gordian knot for concerned scientists. Many species of animals have been
used to study their repair mechanisms. In the core research area, most experiments use rabbits, rats, mice, dogs,
and pigs. These animals pose some problems, such as high costs and difficultly of postoperative care. Finding a
promising animal model with the advantages of frequently-used animal models, while avoiding disadvantages, is
important and urgently required to understand underlying neurodegenerative mechanisms of SCI. Zebrafish, due
to certain characteristics, have attracted more and more attention. This review introduces the basic features and
advantages of zebrafish, making it a promising animal model that will play a significant role in the study of SCI in
future research.
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Introduction
Spinal cord injuries (SCI), resulting in axonal,
neuronal, and glial cell injuries, are devastating
to individuals [1]. Every year there are 12,000
new cases of SCI in the USA. The total number
of Americans living with SCI is estimated at
276,00, with the global scenario far worse,
approximately 500,000 suffering from SCI
annually [2]. Curing this disease, while helping
people recover limb function and rebuild confidence, is a key problem for clinical doctors and
researchers. Many kinds of studies have been
performed to explore the repair mechanisms of
SCI. Robinson used stem cells, Bartlett used
tissue engineering technology, and Li used
drugs [3-5]. For safety and reasons concerning
medical ethics, most research cannot be done
in humans, only in animals. However, few studies have clearly expounded how to choose a
suitable animal to study and why. The more
suitable the animal selected, the better the
results with high reference value for the
disease.
Rats, rabbits, mice, dogs, and pig are frequently used animal models with common problems,

including high costs, difficult postoperative
care, and less reference value to human disease [6-9]. In recent years, scientists found
zebrafish to have the benefits of frequently
used animal models while avoiding their shortcomings, showing great potential in medical
areas. Zebrafish are vertebrates with 87%
genetic similarity to humans, suggesting that
some experimental results from zebrafish may
also apply to humans [10-12]. This review briefly describes the value and shortcomings of frequently used animal models and significantly
expounds the zebrafish as an animal model
with a significant role and bright future in the
study of SCI.
Frequently used animal models
Rats, rabbits, mice, dogs, and pigs are frequently used animal models in medical experiments (Figure 1). Gao used rats to demonstrate
that the combination of melatonin and Wnt-4
could promote neural cell differentiation into
bovine amniotic epithelial cells with positive
effects after SCI [13]. The present research
team found that rats are cheaper and easily
cared for after operations to repair SCI, though
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anti-infection ability and vitality. They could be useful
for large-scale experiments,
with imponderable advantages, compared to other
animal models, despite their spinal cord anatomy and
function being far from
human [21].

Figure 1. Frequently used animal models in SCI.

this result is in the experimental stage and far
from clinical application [14]. Utada combined
insulin-like growth factor-1 with erythropoietin
to protect against ischemic spinal cord injury in
rabbits, finding that Janus activated kinase 2
might contribute to protective effects [15].
Fandel transplanted human stem cells to mitigate mouse bladder dysfunction and central
neuropathic pain after SCI [16]. Kim used dogs
for experiments, suggesting that early intravenous injection of adipose-derived mesenchymal stem cells after acute SCI may prevent further damage through enhancement of anti-oxidative and anti-inflammatory mechanisms [17].
Cho used Chitosan in pigs to provide a novel
medical approach of reducing the catastrophic
loss of normal behavior after acute spinal cord
and brain injuries [18]. A rough summary of previous research shows that rats have been widely used, followed by rabbits, mice, dogs, and
pigs. Monkeys and apes have been used in a
few experiments [19, 20]. Each animal model
has merits and shortcomings. Monkeys and
apes have a similar anatomy and physiological
function of the spinal cord to humans, suggesting that experimental results have higher reference value to clinical treatment. Shortcomings
have higher costs and difficult management
after operations. Quadrupedal pigs and dogs
give experimental results with less meaning
than higher animals, but the costs are relatively
low. Lower animals, such as rabbits, mice, and
rats, have the advantages of being individually
small, easily managed, low costs, with strong

