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Introduction 

The human nervous system, an intricate network 
of billions of neurons, holds the key to our cogni-
tive abilities, sensory perception, and motor con-
trol. However, this remarkable system is not im-
pervious to injury, degeneration, or the demands 
of learning and adaptation. When the delicate 
neural fibers, known as axons, are damaged by 
trauma, disease, or aging, it can result in profound 
deficits in sensory and motor functions, memory, 
and cognition. The loss of axonal connectivity 
within the neural circuitry underscores the critical 
need for restorative processes to repair and regen-
erate these vital conduits (1). 

In this context, axonal sprouting emerges as a 
fundamental and fascinating phenomenon. It rep-
resents the neural system's remarkable ability to 

heal, adapt, and reorganize itself in the face of 
adversity. Axonal sprouting refers to the process 
by which axons, the long, slender projections of 
neurons that transmit electrical impulses, extend 
new branches or sprout from their parent axon in 
response to a variety of stimuli and challenges. 
This natural process plays a pivotal role in neural 
repair, regeneration, and plasticity, significantly 
impacting an individual's capacity to recover from 
neurological injuries, adapt to novel experiences, 
and counteract the effects of neurodegenerative 
diseases (2). Different parts of the nervous sys-
tem, both central and peripheral, can have axonal 
sprouting. This is when new branches grow from 
existing axons. Axonal sprouting can happen for 
many reasons, such as damage to the nerves, dis-
eases that affect the nerves, learning new things, 
or exposing the nerves to certain chemicals that 
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stimulate growth. Axonal sprouting is important 
for restoring or improving the function of neural 
circuits that were broken or not working well 
(3,4). Axonal sprouting has many benefits for the 
nervous system. It can help people who have suf-
fered from nerve damage, such as in the spine, 
brain, or other parts of the body, by creating new 
ways to heal and restore function. It also helps the 
nervous system to change and grow, which is im-
portant for learning new things, adapting to new 
situations, and making up for lost connections be-
tween neurons (5). 
This review explores axonal sprouting, which is 
when new branches grow from nerve fibers. We 
will discuss how it happens, why it matters, and 
how it helps the nervous system. We will cover 
the history, factors, and therapies of axonal sprout-
ing. We will also show how axonal sprouting 
helps the nervous system heal, learn, and cope. 
This review wants to highlight the importance of 
axonal sprouting for neural repair, regeneration, 
and plasticity, and to urge more research on its 
potential. 
 
Historical Overview 
Axonal sprouting research has a long history that 
goes back over 200 years. Some of the key events 
and findings in this field are: In the 1700s, an Ital-
ian scientist, Michele Malacarne, found that ani-
mals that learned skills had bigger brain parts (2). 
The first theoretical notions of neural plasticity, 
which includes axonal sprouting, were developed 
in the nineteenth century by William James, a psy-
chology pioneer, who wrote about this topic in his 
1890 book The Principles of Psychology (6). A 
famous neuroscientist from the 1900s, Santiago 
Ramón y Cajal, suggested that neurons in adults 
can change and grow, implying the potential of 
axonal sprouting (7). In the 1900s, some research-
ers, like Theodore Bullock, Paul Weiss, and Rita 
Levi-Montalcini, showed that axons can grow 
back and branch out after being hurt or stimulated 
in different animals (8). In the 1900s, some re-
searchers, like Michael Merzenich, Jon Kaas, and 
Edward Taub, found that axons can sprout in the 
adult brain and change and improve function after 
brain injury or loss of sensation (9). 
Axonal sprouting can happen in the adult human 
brain and can be affected by things like new neu-
rons, growth chemicals, and rich environments. 
This was shown by researchers like Fred Gage, 
Elizabeth Gould, and S. Thomas Carmichael in the 
1900s and 2000s. In the 2000s and 2020s, re-
searchers like Zhigang He, Frank Bradke, and Mi-
chael Sofroniew have been studying how axonal 
sprouting works and how it can help with brain 
problems like stroke, spine injury, and Alzhei-

mer’s disease. Axonal sprouting is an amazing and 
changing process that shows the brain’s power to 
adapt and heal. It is still a lively and growing field 
of research that has great potential for understand-
ing and improving brain function (5). 
 
