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Abstract

Background: Axons play an essential role in the connection of the nervous system with the rest of the body. Axon
lesions often lead to permanent impairment of motor and cognitive functions and the interaction with the outside
world. Studies focusing on axon regeneration have become a research field with considerable interest. The purpose of
this study is to obtain an overall perspective of the research field of axonal regeneration and to assist the researchers
and the funding agencies to better know the areas of greatest research opportunities.

Methods: We conducted a bibliometric analysis and Latent Dirichlet Allocation (LDA) analysis of the global literature
on axon regeneration based on the Web of Science (WoS) over the recent 22 years, to address the research hotspots,
publication trends, and understudied areas.

Results: A total of 21,018 articles were included, which in the recent two decades has increased by 125%. Among
the top 12 hotspots, the annual productions rapidly increased in some topics, including axonal regeneration signaling
pathway, axon guidance cues, neural circuits and functional recovery, nerve conduits, and cells transplant. Comparatively,
the number of studies on axon regeneration inhibitors decreased. As for the topics focusing on nerve graft and trans-
plantation, the annual number of papers tended to be relatively stable. Nevertheless, the underlying mechanisms

of axon regrowth have not been completely uncovered. A lack of notable research on the epigenetic programs and
noncoding RNAs regulation was observed. The significance of cell-type-specific data has been highlighted but with
limited research working on that. Functional recovery from neuropathies also needs further studies.

Conclusion: The last two decades witnessed tremendous progress in the field of axon regeneration. There are still a
lot of challenges to be tackled in translating these technologies into clinical practice.

Keywords: Axon regeneration, Bibliometric analysis, Latent Dirichlet Allocation analysis, Neuronal intrinsic pathways,
Extrinsic environment, Multifactor regulations

Background

The nervous system is composed of two parts: the cen-
tral nervous system (CNS—with the brain, the spinal
cord, the optic and olfactory nerves) and the periph-
eral nervous system (PNS—comprises all the axons

that innervate the whole body). While the PNS is able
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to the nervous system such as trauma, ischemia, neuro-
degeneration, and demyelination [2] leads to permanent
impairment of motor, sensory, cognitive, and automatic
nerve functions [3-5]. Thus, understanding mechanisms
involved in nervous system repair is crucial not only for
the neuroscience field but also for public health. There-
fore, studies focusing on axon regeneration have become
a research field with considerable interest.

For successful regeneration, the damaged axon needs
to go through several critical steps: formation of growth
cone-like structure, long-distance elongation, growth
within the appropriate path, correct targeting to the
proper partner, and functional circuits reconstruction.
This fine and complicated journey is finely tuned by the
expression of specific genes, the axon interactions with
neighboring non-neuronal cells, and the extracellular
environment [6]. Each phase is critical to achieve axon
structural regeneration and functional recovery. Recently,
the diversity of the neuronal populations has been high-
lighted as a key factor to take into consideration as they
react differently to injury. It has been reported that within
the retina, neurons forming the optic nerve, the retina
ganglion cells (RGCs) show a different level of resilience
and growth ability depending on their subtypes [7]. Axon
injury triggers a sequence of molecular events, shifts in
cellular organization, and responses depending on neu-
ronal subtypes. The same pro-regenerative kinase, such
as dual leucine sipper-bearing kinase (DLK), has been
reported for promoting and accelerating axon regenera-
tion in PNS [8], yet its activation alone could result in
RGCs death [9], even if it is critical for regeneration as
its deletion in a system that regenerates (upon mTOR
activation for example) inhibits axon growth [9]. Dec-
ades of studies show that not only one molecular pathway
but also several factors regulate axon regeneration [10].
However, so far, functional recovery remains still chal-
lenging as not all the regenerative pathways have been
unlocked, and circuit’s formation is not achieved yet.
More researches nowadays begin to focus on the multi-
ple regulations to induce more robust axonal regrowth
[10-12], and more scientists and engineers from differ-
ent disciplines have combined their efforts together to
make progress in this field [13, 14]. In order to overcome
these puzzles and explore the optimal strategy for axonal
regeneration, numerous institutions and worldwide
researchers devote themselves to different parts of this
research field.

Obtaining an overall perspective of the studies related
to axonal regeneration is of vital importance to know
the research hotspots and trends but also to assist in
the design of multidimensional targeted strategies. As
the quantitative analysis of academic literature, biblio-
metric analysis is commonly utilized on a given topic to
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evaluate the quantity of publishing literature, their aca-
demic impacts, research fields, or keywords [15]. It can
efficiently elucidate the landscape of the existing publica-
tions, and it may also shed a light on the area requiring
more effort.