7609

For observing paraplegia
limb functional recovery,
apes and monkeys are the
best model since they can
stand. Pigs and dogs, which
stand and walk on four
limbs, are next [22]. Regarding cost, rats, mice, rabbits, and dogs are better
than higher animals due to
their cheap price and widespread use [23]. For
experimental purposes, studies on the reconstruction of the micturition reflex arc after SCI
use dogs and rats. Establishment of a central
pain model usually selects rats, while spinal
firearm wound models often use pigs [24-26].
Overall, low-level animals are chosen in the primary stage of experiments and higher animals
when experiments are closer to success.
Researchers have been investigating whether
there is an animal model with the merits of frequently used animal models, which have similar anatomy and physiological function of the
spinal cord to humans, but also the merits of
being individually small, easily managed, and
low costs. These advantages make results
more valuable to spinal cord studies in humans.
Zebrafish
Effectively establishment of animal disease
models are conducive to further study of diseases, especially in SCI. Compared with rats,
rabbits, dogs, and other classic model organisms, the zebrafish is a vertebrate with the merits of small size, being transparent to allow
observation of organ development in vitro, having high fecundity, and a short generation time
[27, 28]. Additionally, they reveal high similarity
of characteristics with humans in their genome,
proteome, and pathogenesis, making them an
ideal organism for researchers of embryonic
development and physiology, leading to their
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Figure 2. Zebrafish used in biomedical research.

widespread use in biomedical areas [29-31]
(Figure 2). Many experiments have used zebrafish to do research, obtaining some promising
results. Bournele used zebrafish to research
cardiovascular disease, as its heart can regenerate throughout its lifetime, providing novel
insight to understand human cardiac regeneration [32]. Sumio Isogai used zebrafish to elucidate the nature of the lymphatic system and
provide a firm morphological foundation for
molecular genetic research of lymph angiogenesis [33]. Sander outlined the current knowledge on zebrafish kidney formation, describing
methods for inducing acute injury and focusing
on the unique capacity of zebrafish adult kidneys to undergo de novo nephron formation
when damage occurrs [34]. Lim demonstrated
that Spred-2 signaling is important for cell proliferation, neuronal differentiation, plasticity,
and survival in the cell proliferative phase during neural repair in injured zebrafish brains
[35].
Zebrafish, used in SCI, have revealed many
merits, such as repair of severed axons, replenishing lost cells, and inducing neurogenesis
after injury, thereby regaining functional loss
[36, 37]. Through analysis of pathophysiological processes in zebrafish after SCI, this was
found to be quite different from frequently used
7610

animal models (Table 1). The
pathophysiology in zebrafish
is as follows [38, 39]: ①
Present a brief inflammatory
response to SCI and provide
a positive environment for
neurogenesis; ② Two types
of macrophages appear in
the lesion which provide
an environment to promote
axon regrowth: proinflammatory macrophages (M1) and
anti-inflammatory macrophages (M2), especially the latter; ③ Increase expression
of anti-apoptosis factor Bcl-2
and Akt, leading to minimal
cell loss and motor neuron
survival; and ④ Hyperplasia
of glial cells and formation of
glial scars are key factors
that inhibit axon regeneration after SCI in mammals,
but this situation could not
be observed in zebrafish
which generate a permissive environment for
axonal regrowth. FGF has been considered a
key factor regulating glial cell proliferation,
migration, and morphological changes that
lead to the formation of glial bridges on spinal
cord injury sides and allows regeneration of
axons passing through the lesion. Thus, glial
cells play different roles in different central nervous systems.
Sasagawa suggested that activation of e2f4
after SCI may be responsible, at least in part,
for significant recovery in zebrafish. Lin demonstrated that contactin-2 contributes to locomotor recovery and successful regrowth of axons
after SCI in adult zebrafish. Yu reported that
miR-133b suppresses the molecules which
inhibit axon regrowth to promote the capacity
of adult zebrafish locomotor function to recover
after SCI [40-42]. Using zebrafish to study the
development of the nervous system and to
establish a model of SCI will provide a new theoretical basis to further explore the repair
mechanisms of nerve injuries. Analysis shows
that zebrafish are a promising animal model in
SCI, as follows. Zebrafish are cheaper, they
quickly proliferate, and are easy to maintain.
Zebrafish are a tropical freshwater fish, often
raised in people’s homes for enjoyment. CoInt J Clin Exp Med 2018;11(8):7608-7615
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Table 1. Comparison of pathophysiological process in zebrafish and frequently used animal models
after SCI
Zebrafish