Mechanisms of Axonal Sprouting 
Axonal sprouting is important for the nervous sys-
tem to recover, grow, and change, especially after 
damage or disease. The way axonal sprouting hap-
pens is complicated and depends on many things, 
such as chemicals that help growth, signals that 
control growth, and changes that happen in the 
nerves.  Growth-promoting molecules are chemi-
cals that can make axons grow and branch out 
more, such as growth factors, neurotrophins, cyto-
kines, and proteins that are outside the cells. Some 
examples of these chemicals are nerve growth fac-
tor (NGF), brain-derived neurotrophic factor 
(BDNF), glial cell line-derived neurotrophic factor 
(GDNF), vascular endothelial growth factor 
(VEGF), and laminin. These chemicals can attach 
to certain receptors on the axon surface, such as 
Trk, p75, and integrins, and start signals inside the 
cells that control how the cell structure, genes, and 
connections change (10). Signaling pathways are 
chains of molecules inside the cells that carry and 
change signals from outside the cells to the nucle-
us, where they can affect gene and protein produc-
tion. Some examples of signaling pathways that 
take part in axonal sprouting are the MAPK path-
way, the PI3K-Akt pathway, the cAMP-PKA 
pathway, and the CaMK pathway. These pathways 
can control different parts of axonal sprouting, 
such as how axons find their way, branch out, 
grow longer, and stay stable (11). 
Signaling pathways are chains of molecules inside 
the cells that carry and change signals from out-
side the cells to the nucleus, where they can affect 
gene and protein production. Some examples of 
signaling pathways that take part in axonal sprout-
ing are the MAPK pathway, the PI3K-Akt path-
way, the cAMP-PKA pathway, and the CaMK 
pathway. These pathways can control different 
parts of axonal sprouting, such as how axons find 
their way, branch out, grow longer, and stay stable 
(12). These are some of the cellular and molecular 
mechanisms that drive axonal sprouting. However, 
there are still many challenges and gaps in our un-
derstanding of this phenomenon, such as the speci-
ficity, timing, and extent of sprouting, the interac-
tion of different factors and pathways, and the 
functional outcomes and consequences of sprout-
ing. Therefore, more research is needed to eluci-
date the mechanisms and implications of  axonal 
sprouting for neural repair, regeneration,  
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and plasticity (13). Axon sprouting in the CNS and 
PNS is not the same in many ways, such as how 
much, how fast, what causes, and what results 
from sprouting. the main differences  How much 
sprouting:  Axons in the PNS can grow back and 
branch out more and better than axons in the CNS, 
which have a hard time growing because of the 
bad environment and the lack of growth chemicals 
(14). Axons in the CNS can only make new 
branches from fibers that are not hurt, while axons 
in the PNS can also make new branches from fi-
bers that are hurt (3). Axons in the PNS can 
branch out quicker and longer than axons in the 
CNS, which have a hard time growing because of 
the glial scar and the myelin debris (15) Axons in 
the PNS can branch out soon or fast after being 
hurt, while axons in the CNS can take a long time 
or slow to branch out (16).   Axons in the PNS can 
branch out because of different things, such as 
Schwann cells, nerve growth factors, and target 
tissues, which can help them grow and find their 
way (17). Axons in the CNS can branch out be-
cause of fewer things, such as Wallerian degenera-
tion, brain-derived neurotrophic factors, and rich 
environments, which can make them grow and 
change more (3). Axons in the PNS can branch out 
to make working connections with the right target 
neurons or cells, which can help motor and senso-
ry functions come back (4) Axons in the CNS can 
branch out to make wrong or strange connections 
with the wrong target neurons or cells, which can 
cause bad or harmful effects, such as lasting pain 
or seizures (14). Axon sprouting in the CNS and 
PNS is different in many ways, such as how much, 
how fast, what causes, and what results from 
sprouting. But there are also some things that are 
similar or connected between the two systems, 
such as the same signals, cell structures, and 
changes that are involved in sprouting. So, more 
research is needed to find out how axonal sprout-
ing works and is controlled in both systems.(15). 
 