Herein, we conducted a bibliometric analysis of the
published literature on axon regeneration based on the
database named Web of Science (WoS) over the past
22 years and applied an unsupervised machine learn-
ing named latent Dirichlet allocation (LDA) analysis to
screen the sheer volume of literature. LDA is a genera-
tive probabilistic model to collect documents which has
been widely used to uncover latent topics on a large scale
[16, 17]. The results will address the research hotspots,
publication trends, and the areas that lack evidences and
might assist the researchers and the funding agencies to
better know the areas of greatest research opportunities.

Methods

Data collection and general data analysis

To obtain eligible studies published from 2000 to 2021,
our study conducted a literature search in the core collec-
tion of WoS, including Science Citation Index Expanded,
Social Science Citation Index, Conference Proceeding
Citation Index-Science, Conference Proceeding Citation
index-Social Science and Humanities, Index Chemicus,
and Current Chemical Reactions. The keywords used in
search strategy were as follows: “axons,” “axon,” “axonal,’
“regeneration,” “regrowth,” “reinnervation,” “repairment,’
“repair,’ and “recovery” The general information of the
search outcomes was extracted as an XLS file, includ-
ing the titles, authors, affiliations, abstracts, publication
years, total citations, journals, countries/regions, funding
agencies, and research fields. The following bibliometric
analysis was performed by using Microsoft Excel 2019
and Python version 3.7 based on the abstract of articles
in the database. The associations between different coun-
tries/regions, funding agencies, or research fields were
visualized by Gephi software version 0.9.2.

Latent Dirichlet allocation (LDA) analysis

In the bibliometric analysis, a credible and good classi-
fication topic needs to identify a meaningful cluster of
words [18]. Similar to the LDA, latent semantic indexing
(LSI) and probabilistic latent semantic indexing (PLSI)
are commonly used in topic modeling techniques either.
However, Blei D. M. et al. [16] proposed that it is not
clear for the reason to use LSI instead of more directly
fitting models such as maximum likelihood or Bayesian
methods. Besides, the PLSI usually has serious overfit-
ting problems due to the linear growth of the number
of parameters with the size of the corpus. To overcome
such disadvantages, the LDA algorithm, a generative
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probabilistic model to collect documents, was proposed
[16, 19]. The continuous data or other non-multinomial
data can also easily be added to LDA. In the LDA algo-
rithm, the “bag of words” technique is adopted to sim-
plify each document into a vector of words, and then,
the algorithm creates term vocabularies based on the fre-
quency of words in the document [17]. Finally, the topics
are characterized in terms of the probability distribution
over words, and the documents are attributed to the topic
based on probability. Before the implementation of LDA
analysis, the number of topics needs to be prescribed,
which is strongly related to the probability of topics being
nonsensical [20]. Herein, the coherence value algorithm
[20] is adopted to determine the optimal topic number
instead of determining a topic number based on empiri-
cism. The coherence value represents the arithmetic
mean of all topic coherence. Each topic coherence repre-
sents the consistency of a topic which is measured by the
semantic similarity between words vectors [21].

Framework of the analysis

To illustrate the framework of the analysis procedure,
the implementation steps are depictured in Fig. 1. The
analysis is classified into three parts. First, the data col-
lection is implemented based on the WoS to provide the
database for the subsequent analyses. Second, general
data analysis is conducted using Excel to investigate the
distribution of publications, leading journals, leading
countries/regions, funding agencies, and leading research
fields. The LDA analysis is performed to identify different
research topics and hotspots to obtain their relationships.
Third, the visualizations of the results are implemented
using Gephi version 0.9.2 and Origin version 9.1.

Results

Distribution of publications

A total of 21,018 articles matching the retrieval criteria,
as (“axons” or “axon” or “axonal”) and (“regeneration” or
“regrowth” or “reinnervation” or “repairment” or “repair”
or “recovery”), were identified. The chronological distri-
bution of published articles from 2000 to 2021 is shown
in Fig. 2. The publications were of sustained growth, and
the number of articles rose sharply from 2010 (n = 925,
4.40%) to 2011 (n = 1086, 5.17%) and reached a peak in
2020 (n = 1287, 6.12%), and over half of enrolled articles
(n = 13029; 61.99%) were published during the recent
10 years (2011-2021). To explore the evolution of the
research focus over the years, Table 1 summarizes the
ten most cited articles published in each decade. A closer
look at the subject of the articles revealed that research
interest has gradually shifted from the study of the inhib-
itory role of the environment of the injured axons, such
as glial scar and myelin debris, to the essential role of
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Fig. 1 Workflow of the study. Schematic of the organization of
the study into 3 parts: (1) data collection based on Web of Science,
(2) data analysis using LDA method, and (3) results analysis and
presentation

neurons themselves, the functional recovery after injury,
and the exploration of a beneficial role of astrocyte scar.