Frequently used animal models

Present a brief inflammatory response

Cause severe inflammation

Macrophages involved in clearing myelin debris appear in the wound site

Proinflammatory macrophages appear in the wound site

Upregulate anti-inflammatory M2 type macrophages related molecules

Cell death cause huge neuronal and glia loss demyelination

Very minimal cell loss due to necrosis and apoptosis after injury

Release of toxic myelin breakdown product axonal degeneration

Proliferative response and extensive neurogenesis

Formation of fibroastrocytic scar

Generate permissive environment for axonal regrowth

Loss of astrocytes and oligodendrocytes and a much higher proportion of neurons

mpared to other animals, they have many
advantages when used in SCI [43-45]: ① Pigs,
monkeys, and dogs are ideal animal models to
research SCI. However, a big body is a problem,
as you must find a large lab to raise them which
is inconvenient. An adult zebrafish’s size is just
3 cm to 4 cm. It needs a small place with much
convenience to the researcher; ② Larvae can
feed 120 hours after fertilization and live for
five days without feeding by consumption of the
yolk. This gives zebrafish the benefit of avoiding
the breeding problems of monkeys, apes, and
rats, which require heavy daily work from laboratory staff. In addition, zebrafish living conditions are a pH from 6.5 to 7.5 and water temperature from 25°C to 31°C, easily achieved
and maintained; ③ SCI research needs a large
number of animals which usually do not come
from a common ancestor. For example, one rat
could not produce as many offspring at one
point. One would need to wait a long time for
the same source, which is important for
research, deciding whether results are meaningful. Zebrafish generation intervals are short,
usually three months. They could produce large
numbers of eggs per brood, usually 100-200
eggs per clutch, to provide enough animal models to perform all analyses at each data point,
ensuring the animals come from the same
zebrafish; ④ SCI experiments have a certain
mortality rate after surgery often caused by urinary system infections, especially in the complete spinal cord transected injury model.
Therefore, one needs to increase the number of
animals to prevent death when designing the
experimental phase, leading to high costs. High
reproducibility and quick development make
zebrafish cheaper; ⑤ Embryos are transparent
and observable from early larval stages, which
allows a readout of morphogenetic processes
that occur earlier in development. Furthermore,
organs and tissue can be visualized in vivo and
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examined instantly. This merits not only the
study of repairing mechanisms of SCI, but also
investigating the developing spinal cord from
embryo to adult. Fully understanding spinal
cord development processes is the basis of
repairing SCI.
Zebrafish gene functions have similarity with
humans
The purpose of animal experiments is to apply
results to humans. However, species differences hinder the progress of research. Monkeys
and apes are closer models, but fees are high
and they are difficult to care for. Rats and rabbits are cheaper, but the results have less value
than monkeys and apes. In a previous study,
Howe reported that the zebrafish genome contains approximately 26,000 genes, while 70%
of human genes have at least one unambiguous zebrafish ortholog. Varshney compared
3,176 potential human disease genes listed in
Online Mendelian Inheritance in Man (OMIM)
database to the list of zebrafish genes, showing
that there are 2,601 (82%) present in zebrafish
[46, 47]. These results have an important consequence. Zebrafish gene similarity with humans gives potential for studying vertebrate
development, biological pathways, and human
disease. Precisely speaking, using zebrafish as
an animal model for experiments has large
value in researching human disease. For example, Bakkers and Santoriello found that zebrafish genes are remarkably similar to humans,
making an excellent vertebrate model suitable
for human congenital anomaly functional studies [48, 49]. Recent research in zebrafish has
revealed several new intrinsic factors involved
in successful axonal regeneration, such as cysteine and glycine-rich protein 1a, contaction-2,
major vault protein, and miR-133b, whose functions in mammalian neurons require further
investigation [50].