Regulation of Axonal Sprouting 
Axonal sprouting is when new branches grow 
from axons to make new connections with other 
neurons or target cells. This is important for the 
nervous system to recover, grow, and change, es-
pecially after damage or disease. The things that 
control axonal sprouting are complicated and have 
many parts, such as signals, proteins, and interac-
tions between cells. These are chemicals that can 
pull or push axons and help them find their right 
targets. Some examples of these chemicals are ne-
trins, semaphorins, ephrins, and slits. These chem-
icals can attach to certain receptors on the axon 
surface, such as DCC, neuropilins, ephs, and robo, 
and start signals inside the cells that control how 

the cell structure, growth cone movement, and 
branching change (18,19). 
Extracellular matrix components are chemicals 
that give structure and signals to the axons and the 
growth cones. Some examples of these chemicals 
are laminin, fibronectin, collagen, and hyaluronic 
acid. These chemicals can work with integrins and 
other receptors on the axon surface, and change 
how the axons stick, move, and branch out (20).  
Cell-to-cell interactions are when the axons touch 
or communicate with other cells, such as glial 
cells, target cells, or nearby axons. These interac-
tions can affect how the axons live, grow, and 
branch out through different ways, such as giving 
them support, sending messages, connecting elec-
trically, and releasing small packets (21). 
Axon sprouting is when new branches grow from 
axons to make new connections with other neu-
rons or target cells. This is important for the nerv-
ous system to recover, grow, and change, especial-
ly after damage or disease. We can use the ways 
that axon sprouting is controlled for therapy by 
doing different things, such as Genetic engineering 
means changing the genes of stem cells or neurons 
to make them sprout and live better in the nervous 
system that is hurt or sick. For example, a study by 
Burke Neurological Institute and Weill Cornell 
Medicine showed that turning on MAP2K signal-
ing by genetic engineering helped corticospinal 
tract axon sprouting and function recovery after 
spine injury in mice (16). Cell therapy is a method 
of transplanting cells that can either become neu-
rons or help new axons grow in the nervous sys-
tem. For example, a review by Springer explored 
how stem cells that have been modified by genes 
could be used for spinal cord injury. These cells 
could reduce the damage, lower inflammation, 
protect neurons, and promote axon regeneration 
(22). Physical stimulation is a technique of apply-
ing methods that can either be non-invasive or in-
vasive to the nervous system and cause new axons 
to grow and plasticity to increase. a study by Fron-
tiers demonstrated that acupuncture can trigger the 
formation of new neurons, stimulate the regenera-
tion and sprouting of axons, and enhance the struc-
ture and function of synapses after a stroke (23). 
Pharmacological intervention is a method of giv-
ing drugs or molecules that can change the signal-
ing pathways, extracellular matrix components, 
and cell-to-cell interactions that control axon 
sprouting. a study by Nature revealed that Cellatoz 
Therapeutics is creating new cell therapies by us-
ing its own cells, called A-to-Z cells, for different 
therapeutic areas, such as musculoskeletal disor-
ders, peripheral nerve injury, and Charcot-Marie-
Tooth disease (24).  These are some of the meth-
ods that can use the axon sprouting regulatory  
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mechanisms for therapeutic purposes (2). 
 