Leading journals

Based on data analysis, the articles related to axonal
regeneration from 2000 to 2021 were published in 2206
different journals. A third of these documents were pub-
lished by the leading 20 journals listed in Table 2. The
most prolific journal is Experimental Neurology with 826
publications in total, while the Journal of Neuroscience
has the highest H-index. To identify the core journals in
this research field, we further analyzed these journals by
the combination of their impact factor (IF) and the aver-
age number of citations per document (ACD). As shown
in Fig. 3, Brain is the journal possessing the largest ACD
and IF simultaneously, followed by the Proceedings of
the National Academy of Sciences of the United States
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Fig. 2 Publishing trend in axonal regeneration. The chronological distribution of the number (a) and proportion of published articles (b) related to
axon regeneration

of America and Biomaterials. As for the most influen-
tial journals, Cell, Nature, and Science published 13,
28, and 38 high-quality documents during this period,
respectively.

Leading countries/regions and funding agencies

To gain insight into the worldwide academic contribu-
tion to the research on axon regeneration, we extracted
the country/region and funding agencies of every arti-
cle. Regarding the number of articles, all countries and
regions are present in a different shade of colors (Fig. 4).
The most productive country is the USA (8128, 38.67%)
followed by China (3257, 15.50%) and Germany (1743,
8.29%). As for funding agencies, United States Depart-
ment of Health Human Services is most prolific (4815,
22.90%), followed by United States National Institutes of
Health (4780, 22.74%), United States National Institute of
Neurological Disorders Stroke (2987, 14.21%), National
Natural Science Foundation of China (1796, 8.55%), and
European Commission (1346, 6.40%). Additionally, some
researches were produced by multiple countries and
regions, and the international cooperation was also ana-
lyzed by our study. It indicated that the researchers and
organizations from the USA were extremely active in col-
laborative works with other countries and regions, espe-
cially with the top six prolific counties listed in Fig. 5a.
However, in terms of funding agencies, the domestic
cooperation dominates in different countries/regions
(Fig. 5b).

Leading research fields

With the increasing awareness of the significance and
complexity of axon regeneration, cooperation of multi-
ple disciplines has been achieved in this field. Our study
extracted the information from the academic field per
document and explored the association between these

various disciplines. Undoubtedly, nearly half of the pub-
lications (10231, 48.68%) were published in the neu-
rosciences field as illustrated in Fig. 6. Meanwhile, the
work on axonal regeneration from clinical neurology,
cell biology, biochemistry molecular and biology, sur-
gery, multidisciplinary sciences, engineering biomedi-
cal, and medicine research experimental exceeded 1000
publications. Apart from the contribution from differ-
ent disciplines mentioned above, the strongest coopera-
tion was between neurosciences and clinical neurology.
The research field of engineering biomedical was closely
associated with that of material science biomaterials. In
collaborative works, the involvement of cell biology, bio-
chemistry molecular biology, critical care medicine, and
cell tissue engineering could not be ignored, either.

LDA analysis

To obtain a more specific perspective on the research
hotspots, LDA was conducted to analyze abstracts from
all documents to identify the topics that most frequently
occur within the literature. After plenty of times data
optimization by deleting the meaningless words such as
“increased,” “significantly,” and “animal,’ ten prominent
feature terms, such as “astrocytes,” “transplantation,’
and “nogo,” were extracted and generated into one topic
after screening the content of each topic. According to
Fig. 7, when the topic numbers increased to thirty-five,
the calculation of coherence value reaches its maximum.
Among these, the top 12 LDA-derived topics with the
most publications were depicted in Fig. 8. Over the years,
we observed the venue of new topics such as axonal
regeneration signaling pathway, axon guidance cues, neu-
ral circuits and functional recovery, nerve conduits, stem
cells transplant, and oligodendrocyte, myelination, and
multiple sclerosis (MS). In contrast, the number of stud-
ies related to axon regeneration inhibitors decreased
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Table 1 Ten most cited articles published in each decade

Title First author Journal Citations
Chondroitinase ABC promotes functional recovery after spinal  Elizabeth J. Bradbury (2002) Nature 1813
cord injury

