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Background: Recently, cancer neuroscience has become the focus for scientists.
Interactions between the nervous system and cancer (both systemic and local)
can regulate tumorigenesis, progression, treatment resistance, compromise
of anti-cancer immunity, and provocation of tumor-promoting inflammation.
We assessed the related research on cancer neuroscience through bibliometric
analysis and explored the research status and hotspots from 2020 to 2024.

Methods: Publications on cancer neuroscience retrieved from the Web of
Science Core Collection. CiteSpace, VOSviewer, and Scimago Graphica were
used to analyze and visualize the result.

Results: A total of 744 publications were retrieved, with an upward trend in the
overall number of articles published over the last Syears. As it has the highest
number of publications (n = 242) and citations (average 13.63 citations per article),
the United States holds an absolute voice in the field of cancer neuroscience.
The most productive organizations and journals were Shanghai Jiaotong
University (n=24) and Cancers (n=45), respectively. Monje M (H-index = 53),
Hondermarck H (H-index =42), and Amit M (H-index =39) were the three
researchers who have contributed most to the field. From a global perspective,
research hotspots in cancer neuroscience comprise nerve/neuron-tumor cell
interactions, crosstalk between the nervous system and other components of
the tumor microenvironment (such as immune cells), as well as the impact of
tumors and tumor therapies on nervous system function.

Conclusion: The United States and European countries are dominating the field
of cancer neuroscience, while developing countries such as China are growing
rapidly but with limited impact. The next focal point in this field is likely to
be neurotrophic factors. Cancer neuroscience is still in its infancy, which means
that many of the interactions and mechanisms between the nervous system
and cancer are not yet fully understood. Further investigation is necessary to
probe the interactions of the nervous system with cancer cell subpopulations
and other components of the tumor microenvironment.
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1 Introduction

It is becoming more widely acknowledged that the nervous system
regulates the development, plasticity, homeostasis, and regeneration of
non-neural tissues (Boilly et al., 2017). In particular, an increasing amount
of research has revealed that the nervous system plays an indispensable
role in cancer pathogenesis and progression (Pan and Winkler, 2022). In
turn, tumor progression disrupts and remodels the nervous system to
regulate tumor growth (Faulkner et al., 2019). Thanks to these discoveries,
abrand-new discipline known as “cancer neuroscience” has emerged [first
presented at the Banbury Meeting on the Nervous System and Cancer
(10-13 December 2019)], which concentrates on the crosstalk between
the nervous system and cancer, both systemic and local (Pan and Winkler,
2022; Mancusi and Monje, 2023). Although “cancer neuroscience” is still
in its initial stage, the relationship between cancer and the nervous system
haslong been studied. Figure 1 illustrated the emergence and development
of milestones in the field of cancer neuroscience.

A paper published in the 19th century revealed that nerve fibers were
abundant in a number of peripheral tumors (Young, 1897), implying that
nerves may play an integral role in malignancy and setting the stage for
the field of cancer neuroscience. Recently, both innervation and
perineural infiltration (PNI) have been classified as the latest
characteristics of the malignant microenvironment (Hanahan, 2022). PNI
is the term for the proliferation and invasion of malignant cells along

10.3389/fnins.2024.1408306

neural fibers, which causes chronic pain syndromes and peripheral nerve
remodeling (Wei et al., 2022), and is correlated with aggressiveness and
poor prognosis in several cancers, including breast cancer, pancreatic
cancer, and prostate cancers (Selvaggi et al., 2022; Villers et al., 1989).
Tumors invaded by sympathetic, parasympathetic/vagal, and sensory
nerves are referred to as tumor innervation (Cui et al., 2023). The
sympathetic and parasympathetic/vagal nerves effect on cancer may
be mediated by B-adrenergic receptors or muscarinic receptors and
attribute to tumor-associated macrophage polarization, tumor-
angiogenesis and changes in cancer cell behavior (Zahalka et al., 2017;
Kamiya et al., 2021). To be specific, the sympathetic nerves have a
pro-cancer effect, such as in breast and prostate cancer. However, the role
of parasympathetic nerves depends on the type of tumor. They have
cancer-promoting effects on colorectal, gastric, and prostate cancers, but
have cancer-suppressing effects on breast and pancreatic cancers (Zahalka
et al,, 2017; Kamiya et al., 2021). It has also been demonstrated that
sensory nerves contribute to cancer pathogenesis, for example, ablation
of sensory neurons can lead to slower growth of pancreatic cancer
(Saloman et al., 2016); the invasion and metastatic spread of triple-
negative breast cancer can be facilitated by sensory nerve innervation (Le
etal., 2016). Moreover, neuronal activity is crucial to the biology of brain
tumors, despite the fact that nerve cells and tumor cells interaction has
been largely unexplored. For instance, co-culture of glioma cells with
neurons resulted in a significant rise in cancer cells (Venkatesh et al.,