Clinical Implications: 
These are some of the clinical applications of ax-
onal sprouting in the context of neural repair and 
recovery after injuries or diseases. The clinical ap-
plications of axonal sprouting are based on the 
concept of increasing or decreasing this process to 
improve the functional results and quality of life 
of the patients. Enhancing axonal sprouting is a 
method of boosting or encouraging the growth and 
survival of axons that can reconnect the regions of 
the nervous system that have lost or damaged 
nerve fibers, such as the brain, the spinal cord, or 
the peripheral nerves. This can be done by using 
different strategies, such as genetic engineering, 
cell therapy, physical stimulation, or pharmacolog-
ical intervention. a study by Burke Neurological 
Institute and Weill Cornell Medicine demonstrated 
that activating MAP2K signaling by genetic engi-
neering increased corticospinal tract axon sprout-
ing and functional regeneration after spinal cord 
injury in mice. Another example is a study by 
Frontiers that showed that acupuncture can trigger 
the formation of new neurons, stimulate the regen-
eration and sprouting of axons, and enhance the 
structure and function of synapses after a stroke
(25). 
Enhancing axonal sprouting is a method of boost-
ing or encouraging the growth and survival of ax-
ons that can reconnect the regions of the nervous 
system that have lost or damaged nerve fibers, 
such as the brain, the spinal cord, or the peripheral 
nerves. This can be done by using different strate-
gies, such as genetic engineering, cell therapy, 
physical stimulation, or pharmacological interven-
tion. a study by Burke Neurological Institute and 
Weill Cornell Medicine demonstrated that activat-
ing MAP2K signaling by genetic engineering in-
creased corticospinal tract axon sprouting and 
functional regeneration after spinal cord injury in 
mice. Another example is a study by Frontiers that 
showed that acupuncture can trigger the formation 
of new neurons, stimulate the regeneration and 
sprouting of axons, and enhance the structure and 
function of synapses after a stroke (26). 
These are some of the ways that research on axon-
al sprouting can inform potential treatments or in-
terventions for neural injury and various neurolog-
ical disorders that involve damage or degeneration 
of the nervous system. researchers can use genetic 
engineering, cell therapy, physical stimulation, or 
pharmacological intervention to stimulate or pro-
mote the growth and survival of axons that can 
reinnervate the denervated or damaged regions of 
the nervous system, or to prevent or reduce the 
growth and survival of axons that can form abnor-

mal or ectopic connections with inappropriate tar-
get neurons or cells (27). Research on axonal 
sprouting can also reveal the functional conse-
quences and implications of this process, such as 
the effects on synaptic strength, firing patterns, 
network activity, and behavior. By measuring and 
evaluating these effects, researchers can assess the 
efficacy and safety of the treatments or interven-
tions, and optimize them for different conditions 
and patients. Research on axonal sprouting can 
also provide insights into the natural history and 
progression of neurological disorders, and the fac-
tors that influence the variability and resilience of 
the nervous system (19).  By comparing and con-
trasting the axon sprouting mechanisms and out-
comes in different parts of the nervous system, 
such as the central nervous system and the periph-
eral nervous system, researchers can identify the 
common and specific features and challenges of 
this phenomenon, and design more targeted and 
personalized treatments or interventions. There-
fore, research on axonal sprouting can inform po-
tential treatments or interventions for various neu-
rological disorders by enhancing our knowledge 
and understanding of this phenomenon, and by 
providing novel and innovative approaches and 
tools to modulate and manipulate it (9).  
 
Role in Neural Plasticity 
Neural plasticity is the ability of the brain to 
change and adapt in structure and function in re-
sponse to learning and experience. Neural plastici-
ty involves neurons making new connections and 
pathways in response to changes in behavior, envi-
ronment, or injury (6). Neural plasticity involves 
axonal sprouting, which is a mechanism that al-
lows the brain to rearrange and recover from the 
functional loss caused by neural damage (28). 
New neural pathways can be created and strength-
ened by learning and experience, which trigger 
axonal sprouting. This is a mechanism that enables 
neural plasticity, which is the ability of the brain 
to change and adapt. Axonal sprouting and neural 
plasticity are important for learning, memory, and 
recovery from neurological conditions, as they al-
low the brain to learn new skills, remember new 
information, and regain lost functions (29). 
 