Identification of two distinct macrophage subsets with diver-  Kristina A. Kigerl (2009) Journal of Neuroscience 1504
gent effects causing either neurotoxicity or regeneration in the

injured mouse spinal cord

Demyelination increases radial diffusivity in corpus callosum of ~ Sheng-Kwei Song (2005) Neuroimage 1299
mouse brain

Nogo-A is a myelin-associated neurite outgrowth inhibitorand  Maio S. Chen (2000) Nature 1300
an antigen for monoclonal antibody IN-1

Reactivation of ocular dominance plasticity in the adult visual ~ Tommaso Pizzorusso (2002)  Science 1165
cortex

Promoting axon regeneration in the adult CNS by modulation  Kevin Kyungsuk Park (2008) = Science 1091
of the PTEN/mTOR pathway

Amyotrophic lateral sclerosis is a distal axonopathy: evidence  Lindsey R. Fischer (2004) Experimental Neurology 959
in mice and man

Identification of the No-go inhibitor of axon regenerationasa  Tadzia GrandPré (2000) Nature 1011
reticulon protein

Identification of a receptor mediating Nogo-66 inhibition of Alyson E. Fournier (2001) Nature 971
axonal regeneration

Injection of adult neurospheres induces recovery in a chronic  Stefano Pluchino (2003) Nature 901
model of multiple sclerosis

Pancreatic cancer genomes reveal aberrations in axon guid- Andrew V. Biankin (2012) Nature 1389
ance pathway genes

Astrocyte scar formation aids central nervous system axon Mark A. Anderson (2016) Nature 965

regeneration

Systemic administration of exosomes released from mesenchy-
mal stromal cells promotes functional recovery and neurovas-
cular plasticity after stroke in rats

Long-distance growth and connectivity of neural stem cells
after severe spinal cord injury

MiR-133b promotes neural plasticity and functional recovery
after treatment of stroke with multipotent mesenchymal stro-
mal cells in rats via transfer of exosome-enriched extracellular
particles

Sustained axon regeneration induced by co-deletion of PTEN
and SOCS3

Glial scar borders are formed by newly proliferated, elongated
astrocytes that interact to corral inflammatory and fibrotic cells
via STAT3-dependent mechanisms after spinal cord injury

Macrophage-induced blood vessels guide Schwann cell-
mediated regeneration of peripheral nerves

Microtubule stabilization reduces scarring and causes axon
regeneration after spinal cord injury

Grafted human-induced pluripotent stem-cell-derived neuro-
spheres promote motor functional recovery after spinal cord
injury in mice

Honggi Xin (2013)

Honggqi Xin (2013)

Fang Sun (2011)

Ina B. Wanner (2013)

Farida Hellal (2011)

Satoshi Nori (2011)

Journal of Cerebral Blood Flow and Metabolism 598

Paul Lu (2012) Cell 580

Stem cells 484

Nature 479

Journal of Neuroscience 449

Anne-Laure Cattin (2015) Cell 415

Science 414

Proceedings of the National Academy of Sci- 375
ences of the United States of America

during the same period. This observation strongly sug-
gests a paradigm shift from the role of the extrinsic sig-
nals to neuronal intrinsic pathways involved in axon
regeneration.

As for the topics focusing on nerve graft and transplan-
tation, spinal cord injury (SCI), traumatic brain injury
and imaging technology, sciatic nerve injury, and immune
response and inflammation, the annual production of

papers tended to be relatively stable or slowly increasing.
The network analysis of research topics is presented in
Fig. 9, highlighting the topics of interest and their inter-
relationship. The number of publications per topic was
represented by topic bubble size, while the magnitude of
associations between topics was depicted by the network
line width. Thirty-five LDA-derived topics were divided
into 3 topic network clusters based on the Louvain
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Table 2 The top 20 journals in the field of axonal regeneration by TD

No. Journal D IF (2021) TC ACD H-index
1 Experimental Neurology 826 5.62 40933 49.56 97
2 Journal of Neuroscience 708 6.709 62325 88.03 133
3 Neural Regeneration Research 544 6.058 5515 10.14 31
4 Journal of Neurotrauma 517 4.869 20138 38.95 74
5 PLOS One 430 3.752 12271 28.54 56
[§ Neuroscience 334 3.708 10932 32.73 53
7 Brain Research 307 361 9041 2945 48
8 Glia 289 8.073 13169 4557 64
9 Journal of Neuroscience Research 268 4433 9587 35.77 54
10 Neuroscience Letters 262 3.197 5656 21.59 37
M European Journal of Neuroscience 257 3.698 11865 46.17 60
12 Scientific Reports 240 4.996 4648 19.37 38
13 Biomaterials 212 15304 16826 79.37 78
14 The Journal of Comparative Neurology 212 3.028 8211 38.73 53
15 Journal of Neurochemistry 201 5.546 6160 30.65 48
16 Brain 192 15.255 20511 106.83 87
17 Molecular and Cellular Neuroscience 192 4.626 9861 5136 58
18 Investigative Ophthalmology & Visual Science 178 4.925 4055 22.78 36
19 Proceedings of the National Academy of Sciences of the 170 12.779 16569 97.46 77
United States of America
20 Muscle and Nerve 165 3.852 4759 28.84 35