Nguronal activity [ concer
qu'v.es.tumors therapies Nerve-derived
iatonand | gger - |reworsmaniter [ Narous
prog cognitive ::? nglri‘r)\vgv rega:ﬁatt); the system-cancer | Emergence and development of
impairment. progression of diverse c!-o.sstal.k is a new field: cancer neuroscience
cancers bidirectional
First First study A report provided 35 experts from cancer, neuroscience, For the first time, Cutaneous
discovery of early in vitro evidence immunology and developmental nociceptor (pain-sensing) nerves
of abundant neurotoxici- that interactions biology gathered at the Neurology and have been found to promote
nerve fibers ty in cancer between nerves and Cancer Conference in Banbury, where CDS8+T cell exhaustion in the
in several therapy prostate cancer cells they presented an emerging field tumour microenvironment of
peripheral (chemothera can influence cancer “Cancer Neuroscience” and defined melanoma through release of the
tumours peutic drugs) growth. the scope of the field. CGRP neuropeptide.
1938 1985 2015 2020 2023
2019 [ .
1897 1974 2001 2022
Dr H J Scherer firstly A new Mechanisms of First finding of direct A commentary Glioblastoma has been
described a similar histopathological activity regulated synaptic published by firstly demonstrated to
perineuronal satellitosis of finding paracrine signaling electrochemical the experts in remodel functional
nerves Perineural were first appreciated communication Cell Outlined neural circuits in the
within intracranial gliomas, invasion was with the discovery that exists between the priorities human brain to promote
noting that “the first firstly introduced neuronal activity- presynaptic neurons they have neuronal activity in the
manifestation of the to describe dependent paracrine and postsynaptic identified in tumour
neoplastic process malignant signaling promotes cancer cells of this new field microenvironment,
is a collection of glioma cells | | cells surrounding, glioma incurable glioma
about all or a great many of invading, or proliferation and types in the central
the nerve cells” within nerves growth. nervous system
FIGURE 1
Milestones in cancer neuroscience.
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2015), which was mediated by neuronal activity-regulated paracrine
factors and synaptic signaling.

Bibliometrics emerged at the beginning of the 20th century (Hassan
et al,, 2021). Taking the system of literature and the characteristics of
bibliometrics as the research object, it is frequently employed in the
quantitative and qualitative analysis of literature (Ninkov et al., 2022). In
the process of analysis, it provides access to detailed information on
nations, regions, organizations, authors, disciplines, and journals, allowing
evaluation of the status and directions of research activities (Priovashini
and Mallick, 2022). At present, bibliometrics has become one of the most
widely used methods for evaluating the authority and credibility of
academic works (Ahmad and Slots, 2021). An up-to-date and
comprehensive bibliometric article presenting the current state and future
directions of cancer neuroscience is necessary. Therefore, we conducted
a bibliometric analysis, aiming to provide research status and prospective
direction for subsequent developments in the field by collecting
publications from the last 5years, as well as conducting country, author,
journal, citation and keyword analysis.

2 Materials and methods
2.1 Data collection

Given that Web of Science covers a wide range of publications in
different fields, and can provide a more comprehensive and reliable
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literature resource than other databases such as Scopus, Medline, and
PubMed (Liu et al., 2022; Yeung, 2019), it has been recognized by many
researchers as the most suitable database for bibliometric analyses (Wei
et al., 2022; Jiang et al., 2023; Wu et al., 2022). Therefore, Web of
Science Core Collection (WoSCC) was chosen as the data source for
our study. To ensure the comprehensiveness and representativeness of
the retrieved data, we designed the search strategy as follows:
TS=[(“tumor” OR “tumour” OR “cancer”) AND (“neuroscience” OR
“neurobiology” OR “nerves” OR “nerve” OR “nervous” OR “neuronal”
OR “neural” OR “neurons” OR “neuron”)], with a time span starting
from January 2020 to March 2024. And then, we did some screening:
the literature types were restricted to articles and review articles, the
language was limited to English, and the papers of duplication and
irrelevance to the topic were excluded. Finally, a total of 744 records
related to cancer neuroscience, containing cited references, were
exported and saved in the download_.txt format as plain text files. The
flow diagram of data collection and filtering was shown in Figure 2.