Experimental Models and Techniques 
A variety of techniques and experimental models 
are employed to investigate the process of axonal 
sprouting. Experimental models in vivo use living 
animals, such as mice, rats, or monkeys, to induce 
and evaluate axonal sprouting after different kinds 
of neural injury, such as stroke, spinal cord injury, 
or peripheral nerve injury. These models enable 
the examination of the functional outcomes of  
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axonal sprouting, as well as the interplay between 
neurons, glia, and other cells in the damaged and 
deprived areas. However, these models are also 
complicated, inconsistent, and hard to regulate and 
modify (30–32). Cultured cells, such as dorsal root 
ganglion (DRG) neurons, cortical neurons, or spi-
nal cord neurons, isolated from embryonic or adult 
animals, are used as experimental models in vitro, 
where axonal sprouting is triggered and observed. 
These models enable the alteration of gene expres-
sion, pharmacological agents, or physical stimuli 
to investigate the molecular and cellular mecha-
nisms of axonal sprouting. However, these models 
are also oversimplified, unnatural, and restricted in 
their capacity to reproduce the in vivo environ-
ment (33). Tissue slices, such as hippocampal slic-
es, cerebellar slices, or spinal cord slices, obtained 
from animals, are used as experimental models ex 
vivo, where axonal sprouting is triggered and ob-
served. These models enable the maintenance of 
some of the anatomical and physiological charac-
teristics of the in vivo tissue, while also enabling 
the alteration of extrinsic factors, such as growth 
factors, inhibitors, or electrical stimulation. How-
ever, these models are also prone to tissue dam-
age, degeneration, and loss of connectivity over 
time (31). 
Different methods have been employed to investi-
gate axon sprouting, each with its own advantages 
and disadvantages. Living animals, such as mice, 
rats, or monkeys, are used as experimental models 
in vivo, where neural injury triggers and measures 
axon sprouting. These models have the benefit of 
examining the functional outcomes of axon 
sprouting, as well as the interplay between neu-
rons, glia, and other cells in the damaged and de-
prived areas. However, these models also have the 
drawback of being complicated, inconsistent, and 
hard to regulate and modify (34). Cultured cells, 
such as dorsal root ganglion (DRG) neurons, corti-
cal neurons, or spinal cord neurons, isolated from 
embryonic or adult animals, are used as experi-
mental models in vitro, where axon sprouting is 
triggered and observed. These models enable the 
alteration of gene expression, pharmacological 
agents, or physical stimuli to investigate the mo-
lecular and cellular mechanisms of axon sprouting. 
However, these models are also oversimplified, 
unnatural, and restricted in their capacity to repro-
duce the in vivo environment (2). Tissue slices, 
such as hippocampal slices, cerebellar slices, or 
spinal cord slices, obtained from animals, are used 
as experimental models ex vivo, where axon 
sprouting is triggered and observed. These models 
enable the maintenance of some of the anatomical 
and physiological characteristics of the in vivo tis-
sue, while also enabling the alteration of extrinsic 

factors, such as growth factors, inhibitors, or elec-
trical stimulation. However, these models are also 
prone to tissue damage, degeneration, and loss of 
connectivity over time (34). 
 
Challenges and Future Directions 
Some of the future research directions and poten-
tial areas for further investigation on axonal 
sprouting, The aim is to reveal the molecular and 
cellular mechanisms that control axonal sprouting 
in different kinds of neurons, such as corticospinal 
neurons, sensory neurons, or motor neurons, and 
to discover the key factors that influence their in-
trinsic growth ability and reaction to extrinsic sig-
nals (35–37). 
The goal is to investigate the functional integration 
and synaptic plasticity of the regenerated axons 
and the new neural circuits, and to assess their role 
in behavioral recovery and sensory feedback (38). 
The objective is to improve the delivery and tim-
ing of neurotrophic factors, epigenetic modulators, 
or electrical stimulation, and to combine them 
with other approaches, such as neural stem cell 
transplantation, to boost axonal sprouting and 
functional outcomes (39). To create new bio-
materials, nanotechnology, or gene editing tools to 
manipulate the glial environment, to overcome the 
inhibitory barriers, or to target specific molecules 
or pathways involved in axonal sprouting. To ap-
ply the pre-clinical findings to clinical trials, and 
to determine the safety, efficacy, and feasibility of 
the various approaches to axonal sprouting in hu-
man patients with spinal cord injury or other neu-
rological conditions (38). 
 