TD the total number of documents, IF impact factor, TC total number of citations, ACD average number of citations per document
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mitochondrial behavior. The synaptic transmission, neu-
ronal denervation and reinnervation, neural circuits,
and functional recovery also featured prominently in
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cells and immune response). Within the cluster of neu-
ron intrinsic regeneration mechanisms, in both CNS and
PNS, every critical step of axon successful regeneration
has been explored, including axonal regeneration sign-
aling pathway, genetic and epigenetic program, axon
guidance cues, microtubule and actin changes, growth
cone formation, ion channel and electrophysiology, and

this cluster. As for the cluster related to diseases/disease
models and techniques, studies focusing on neuropathol-
ogy in different body systems have been conducted, such
as Alzheimer’s disease, MS, conduction damage, ischemic
damage, auditory system neuropathy, and visual system
neuropathy. Various neural injury models have been also
intensively studied, including the retinal ganglion cell and
explant, sciatic nerve injury model, dorsal root ganglion,
and SCI model. Some cutting-edge therapies have shown
up, and plenty of treatments remained in a continuously
optimizing process, such as nerve conduit, cell-based

therapy, and nerve graft transplantation.

Discussion
The last two decades witnessed tremendous progress in

the field of axon regeneration. These breakthroughs go
with amazing technological evolution allowing a better
understanding of the biology of the nervous system. Nev-
ertheless, the underlying mechanisms of axon regrowth
have not been completely uncovered as functional recov-
ery remains challenging. People suffering from nervous
system insults still have to deal with permanent motor,
sensory, cognitive impairments, and automatic nervous



Chou et al. Inflammation and Regeneration (2022) 42:60 Page 9 of 15

160+ —e— Axonal regeneration signaling pathway ~—#®— Oligodendrocyte & myelination & MS

—w— Axon guidance cues —@— Immune response & inflammation

—— SCI & recovery Axon regeneration inhibitors o

—<— Neural circuits & functional recovery ~ —%— Stem cells transplant
é’ —e— TBI & advanced imaging technology X
< 1209 —a- Nerve conduits o 3
= ; e /
= —a— Nerve graft & transplantation <« w
S _ e :
Q »— Sciatic nerve injury & recovery \ /
e v/ v
= o 2
o 710
G
=] \t /‘
St
2 = ‘S‘ ;z'

a/ /e

E —
: /
Z.

Q ’L bc ) W) Q L DY o ) Q 2
2RO A0 A A0 A0 AN AV AV AV AQVT A A
Year
Fig. 8 The trend of top 12 topics from 2000 to 2021. SCI, spinal cord injury; TBI, traumatic brain injury; MS, multiple sclerosis

Neurodegeneration & Mitochondrial Behavior

PNS injury & subsequent changes  Synaptic transmission
Auditory system neuropathy

Corticospinal plasticity Facial nerve injury & recovery
. 7 Z Development of nerve system
CNS intrinsic regeneration capacity OECs & transplant

Neural circuits & functional recovery

TIon channel & electrophysiology Stem cells@ransplant

. ! Nerve denervationo& Reinnervation
Microtubule & actin & growth cone

Ischemic damage & recovery
Nerve ¢onduits Axon gui@ance cues Neuropathic pain

TBI & advanced imaging technology
Genetic & epigenetic program
Axonal regeneration)signaling pathway

Conduction damage & recovery

Axon regenel‘@ion inhibitol‘s SCI & @covery Nerve gl‘aft &@'ansplantaﬁon

Oligodendrocyte & myelination & MS
Neurotrophic factors

Electrical stimulation & PEG fusion
Schivasks cells Sciatic nerve injury & recovery
Astrocyte&& CSPGs RGCs & eptic nerve