Int J Clin Exp Med 2018;11(8):7608-7615

Zebrafish as a promising animal model for study of spinal cord injuries
area and extend caudally.
This process requires approximately 4-6 weeks after
complete spinal cord transection, typically accompanied by anatomical restoration at the lesion site and
impressive functional (swimming) recovery [54]. However, not all axons could
regenerate in the zebrafish
spinal cord after injury.
Becker’s group found that
32%-51% of neural cells in
the nucleus of the medial
longitudinal fascicle, magnocellular octaval nuclei, and
Figure 3. Overview of some of the major processes involved in spinal cord
intermediate reticular nuclei
regeneration of teleost fish (picture from Zupanc, G.K and Sirbulescu, R.F.’s
could regenerate axons acmanuscript that was published in European journal of Neuroscience, 2011,
ross the lesion and up to 4
34(6): 917-29.
mm into the caudal stump.
However, neurons in the red
Sequencing of the zebrafish genome has pronucleus, dorsal root ganglion neurons, and
vided several molecular tools (microarray, nextmauthner neurons failed to regenerate axons
generation sequencing, transgenic animals,
[55]. This result suggests that zebrafish can be
and morpholions) to perform functional studies
used as an animal model to research mechathat can verify the level of involvement of cernisms of successful and failed axonal regenertain molecules and pathways in axonal regenation after SCI in the same fish when the extrineration [51, 52]. Fully understanding the relasic factors are constant, avoiding differences
tionship between zebrafish and human genoencountered between two animals. This benefit
mes will help identify roles for human genes
will give results a higher reference value.
from zebrafish mutations and help identify
Research on molecular and signal pathway
zebrafish models for genes identified by human
synergistic effects
disease. In the early stage of experiments,
zebrafish could be used as an animal model to
From Zeynab’s study, it is known that zebrafish
research genes that have a positive or negative
have two types of pathology after SCI: acute
role in SCI. If results are promising, the study
response phase (less than 24 hours) and
could be used in higher animals for future
chronic phase (more than 1 day) [56]. Different
research and application in humans. Zebrafish
molecular and signal pathways have different
gene functions are similar to humans, suggestfunctions that have been researched in the
ing that study results are more meaningful and
acute and chronic phase after SCI: ① Wnt/βhave a higher reference value than with rats
catenin signaling, L1.1, L1.2. The major vault
and dogs.
protein (MVP), contacion-2, and high mobility
group box 1 (HMGB1) had positive effects on
Successful and failed axonal regeneration exaxonal re-growth while Ptena has an inhibitory
isting in spinal cords
effect; ② Neurogenesis is stimulated by Wnt/
Zebrafish have a high-level ability for neurogenβ-catenin signaling as well as HMGB1, but
esis and synapse formation as well as maininhibited by Notch signaling; ③ Glial cells proliftaining low levels of apoptosis in response to
erate in response to fgf signaling, which causes
nerve injuries. These make the zebrafish a
glia bridge formation in favor of axonal regenpromising animal model for study spinal cord
eration; ④ In the acute phase, HMGB1 stimuregeneration (Figure 3) [53]. Brainstem neulate inflammatory response around the injury
rons are able to regenerate axons across SCI
and suppress regeneration, as well as LPA,
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which also induces microglia activation and
neuronal death in addition to glia cell proliferation, but prevents neurite sprouting. The relationship between these functions and whether
they have synergistic effects is not clear and
needs to be explored.