2.2 Data analysis

After gathering all reliable data, we used four software to evaluate
papers on cancer neuroscience. First, the annual distribution of
publications was analyzed by Microsoft Excel 2021. Scimago Graphica
was used to visualize publications for each country and the strength
of national collaboration.

Database: Web of Science Core Collection
(WoSCC)

TS=(("tumor"OR"tumour"OR"cancer"
)JAND("neuroscience"OR "neurobiolog
y"OR"nerves"OR" nerve"OR"
nervous"OR" neuronal"OR"
neural"OR"neurons"OR"neuron")),
Retrieval time:2020-2024

language: English,

n=44,628 I

literature types:
Atrticle and Review Article

n=43,075 I

Data screening

(removed papers on repetitive

n=744
(saved as plain text and filesfull
records with cited references)

and irrelevant topics)

Bibliometric analysis
(Microsoft Office Excel 2021, VOSviewer
(v.1.6.20), and CiteSpace (v.6.3.1) ), Scimago
Graphica (v.1.0.39)

FIGURE 2
Flowchart of the process of publication selection.
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VOSviewer then further analyzed the data for annual production,
author, country, journal, keywords, citations, and more. VOSviewer is
bibliometric software with powerful graphical capabilities based on
Java, allowing the handling of extensive data (Priovashini and Mallick,
2022). Based on a probabilistic approach to data normalization, it
provides multiple visual views of keywords, co-institutions,
co-authors, and other fields, including network visualization, overlay
visualization, and density visualization (Wei et al., 2022).

CiteSpace is also a bibliometric analysis software that complements
VOSviewer. Based on the data normalization method of set theory for
measuring the similarity of knowledge units, it provides us with time-
zone visualization and timeline visualization and facilitates us to
understand the development process and trend of a certain field (Liu
et al., 2022; Chen et al., 2022).

3 Results

3.1 Annual publications on cancer
neuroscience

In the last 5years since the concept of cancer neuroscience was
introduced, we have obtained a total of 744 documents from the WoSCC
contributing to this research field; those 744 documents came from
4,635 authors at 1,169 organizations in 61 countries and were published

10.3389/fnins.2024.1408306

in 361 journals. Generally speaking, the number of publications has been
steadily rising over the past 5years (Figure 3). From 2020 to 2023, the
average number of papers per year was approximately 180. 2021 had the
highest output growth rate of 19.7%, indicating a sharp rise in academic
attention and study in this field during this period. From 2022 to 2024,
although the growth rate of publications in this field has slowed down,
researchers or scholars have been paying attention to this new field.

3.2 Analysis of countries and organizations

From 2020 to 2024, altogether 61 countries have initiated research
in this field. The top 5 countries published publications were
performed in Table 1, and the United States and China were far ahead
in terms of publications, with 242 and 225 papers, respectively,
followed by Italy (Mendenhall et al., 2007), Japan (48 papers), and
Germany (46 papers). Considering the average number of citations for
published literature in a country, Germany (14.5 citations), the
United States (13.63 citations), and Japan (13.46 citations) took the
top 3. We can learn that developed countries like the United States and
Europe are dominating the field of cancer neuroscience.

And then, the country analysis was visualized by VOSviewer and
Scimago Graphica based on publications and the strength of
collaboration (Figure 4). Node size reflects the amount of literature
published in each country, with larger nodes in the United States and
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FIGURE 3

Publications in cancer neuroscience
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The annual number of publications of cancer neuroscience from January 2020 to March 2024.
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TABLE 1 Five most productive countries.

Countries Article counts Average number of citations
1 USA 242 13.63
2 China 225 8.43
3 Italy 51 7.92
4 Japan 48 13.46
5 Germany 46 14.50
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TABLE 2 Top 5 organizations based on publications.