Immune respons©& inflammation DRG injurp& recovery

Alzheimeer's disease

Fig. 9 The network analysis of the research topics. The yellow cluster represents the “neuron intrinsic regeneration mechanisms,”the purple cluster
represents the “non-neuron cells and factors” cluster, and the green cluster represents the “diseases/disease models and techniques” cluster

system dysfunction. Thus, understanding axon regeneration  is progressing in terms of number of publications, hotspots,
is not only the key for neuroscience but also is a major clini-  scientific fields, the countries/regions, and funding agencies
cally relevant problem and a critical public health issue. Inour  involved. The following systematic review mainly focuses
study, we have revealed how the field of axon regeneration  on the trend and top hotspots in this research field.
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Role of neuronal intrinsic pathways to CNS regeneration

According to our results, a significant increase in the
number of publications is observed between 2010 and
2011, especially the publications related to axonal regen-
eration signaling pathway. Over the 22 years, axon
regeneration inhibitors are the only hotspots showing
a decreased rate in annual production. It is highly likely
that this progression is correlated with a paradigm shift
in the field of axon regeneration. Since the early studies
on axon regeneration from David and Aguayo [22], it has
been admitted that the environment of the mature CNS
is refractory for regeneration [23, 24]. This study led to
identify the role of myelin debris, the players of the glial
scar and the inhibitory factors secreted by these cells
such as the chondroitin sulfate proteoglycans, and the
neuroinflammatory response [24—26]. The correspond-
ing receptors and potential intracellular signaling path-
ways were also subsequently explored, such as Nogo
receptors and its co-receptors, protein tyrosine phos-
phatases o, RhoA/Rho kinase, and Akt/GSK-3p signal-
ing pathways [27, 28]. However, the inhibition of these
pathways in vivo only induced limited regeneration [29].
These results implied that other pathways or mechanisms
might be involved in mature CNS regeneration. Inter-
estingly, developing neurons have tremendous growth
capability that declines within the development process
[30]. Zhigang He’s group explored the idea of activating
growth-related molecular pathways within mature neu-
rons to restore neuronal growth capability. By using the
optic nerve as model, Park et al. showed for the first that
neuronal activation of mTOR pathway leads to robust
regeneration and neuroprotection. In 2010, it has been
shown that mTOR activation in cortical spinal neurons
induces spinal cord regeneration [31]. Intact axons from
adult mammalian CNS show considerable capacity for
structural plasticity and collateral sprouting [32, 33].
However, upon injury, CNS axons are not able to regen-
erate. Thus, it might suggest that the impaired intrinsic
regenerative capability was also attributed to the injury
and the downstream stress responses [10]. Consistent
with the intrinsic capability of regeneration of neurons,
a large number of studies were conducted, and many
novel targets have been found, such as injury-induced
signals and ion channel changes, growth cone forma-
tion and regulation, long-distance axonal extension and
guidance, axonal transport, and soma reactions [23].
These studies allowed to improve the understanding of
regenerative-competent neuron mechanisms from injury
signaling pathways (both rapid phase and delayed phase)
to genetic and transcriptional changes [34]. Some stud-
ies also provided strategies to regenerate injured axons
by modulating different signaling pathways such as the
melanopsin/GPCR (G protein-coupled receptor) [35],
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the PTEN (phosphatase and tensin homolog)/mTOR
(mammalian target of rapamycin) [30] and the cAMP/
PKA (protein kinase A) and PI3K (phosphatidylinositol
3-kinase) [36].

Axon regeneration is a multifactor process

With the in-depth research in both the extrinsic envi-
ronment and intrinsic competence of regrowth, another
notion becomes more and more clear that no single
molecule or signaling pathway could be responsible
for successfully and precisely axonal regeneration in
all neuronal types. It has been shown, for example, that
the combination of protein translation and activation of
gene transcription induces sustained axon regeneration
[10, 11, 37]. The activation of these pathways has a syner-
gistic effect on axon regrowth. de Lima et al. (2012) [38]
used the activation of protein translation with increased
inflammation and the activation of intracellular messen-
ger such as cAMP. By this mean, axons are able to grow
from the eyeballs to the brain part of the visual system.
The proteomics analysis of the specific neuronal response
to axon injury revealed that several molecular pathways
are involved. By modulating some of these pathways,
Belin et al. (2015) [10] show that extensive axon regen-
eration could be obtained with many axons reaching the
optic chiasm and even into the brain. Neuronal activity is
key to building functional circuits [39]. Thus, Lim et al.
(2016) [40] combined the activated mTOR pathway with
neuronal activity for sufficient elongation and the inhi-
bition of neuronal activity by using a designer receptor
exclusively activated by a designer drug (DREADS) com-
promises axon growth. From all these studies, it is clear
that using combinatorial approaches could be a novel
research direction in the future.