[4]

[5]

Conclusion
Many types of animals are used in SCI. Rats are
the most common, followed by rabbits, rats,
mice, dogs, monkeys, and apes. Disadvantages
of these animal models inhibit their widespread
use. The zebrafish is a promising animal model
used in many biomedical areas, showing positive results. In the repair of SCI, it has the
advantages of being cheaper, quick to proliferate, and easily maintained. Zebrafish could be
easily applied in experiments. Gene functions
are similar to humans, giving results that are
more meaningful and of higher reference value
than other models. They have a high-level ability for neurogenesis and synapse formation,
allowing in-depth research of repair mechanisms of SCI. Zebrafish spinal cords have the
merit of axonal success and failed regeneration
at the same time, thus they can evade the differences between two animals when studying
regeneration. In conclusion, the zebrafish is a
promising animal model in targeting functional
regeneration of the spinal cord in humans.
Acknowledgements
Supported by: National natural science foundation of China (81701896), The Fundamental
Research Funds for the Central Universities (xjj2018jchz03) and Shaanxi natural science basic
research foundation (2018JQ8069).
Address correspondence to: Wenchen Ji, Department of Orthopedics, The First Affiliated Hospital of
Xi’an Jiaotong University, Xi’an 710061, P.R. China.
E-mail: jiwenchenbaoyan@163.com

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

References
[1]

[2]
[3]

7613

You JS, Kim YL, Lee SM. Effects of a standard
transfer exercise program on transfer quality
and activities of daily living for transfer-dependent spinal cord injury patients. J Phys Ther Sci
2017; 29: 478-83.
Ghosh S, Hui SP. Regeneration of zebrafish
CNS: adult neurogenesis. Neural Plast 2016;
2016: 5815439.
Robinson J, Lu P. Optimization of trophic support for neural stem cell grafts in sites of spinal
cord injury. Exp Neurol 2017; 291: 87-97.

[14]

[15]

Li J, Deng J, Yuan J, Fu J, Li X, Tong A, Wang Y,
Chen Y, Guo G. Zonisamide-loaded triblock copolymer nanomicelles as a novel drug delivery
system for the treatment of acute spinal cord
injury. Int J Nanomedicine 2017; 12: 2443-56.
Bartlett RD, Choi D, Phillips JB. Biomechanical
properties of the spinal cord: implications for
tissue engineering and clinical translation. Regen Med 2016; 11: 659-73.
Dieste-Perez L, Dobak TP, Vilaplana Grosso FR,
Bergmann W, Tobias TJ. Magnetic resonance
imaging appearance of the brain and cervical
spinal cord in an edema disease affected pig.
Vet Radiol Ultrasound 2017.
Shaw TA, De Risio L, Laws EJ, Rose JH, Harcourt-Brown TR, Granger N. Prognostic factors
associated with recovery of ambulation and
urinary continence in dogs with acute lumbosacral spinal cord injury. J Vet Intern Med
2017; 31: 825-831.
Kim H, Choi B, Lim H, Min H, Oh JH, Choi S, Cho
JG, Park JS, Lee SJ. Polyamidoamine dendrimer-conjugated triamcinolone acetonide attenuates nerve injury-induced spinal cord microglia activation and mechanical allodynia.
Mol Pain 2017; 13: 1744806917697006.
Drobyshevsky A, Quinlan KA. Spinal cord injury
in hypertonic newborns after antenatal hypoxia-ischemia in a rabbit model of cerebral palsy.
Exp Neurol 2017; 293: 13-26.
Karttunen MJ, Czopka T, Goedhart M, Early JJ,
Lyons DA. Regeneration of myelin sheaths of
normal length and thickness in the zebrafish
CNS correlates with growth of axons in caliber.
PLoS One 2017; 12: e0178058.
Li EB, Truong D, Hallett SA, Mukherjee K,
Schutte BC, Liao EC. Rapid functional analysis
of computationally complex rare human IRF6
gene variants using a novel zebrafish model.
PLoS Genet 2017; 13: e1007009.
Ebrahimie E, Fruzangohar M, Moussavi Nik SH,
Newman M. Gene ontology-based analysis of
zebrafish omics data using the web tool comparative gene ontology. Zebrafish 2017; 14:
492-4.
Gao Y, Bai C, Zheng D, Li C, Zhang W, Li M,
Guan W, Ma Y. Combination of melatonin and
Wnt-4 promotes neural cell differentiation in
bovine amniotic epithelial cells and recovery
from spinal cord injury. J Pineal Res 2016; 60:
303-12.
Ji WC, Zhang XW, Qiu YS. Selected suitable
seed cell, scaffold and growth factor could
maximize the repair effect using tissue engineering method in spinal cord injury. World J
Exp Med 2016; 6: 58-62.
Lin WP, Chen XW, Zhang LQ, Wu CY, Huang ZD,
Lin JH. Effect of neuroglobin genetically modified bone marrow mesenchymal stem cells
transplantation on spinal cord injury in rabbits.
PLoS One 2013; 8: e63444.