Rank Organizations Article counts Average number of | Country
Citations

1 Shanghai Jiaotong University 24 15.17 China

2 University Texas MD Anderson Cancer Center 22 18.59 USA

3 Stanford University 16 16.31 USA

4 University of Pittsburgh 13 9.38 USA

5 Fudan University 13 7.23 China

China indicating that these two countries publish more literature
(Figure 4A). Figure 4B depicted cooperation between countries, with
thicker lines between nodes indicating closer cooperation between
countries. Obviously, the United States and China are the central
countries in this field and have a close cooperation with Germany,
Japan, Italy, and other countries.

Table 2 provided the top 5 organizations with the highest
publications. Notably, 3 organizations were from the United States
and 2 organizations were from China in the top 5 most productive
organizations. Among them, Shanghai Jiaotong University
contributed the most research papers (24 papers in total), followed
by University Texas MD Anderson Cancer Center (n=22), Stanford
University (n=16), University of Pittsburgh (n=13), and Fudan
University (n=13). However, the top 3 with the most citations were
University Texas MD Anderson Cancer Center (an average of 18.59
citations), Stanford University (an average of 16.31 citations), and
Shanghai Jiaotong University (an average of 15.17 citations). Most of
them came from the United States, suggesting that research has been
conducted primarily in European and American countries, with
China producing a large number of publications but still having a
limited impact.

3.3 Analysis of journals

Next, 361 journals active in the field were analyzed by VOSviewer.
Taking 8 as the minimum number of documents for a source, 10 of
them satisfied the standards. Based on publications and citations,
Table 3 shown the top 10 leading journals in the field.

Frontiers in Neuroscience
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The top three journals, depending on publication numbers in recent
years, were Cancers (n=45), International Journal of Molecular Sciences
(n=28), and Frontiers in Oncology (n=18). It is noteworthy that Nature,
despite having published only 8 articles in the last 5years, recorded the
highest average citations per article (61.00), which indicated that the
quality of the articles published in this journal has received a lot of
attention and has a significant impact on cancer neuroscience. In terms
of average number of citations, Nature Communications (23.70
citations), Scientific Reports (18.70 citations), and BBA Reviews on
Cancer (10.38 citations) were the next most cited journals.

3.4 Analysis of authors

In total, 4,635 authors were devoted to cancer neuroscience
research. As shown in Table 4, there are 5 highly productive authors
with 8 or more publications in the field.

Among them, Amit M published the most papers, with a total of
12 papers published in the past 5years (30.08 citations per paper),
followed by Monje M (n=10, 17.00 citations per paper), and
Hondermarck H (n =10, 4.20 citations per paper). Notably, Amit M
(n=12, 30.08 citations per paper), Winkler F (1 =38, 17.25 citations per
paper), and Monje M (n=10, 17.00 citations per paper) were the most
cited authors.

In addition, we introduced another quantitative indicator: the
H-index, also known as the number of high citations, which can
be used to assess the number of scholarly outputs and the level of
scholarly outputs of researchers. Ranked by H-index, Monje M was in
the first place as the researcher who has contributed the most to the
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TABLE 3 The top 10 most active journals in this fields.

10.3389/fnins.2024.1408306

Journal Article counts Total number of Average number
citations of citations
1 Cancers 45 332 7.38
2 International Journal of Molecular Sciences 28 266 9.50
3 Frontiers in Oncology 18 144 8.00
4 Cells 16 117 7.31
5 Frontiers in Cell and Developmental Biology 14 127 9.07
6 Advanced Biology 11 53 4.82
7 Nature Communications 10 237 23.70
8 Scientific Reports 10 187 18.70
9 Nature 8 499 61.00
10 BBA Reviews on Cancer 8 83 10.38

TABLE 4 The top 5 with most published authors in this field.

Author Article counts Total number of Average number
citations of citations
1 Amit M 12 39 361 30.08
2 Monje M 10 53 170 17.00
3 Hondermarck H 10 42 155 4.20
4 Mravec B 10 23 125 12.50
5 Winkler F 8 7 138 17.25
A B
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Co-citations analysis. (A) Co-citations analysis of cited references. (B) Co-citations analysis of cited author.
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field (H-index =53), followed by Hondermarck H (H-index=42) and
Amit M (H-index=39).