The rapid rise of guidance cues topic

The topics axon guidance cues and neural circuits and
functional recovery also belonged to hotspots imply-
ing another research direction with increasing efforts.
For successful axonal regeneration, except for regaining
the capability of regrowth, the final purpose is to navi-
gate properly, achieve neural circuits reconstruction and
completely functional recovery. By the end of the twenti-
eth century, the four prominent axon guidance families
have been discovered, including ephrins, semaphorins,
netrins, and slits. The sequent studies have revealed the
detailed structure and underlying function of all mem-
bers from the four major families. For instance, ephrins
consist of two structurally distinct proteins (ephrin A and
ephrin B), which could interact with different Eph recep-
tors and further trigger different signaling pathways [41,
42]. Netrin-1 combined with different receptors (DCC
or Unc5 proteins) can induce axon chemoattraction
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or repulsion, respectively [43]. Other guidance mol-
ecules and receptors also have been identified, such as
Sonic hedgehog, Wnt, and bone morphogenetic protein
(BMP) [44-46]. However, compared to the huge num-
ber of axons, different types of neural populations, and
the complexity of neural circuits formation, the number
of the existing guidance cues is pretty small. An emerg-
ing theme that axon guidance receptors interact with not
only ligands but also receptors or coreceptors has devel-
oped [47]. In this way, the limited guidance cues could
produce diversified signaling outcomes. Additionally, the
plasticity response of the growth cone is another way to
solve the disparity between relatively few guidance cues
and sophisticated neural wiring. Under the modulation
by the intrinsic and extrinsic environment, the growth
cone regulates spatiotemporal activation of receptors to
induce corresponding downstream signaling events, and
the growth cone and cytoskeleton can be rearranged to
achieve the targeted guidance [48]. Nevertheless, the
mechanism of precisely spatial and temporal regulation
of different effect receptors in different cells still needs
more studies.

Nerve grafts and conduits are hot topics

Nerve graft and transplantation is the only hotspots
with a steady rate of annual production. It is crucial to
the nerve gap that cannot be surgically coaptated without
tension. From the period of World War I [49], autologous
nerve transplantation (ANT) is the clinical gold standard
for bridging a nerve gap, as advantages of ANT include
the non-immunogenicity and the reconstruction for large
nerve gaps [50]. The consequent researches have been
aroused with respect to the clinical technique of surger-
ies, the range of application of specific donor nerve, and
the graft vascularization [51, 52]. However, the finite
number of autologous donor nerves, the comorbidities
of the donor site, and the complications at the operation
site could result in imperfectly structural and functional
recovery, even with unwanted issues such as sensibility
decrease, paresthesia, and neuronal pain. These chal-
lenges provide fertile ground for the development of a
wide range of advanced biomaterials and synthetic mate-
rials as alternatives to the ANT [53]. It is the reason that
the topic nerve graft and transplantation was closely
associated with nerve conduits, which was demonstrated
by the network analysis. The nerve conduits were devel-
oped and updated to mimic native nerves with tailored
mechanical and physical scaffolds, cellular components,
and molecular signals that accelerate axon regrowth and
adjust the immune system [54]. Nevertheless, the con-
duits of degradation rate, swelling, and biocompatibility
have still plagued researchers [55]. Besides, the property
that the interaction of native nerve with the surrounding
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tissues also needs more studies to work out. Incorporat-
ing multiple factors might be a new direction of the con-
duits to mimic native nerve better.

Hotspots in disease and disease models

Thus far, we have understood the significance of axon
regrowth, elongation, guidance, and circuit’s formation.
The faulty of any step may lead to irreversible neuropa-
thy. As a severe and devastating disease, SCI is one of
the top three hotspots in the current study. This disease
can lead to numerous types of motor, sensory dysfunc-
tion, and neurological disorders, such as loss or reduc-
tion in urinary, intestinal, and sexual functions, but it still
lacks effective treatments in clinical practice. With the
advent of stem cell technology, different stem cells have
been explored for treating SCI. Recently, the phases 1-2
clinical trials of umbilical cord blood mononuclear cell
transplant therapy have shown this transplantation safety
and the function recovery of motor, bowel, and bladder
in patients suffering from chronic complete SCI [56].
In the Puerta de Hierro phase 1/2 clinical trials, apply-
ing autologous bone marrow adult mesenchymal stem
cells by intrathecal injection, all SCI patients including
people with the longest disease duration have gradually
recovered in clinical parameters [57]. The application of
induced pluripotent stem cell (iPSC) is another promis-
ing technology with less ethical problems and higher
self-renewal ability [58]. iPSCs have been proven the
capability of promoting axon regeneration and myelina-
tion and improving the local environment in SCI ani-
mal models [59, 60]. Currently, the first clinical study of
transplanting iPSC-derived cells to SCI patients has been
launched by the Okano Laboratory group [61, 62]. In pur-
suit of meaningful functional recovery in SCI, recently,
combinatorial treatments containing biochemical mol-
ecules, biomaterials, cell-based therapy, and rehabilita-
tion exercises have also emerged and rapidly developed
[63, 64].