Int J Clin Exp Med 2018;11(8):7608-7615

Zebrafish as a promising animal model for study of spinal cord injuries
[16] Fandel TM, Trivedi A, Nicholas CR, Zhang H,
Chen J, Martinez AF, Noble-Haeusslein LJ,
Kriegstein AR. Transplanted human stem cellderived interneuron precursors mitigate
mouse bladder dysfunction and central neuropathic pain after spinal cord injury. Cell Stem
Cell 2016; 19: 544-57.
[17] Kim Y, Jo SH, Kim WH, Kweon OK. Antioxidant
and anti-inflammatory effects of intravenously
injected adipose derived mesenchymal stem
cells in dogs with acute spinal cord injury.
Stem Cell Res Ther 2015; 6: 229.
[18] Cho SR, Kim YR, Kang HS, Yim SH, Park CI, Min
YH, Lee BH, Shin JC, Lim JB. Functional recovery after the transplantation of neurally differentiated mesenchymal stem cells derived from
bone marrow in a rat model of spinal cord injury. Cell Transplant 2016; 25: 1423.
[19] Ma Z, Zhang YP, Liu W, Yan G, Li Y, Shields LBE,
Walker M, Chen K, Huang W, Kong M, Lu Y,
Brommer B, Chen X, Xu XM, Shields CB. A controlled spinal cord contusion for the rhesus
macaque monkey. Exp Neurol 2016; 279: 26173.
[20] Zong N, Ma SX, Wang ZY. Localization of zinc
transporters in the spinal cord of cynomolgus
monkey. J Chem Neuroanat 2017; 82: 56-9.
[21] Sharif-Alhoseini M, Khormali M, Rezaei M,
Safdarian M, Hajighadery A, Khalatbari MM,
Safdarian M, Meknatkhah S, Rezvan M, Chalangari M, Derakhshan P, Rahimi-Movaghar V.
Animal models of spinal cord injury: a systematic review. Spinal Cord 2017; 55: 714-721.
[22] McMahill BG, Borjesson DL, Sieber-Blum M,
Nolta JA, Sturges BK. Stem cells in canine spinal cord injury--promise for regenerative therapy in a large animal model of human disease.
Stem Cell Rev 2015; 11: 180-93.
[23] Ji W, Hu S, Zhou J, Wang G, Wang K, Zhang Y.
Tissue engineering is a promising method for
the repair of spinal cord injuries (Review). Exp
Ther Med 2014; 7: 523-8.
[24] Hou S, Carson DM, Wu D, Klaw MC, Houle JD,
Tom VJ. Dopamine is produced in the rat spinal
cord and regulates micturition reflex after spinal cord injury. Exp Neurol 2016; 285: 136-46.
[25] Spisák T, Pozsgay Z, Aranyi C, Dávid S, Kocsis
P, Nyitrai G, Gajári D, Emri M, Czurkó A, Kincses ZT. Central sensitization-related changes
of effective and functional connectivity in the
rat inflammatory trigeminal pain model. Neuroscience 2017; 344: 133-47.
[26] Hu W, Wang AM, Wu SY, Zhang B, Liu S, Gou
YB, Wang JM. Debriding effect of bromelain on
firearm wounds in pigs. J Trauma 2011; 71:
966-72.
[27] Weh E, Takeuchi H, Muheisen S, Haltiwanger
RS, Semina EV. Functional characterization of
zebrafish orthologs of the human Beta 3-Glu-