Ethical considerations in axonal sprouting re-
search? 
Axonal sprouting research also involves ethical 
considerations that need to be addressed and re-
spected. Living animals, such as mice, rats, or 
monkeys, are used as experimental models in vivo, 
where neural injury triggers and measures axonal 
sprouting. These models enable the examination of 
the functional outcomes of axonal sprouting, as 
well as the interplay between neurons, glia, and 
other cells in the damaged and deprived areas. 
However, these models also pose ethical challeng-
es about the welfare and rights of the animals, the 
reliability and relevance of the results to humans, 
and the potential for harm or suffering caused by 
the experimental procedures (40). The use of hu-
man tissue samples, such as dorsal root ganglion 
(DRG) neurons, cortical neurons, or spinal cord 
neurons, to induce and measure axonal sprouting 
in vitro. These samples enable the alteration of 
gene expression, pharmacological agents, or phys-
ical stimuli to investigate the molecular and cellu-
lar mechanisms of axonal sprouting.(41) However,  
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these samples also pose ethical challenges about 
the consent and privacy of the donors, the source 
and quality of the tissue, and the potential for mis-
use or abuse of the genetic or biological infor-
mation.(42). 
 The application of the pre-clinical findings to 
clinical trials, and the use of the various approach-
es to axonal sprouting in human patients with spi-
nal cord injury or other neurological conditions. 
These trials and applications aim to determine the 
safety, efficacy, and feasibility of the various ap-
proaches to axonal sprouting in humans. However, 
they also raise ethical issues about the voluntary 
participation, informed consent, anonymity, confi-
dentiality, potential for harm, and results commu-
nication of the human subjects.(2). 
 

Discussion 
In conclusion, axonal sprouting is a fascinating 
and critical process in the field of neuroscience, 
offering the potential to enhance neural repair, re-
generation, and plasticity. It plays a pivotal role in 
the recovery from neurological injuries, adaptation 
to novel experiences, and countering the effects of 
neurodegenerative diseases. Throughout history, 
researchers and scientists have made significant 
contributions to our understanding of axonal 
sprouting, uncovering its mechanisms, both in the 
central and peripheral nervous systems. The mech-
anisms driving axonal sprouting involve a com-
plex interplay of growth-promoting molecules, 
signaling pathways, and cell-to-cell interactions. 
These mechanisms can be harnessed for therapeu-
tic purposes, offering hope for improving the func-
tion of neural circuits that have been compromised 
due to injury or disease. Whether through genetic 
engineering, cell therapy, physical stimulation, or 
pharmacological intervention, researchers are ac-
tively exploring avenues to enhance axonal sprout-
ing for clinical applications. 

Axonal sprouting and neural plasticity are intri-
cately connected, with the former contributing to 
the brain's ability to adapt, learn, and recover from 
neurological conditions. Understanding the rela-
tionship between axonal sprouting and neural plas-
ticity is vital for developing effective treatments 
and interventions. Various experimental models 
and techniques, such as in vivo, in vitro, and ex 
vivo approaches, have been employed to study 
axonal sprouting, each offering unique strengths 
and limitations. 

While progress has been made, challenges and 
limitations persist in the field of axonal sprouting 
research. Future directions include further explora-
tion of the molecular and cellular mechanisms 

controlling axonal sprouting, functional integra-
tion of regenerated axons, and the development of 
innovative approaches and tools to enhance axonal 
sprouting. Ethical considerations surrounding the 
use of experimental models and human subjects 
also warrant careful attention and ethical safe-
guards. 

Conclusion 
In summary, axonal sprouting is a promising ave-

nue for improving neural repair and recovery from 
neurological conditions. Continued research, ethi-
cal considerations, and innovative approaches are 
essential to unlock the full potential of axonal 
sprouting in advancing neuroscience and clinical 
applications. 
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