3.5 Analysis of citations

By choosing 30 as the minimum citation number of a cited
reference, the citation network was visualized using VOSviewer. All
the cited references were divided into three clusters (Figure 5A). As
shown in Figure 5A, the blue cluster focused on synaptic connections
of neurons to brain tumors; the cited references in the red cluster

Frontiers in Neuroscience

focused on how the autonomic nervous system regulates tumor
genesis and development via neurotransmitters and neurotrophic
factor signaling; and the green cluster focused on the mechanisms of
tumor hijacking and remodeling the nervous system to promote
invasion and progression.

The top 10 most cited references were reported in Table 5. These
are all noteworthy and influential foundational publications on this
topic that have a significant impact on future studies. Autonomic nerve
development contributes to prostate cancer progression (2013; 192
citations), Denervation suppresses gastric tumorigenesis (2014; 130
citations), and Genetic manipulation of autonomic nerve fiber
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TABLE 5 Top 10 cited references.

Title

Author

10.3389/fnins.2024.1408306

Citation

Journal

Autonomic nerve development contributes to prostate

1 Magnon C 2013 Science 192
cancer progression

2 Denervation suppresses gastric tumorigenesis Zhao CM 2014 Science Translational Medicine 130
Genetic manipulation of autonomic nerve fiber innervation

3 Kamiya A 2019 Nature Neuroscience 106
and activity and its effect on breast cancer progression
Nerve Growth Factor Promotes Gastric Tumorigenesis

4 Hayakawa Y 2017 Cancer Cell 105
through Aberrant Cholinergic Signaling
Ablation of sensory neurons in a genetic model of Proceedings of the National

5 pancreatic ductal adenocarcinoma slows initiation and Saloman JL 2016 Academy of Sciences of the 103
progression of cancer United States of America

6 Perineural invasion in cancer: a review of the literature Liebig C 2009 Cancer 101
Adrenergic nerves activate an angio-metabolic switch in

7 Zahalka AH 2017 Science 95
prostate cancer

8 Nerves in cancer Zahalka AH 2020 Nature Reviews Cancer 92
2 Adrenergic-Neurotrophin Feedforward Loop Promotes

9 Renz BW 2018 Cancer Cell 90
Pancreatic Cancer
Progenitors from the central nervous system drive

10 Mauffrey P 2019 Nature 88
neurogenesis in cancer

innervation and activity and its effect on breast cancer progression
(2019; 106 citations) were the top three cited references.

Moreover, we set the minimum number of citations for cited
authors to 45 and generated a co-citation network of cited authors by
VOSviewer. As shown in Figure 5B, the cited authors in the red cohort
worked on drug management or Schwann cells and tumor
microenvironment; those in the green cohort worked on the crosstalk
of nervous system-immune system-cancer; and those in the blue
cohort worked on neuronal-cancer interactions and glioma
integration with neural networks.

3.6 Analysis of keywords

Keywords are a distillation and summary of what is being
expressed in a paper. Through keyword analysis, we can identify
trends and research hotspots in related fields.

After selecting the occurrence frequency to be more than 10
VOSviewer divided keywords into four clusters (Figure 6A). In the
red cluster the keywords with high frequency were perineural
invasion expression survival innervation growth factor receptor and
nerves which were the fundamental elements of nervous system-
tumors in the previous relevant studies. The blue cluster contained
keywords such as cells growth glioblastoma proliferation
neurogenesis and neurons. This topic may be about neuronal
activity and central nervous system tumors reflecting tumors that
promote growth and invasion by altering neural mechanisms. In
the yellow cluster we can see the keywords including activation
mechanisms neuropathic pain sensory neurons and chemotherapy
suggesting that the mechanism of cancer pain and the effect of
chemotherapy on the nervous system have been widely concerned.
The green cluster contained cancer tumor microenvironment breast
cancer metastasis stress beta-blockers and t-cells. Keywords in this
cluster focused on interactions between the nervous system and

Frontiers in Neuroscience

various extra-central system cancers as well as stimuli and
drug management.

Figure 6B shown the timeline of keywords in cancer neuroscience
in the last 5years. The tree-ring nodes in Figure 6B denote the
keywords, and we can see that the size and color of the tree-ring nodes
are related to when the keywords occur. The results of the clustering
timelines also highlighted key research topics in the field, including
tumor microenvironment, autonomic nerve system | perineural invasion,
neuropathic pain, neural-immune interactions, sympathetic nervous
system, neurotransmitter receptors, expression, and hcn channels.