7614

[28]

[29]

[30]

[31]

[32]
[33]

[34]
[35]

[36]

[37]

[38]

[39]

[40]

cosyltransferase B3GLCT gene mutated in Peters Plus Syndrome. PLoS One 2017; 12:
e0184903.
Lima-Cabello E, Díaz-Casado ME, Guerrero JA,
Otalora BB, Escames G, López LC, Reiter RJ,
Acuña-Castroviejo D. A review of the melatonin
functions in zebrafish physiology. J Pineal Res
2014; 57: 1-9.
Welch EL, Eno CC, Nair S, Lindeman RE, Pelegri
F. Functional manipulation of maternal gene
products using in vitro oocyte maturation in zebrafish. J Vis Exp 2017.
Takeuchi M, Yamaguchi S, Sakakibara Y,
Hayashi T, Matsuda K, Hara Y, Tanegashima C,
Shimizu T, Kuraku S, Hibi M. Gene expression
profiling of granule cells and Purkinje cells in
the zebrafish cerebellum. J Comp Neurol 2017;
525: 1558-85.
Morita H, Taimatsu K, Yanagi K, Kawahara A.
Exogenous gene integration mediated by genome editing technologies in zebrafish. Bioengineered 2017; 8: 287-95.
Bournele D, Beis D. Zebrafish models of cardiovascular disease. Heart Fail Rev 2016; 21:
803-13.
Jung HM, Isogai S, Kamei M, Castranova D,
Gore AV, Weinstein BM. Imaging blood vessels
and lymphatic vessels in the zebrafish. Methods Cell Biol 2016; 133: 69-103.
Sander V, Davidson AJ. Kidney injury and regeneration in zebrafish. Semin Nephrol 2014;
34: 437-44.
Lim FT, Ogawa S, Parhar IS. Spred-2 expression is associated with neural repair of injured
adult zebrafish brain. J Chem Neuroanat 2016;
77: 176-86.
Mokalled MH, Patra C, Dickson AL, Endo T,
Stainier DY, Poss KD. Injury-induced ctgfa directs glial bridging and spinal cord regeneration in zebrafish. Science 2016; 354: 630-4.
Hui SP, Nag TC, Ghosh S. Characterization of
proliferating neural progenitors after spinal
cord injury in adult zebrafish. PLoS One 2015;
10: e0143595.
Lee-Liu D, Edwards-Faret G, Tapia VS, Larrain J.
Spinal cord regeneration: lessons for mammals from non-mammalian vertebrates. Genesis 2013; 51: 529-44.
Vajn K, Plunkett JA, Tapanes-Castillo A, Oudega M. Axonal regeneration after spinal cord injury in zebrafish and mammals: differences,
similarities, translation. Neurosci Bull 2013;
29: 402-10.
Sasagawa S, Nishimura Y, Hayakawa Y, Murakami S, Ashikawa Y, Yuge M, Okabe S, Kawaguchi K, Kawase R, Tanaka T. E2F4 promotes
neuronal regeneration and functional recovery
after spinal cord injury in zebrafish. Front Pharmacol 2016; 7: 119.