Given the complexity of human systems and clinical
trials, the development of experimental animal mod-
els or in vitro systems to address nerve defects is high-
lighted [23]. For instance, SCI models are commonly
used for studies focusing on injured neurons in CNS. As
for the research on PNS, the sciatic nerve injury model
and dorsal root ganglions were frequently employed.
Comparatively, the studies with retinal ganglion cells or
retinal explants which is an ideal model to study popu-
lation specific regenerative response or long-distance
axon regeneration are less used. It might partly have to
do with the difficulties of the sophisticated manipula-
tion with the micro-instruments and the comprehensive
understanding of the visual system. To explore cellular
and molecular events of axon injury and degeneration at
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the single-axon level, the laser axotomy, axonal stretching
and microfluidic compartmentalized neuronal culture
models, and other in vitro models have been developed
[65]. It is notable that microfluidic chamber systems
enable the spatial isolation between axons and somas to
study the specific subcellular areas [66]. Moreover, this
system can be modified and updated for different pur-
poses, such as the 3D co-culture between CNS neurons
and glia in a vertically layered platform [67].

Topics that need further research

Our analysis identified a lack of notable research on epi-
genetic programs and noncoding RNAs regulation which
is of vital significance at the posttranscriptional level.
Few studies have elucidated the roles of some noncod-
ing RNAs, such as the effect of microRNAs (miR-20a
and miR-128) in promoting neurite extension [68]. Only
several researches were aimed to find out the epigenetic
mechanism regulating axonal regeneration, such as the
histone acetyltransferase p300/CBP-associated factor
(PCAF)-dependent epigenetic changes [69] and ubiqui-
tin-like containing PHD ring finger 1 (UHRF1)-depend-
ent DNA methylation to promote axon regeneration
[70]. However, numerous unknown alterations need to
be discovered, and many challenges remain. Progressive
modern technology could be the opportunity to allow
in-depth exploitation, such as the combination of omics
from different molecular levels (transcriptomic, prot-
eomic, and epigenomic). Benefiting from the advances
in experimental methodology, such as single-cell
RNA sequencing, the heterogeneity of transcriptomic
responses to injury, selective gene expression, and physi-
ological and morphological changes have been observed
in different neuronal populations [12, 71]. Hence, the sig-
nificance of cell-type-specific data has been highlighted
but with limited researches working on that. There are
still a lot of challenges to be tackled in translating these
technologies into clinical practice. The functional recov-
ery from neuropathies in other systems also warrants
further studies, such as the visual system, auditory sys-
tem, and urinary system, which also emphasizes the
significance of multidisciplinary cooperation in future
researches.

Limitation

Admittedly, there were some limitations of the current
study. The literature search was only on the basis of the
WOS collection indexed journals, which is a common
limitation of similar studies [72, 73]. Future bibliomet-
ric studies could be conducted on other medical sci-
ence databases, which would offer a supplement to more
comprehensively understand this field. Despite the LDA
analysis can extract not only the topic of articles more
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precisely and easily but also the connections between dif-
ferent topics can be analyzed, the LDA theme was created
by artificial intelligence, and these themes were on the
basis of machine-driven understanding. Moreover, small
specific niches were not spotted by this analysis. Indeed,
in this study, we did not highlight key studies in the field
of CNS repair such as the work from the Courtine lab;
they combine pharmacological approach to engineering
to activate dormant circuits in order to allow functional
recovery [74-76]. Hence, we combined a manual and
detailed review and exploration of these topics to deliver
a deeper understanding of the trends, hotspots, and even
the gaps in the research field of axonal regeneration.

Conclusions

This study is the first bibliometric analysis that assessed
the trend and hotspots in the research field of axonal
regeneration based on publications over 22 years. An
overall perspective of axonal regeneration assists not only
in understanding the existing achievements, the core
published journals, and the cooperation between coun-
tries/regions, funding agencies, or research fields but also
in discovering the research gaps and creating possibilities
for multidisciplinary and multidimensional consociation
to work out the mystery of axonal regrowth together.
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