We also conducted a burst analysis on keywords, which can
provide us with research hotspots and uncover potential future trends
in a particular field. Figure 6C displayed the top 10 burst keywords:
vagus nerve (2.67), mouse model (2.25), and neurotrophic factor (2.07)
were the bursts with the highest strength. Additionally, neurotrophic
factors were prominent keywords from 2022 to 2024, suggesting that
how neurotrophic factors exert their effects between certain nerve
cells and tumor cells may be a recent research hotspot.

4 Discussion
4.1 General information

In this work, we used bibliometric analysis to examine the articles
in cancer neuroscience, providing a broad, intuitive grasp of the topic
and highlighting current trends. According to our research, there has
been an increased trend in this field’s publications during the past
Syears.

This field has gained a great deal of attention since 2019. As the
most publications and citations nation in the world, the United States
is evident in this field, demonstrating its enormous influence.
Subsequent investigation revealed that while Japan and Germany
produced fewer publications than China, their articles received far

frontiersin.org


https://doi.org/10.3389/fnins.2024.1408306
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org

Ma et al. 10.3389/fnins.2024.1408306
A B
Cc
Top 10 Keywords with the Strongest Citation Bursts
Keywords Year Strength Begin End 2020 - 2024
vagus nerve 2020 2.67 2020 202] .
‘mouse model 2020 225 2020 2021 g
enteric nervous system 2020 1.87 2020 2021 g
apoptosis 2020 1.82 2020 2021 e
dysfunction 2020 1.6 2020 2021
in vivo 2021 1.9 2021 2022 .
oot ganglion neurons 2021 171 2021 2022
protein 2021 171 2021 2022
tumor progression 2021 171 2021 2022
neurotrophic factor 2022 207 2022 2024 ]
FIGURE 6

Analysis of keywords. (A) Co-occurrence analysis of keywords. (B) The timeline view for keywords. (C) Top 10 Keywords with the Strongest Citation

Bursts

more citations than those published in China. This suggests that China
should support creative thinking and innovative research.

Among the topl0 journals for publications, many researchers
preferred to submit their work to Cancers, although Nature received a
higher citation count. Two noteworthy contributors are Hondermarck
H and Monje M. Hondermarck H who joined this field of research
early and have been working on how the nervous system affects
various cancer progressions since 2012, including nerve fibers, nerve
growth factor, neurotransmitters, and their receptors (Li et al., 2022;
Pundavela et al., 2015; Magnon and Hondermarck, 2023). Monje M
has been devoted to neuronal activity in the microenvironment of
gliomas, suggesting for the first time that neurons and gliomas can
communicate via paracrine, synaptic electrical signals, providing a
profound impact on the development of the discipline (Venkatesh
etal,, 2015, 2019; Johung and Monje, 2017).

4.2 Research focus and hotspots

Co-occurrence, timeline, and bursts analysis of keywords
indicated that research on cancer neuroscience is primarily concerned
with nervous system-tumor interactions, neurons/nerves-immune-
cancer crosstalk, as well as the nervous system impairment caused by
cancer and cancer therapies. Details can be found in Figure 7.

4.2.1 CNS cancer neuroscience

In the central nervous system (CNS), neuronal-activity
promotes glioma progression through paracrine and electrochemical
signaling. Paracrine mediators include the neurotrophin brain-
derived neurotrophic factor (BDNF), the postsynaptic adhesion
protein neuroligin-3 (NLGN3), and insulin-like growth factor 1
(IGF1) (Venkatesh et al., 2015; Chen et al., 2022). Membrane
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depolarization induced by electrochemical current generated by
synaptic signaling is a key mechanism promoting glioma
proliferation, like synaptic signaling between glutamatergic neurons
and glioma cells via calcium-permeable AMPA receptors (Venkatesh
et al, 2019); and synaptic signaling between GABAergic
interneurons and diffuse midline glioma cells expressing GABA
receptors (Barron et al., 2023). Additionally, a study identified an
indirect peri-synaptic contact: breast cancer brain metastatic cells
communicate with glutamatergic neurons via pseudo tripartite
synapses (Kamiya et al, 2021). Through these peri-synaptic
structures, as well as NMDA receptors on breast cancer cells,
glutamatergic tumor
etal., 2021).