Int J Clin Exp Med 2018;11(8):7608-7615

Zebrafish as a promising animal model for study of spinal cord injuries
[41] Lin JF, Pan HC, Ma LP, Shen YQ, Schachner M.
The cell neural adhesion molecule contactin-2
(TAG-1) is beneficial for functional recovery after spinal cord injury in adult zebrafish. PLoS
One 2012; 7: e52376.
[42] Yu YM, Gibbs KM, Davila J, Campbell N, Sung
S, Todorova TI, Otsuka S, Sabaawy HE, Hart RP,
Schachner M. MicroRNA miR-133b is essential
for functional recovery after spinal cord injury
in adult zebrafish. Eur J Neurosci 2011; 33:
1587-97.
[43] Tsang B, Zahid H, Ansari R, Lee RC, Partap A,
Gerlai R. Breeding zebrafish: a review of different methods and a discussion on standardization. Zebrafish 2017; 14: 561-573.
[44] Shams S, Rihel J, Ortiz JG, Gerlai R. The zebrafish as a promising tool for modeling human
brain disorders: a review based upon an IBNS
symposium. Neurosci Biobehav Rev 2018; 85:
176-190.
[45] Tseng LC, Tang CH, Jiang YJ. Morphology and
gene expression screening with morpholinos
in zebrafish embryos. Methods Mol Biol 2016;
1470: 213-24.
[46] de Klein N, Ibberson M, Crespo I, Rodius S,
Azuaje F. A gene mapping bottleneck in the
translational route from zebrafish to human.
Front Genet 2014; 5: 470.
[47] Varshney GK, Burgess SM. Mutagenesis and
phenotyping resources in zebrafish for studying development and human disease. Brief
Funct Genomics 2014; 13: 82-94.
[48] Barbazuk WB, Korf I, Kadavi C, Heyen J, Tate S,
Wun E, Bedell JA, McPherson JD, Johnson SL.
The syntenic relationship of the zebrafish and
human genomes. Genome Res 2000; 10:
1351-8.
[49] Santoriello C, Zon LI. Hooked! Modeling human disease in zebrafish. J Clin Invest 2012;
122: 2337-43.

7615

[50] Reed R, Mehra M, Kirshblum S, Maier D, Lammertse D, Blight A, Rupp R, Jones L, Abel R,
Weidner N; EMSCI Study Group; SCOPE, Curt A,
Steeves J. Spinal cord ability ruler: an interval
scale to measure volitional performance after
spinal cord injury. Spinal Cord 2017; 55: 730738.
[51] Wehner D, Tsarouchas TM, Michael A, Haase
C, Weidinger G, Reimer MM, Becker T, Becker
CG. Wnt signaling controls pro-regenerative
Collagen XII in functional spinal cord regeneration in zebrafish. Nat Commun 2017; 8: 126.
[52] Strand NS, Hoi KK, Phan TMT, Ray CA, Berndt
JD, Moon RT. Wnt/beta-catenin signaling promotes regeneration after adult zebrafish spinal cord injury. Biochem Biophys Res Commun
2016; 477: 952-6.
[53] Zupanc GK, Sirbulescu RF. Adult neurogenesis
and neuronal regeneration in the central nervous system of teleost fish. Eur J Neurosci
2011; 34: 917-29.
[54] Hui SP, Dutta A, Ghosh S. Cellular response after crush injury in adult zebrafish spinal cord.
Dev Dyn 2010; 239: 2962-79.
[55] Becker T, Lieberoth BC, Becker CG, Schachner
M. Differences in the regenerative response of
neuronal cell populations and indications for
plasticity in intraspinal neurons after spinal
cord transection in adult zebrafish. Mol Cell
Neurosci 2005; 30: 265-78.
[56] Noorimotlagh Z, Babaie M, Safdarian M, Ghadiri T, Rahimi-Movaghar V. Mechanisms of spinal cord injury regeneration in zebrafish: a systematic review. Iran J Basic Med Sci 2017; 20:
1287-96.

Int J Clin Exp Med 2018;11(8):7608-7615