Glioma cells themselves are coupled by gap junctions that

signaling promotes growth (Kamiya

communicate via Ca®* transients. Additionally, non-synaptic
activity-dependent potassium currents, triggered by neuronal
activity, can be enhanced by gap junction-mediated
interconnections between glioma cells, resulting in the formation
of an electrically coupled network. Consequently, gliomas increase
neuronal excitability through this network and positive feedback
mechanisms, thus regulating glioma growth (Venkatesh et al.,
2015, 2019; Venkataramani et al., 2019). Moreover, tumors can
hijack neuro-developmental mechanisms to form ultra-long
membranous tube junctions (or tumor microtubules, TMs), which
couple cells with gap junction-associated intercellular Ca** wave
signaling and integrate to form tumor cell networks, thereby
enhancing the communication efficiency between cancer cells and
the resistance to tumor therapy (Latario et al., 2020; Weil et al.,
2017). Notably, the latest study found a small, plastic population of
extremely active glioblastoma cells that exhibit rhythmic Ca*
oscillations and are particularly connected to others, often at the
hub of the network (Hausmann et al., 2023). Hub cells are critical
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system
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FIGURE 7

Mechanisms of nervous system-cancer interactions. (A) Paracrine signaling between nerve cells and cancer cells, including neuronal activity-
dependent paracrine mediators (NLGN3, IGF-1, and BDNF), as well as synaptogenic or axonogenic factors secreted by cancer cells. (B) Electrochemical
signaling between neurons and brain cancer cells. Direct synaptic signaling mediated by AMPA and GABAA receptors, and indirect synaptic signaling
mediated by NMDA receptors on breast cancer brain metastatic cells have been identified. (C) Perineural invasion refers to tumor cell growth and
invasion along the neural fibers, which involving multiple neural signaling (including neurotransmitter, neurotrophin, and chemokines) in the PNS
tumor microenvironment. (D) Cancer cells themselves are coupled by gap junctions that communicate via Ca2+ transients, and can achieve the
integration of multicellular networks and efficient cellular communication by hijacking neurodevelopmental pathways (connected by TMs and TM-
located gap junctions). (E) Cancer cells may leverage cell-intrinsic signaling and other processes classically associated with neural cells. For example,
cancer cells have been shown to autocrine neurotrophin. (F) Extensive cross-talk occurs between neurons/nerves, immune cells and cancer cells
mediated by neurotransmitters, neuropeptides. These interactions can influence anti-cancer immunity and pro-cancer inflammation. (G) Systemic
nervous system-cancer interactions. Cancers can influence nervous system function (like sleep) at a distance through circulating factors, while the
nervous system can influence cancer progression through circulating factors such as catecholamines or through altered immune system function.
(H) Cancer therapies (chemotherapy) frequently cause nervous system toxicities, including impaired function of various types of peripheral nerves and
impaired cognitive function. (I) Nerve innervation influences on angiogenesis and immune response in the tumor microenvironment. This figure was
created by Figdraw (https://www.figdraw.com).
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for tumor growth, they can autonomously generate currents that
travel through tumor networks connected by gap junctions, driving
a tumor-intrinsic periodic depolarization rhythm and subsequent
calcium transients (Hausmann et al., 2023).

Neural-cancer interactions are bidirectional. Brain tumors can
also induce modifications to the neuronal environment. For
example, glutamate released by primary brain tumors causes
neuronal hyperexcitability via the xc-cystine-glutamate transporter
system (Buckingham et al., 2011). This is believed to be a factor in
seizures linked to gliomas and to increase the tumor-promoting
effects of neuronal activity (Campbell et al., 2012). Furthermore,
glioblastoma remodels human neural circuits by secreting
synaptogenic factors (such as thrombospondin-1 and glypican-3),
which promote functional tumor and neuronal connectivity while
reducing patient survival (Krishna et al., 2023; Lin et al., 2017).
Taken together, these evidences suggest that cancer may stimulate
neuronal activity in the tumor microenvironment and alter
functional neural circuits in the human brain. These processes of
neuronal remodeling can further accelerate the development of
gliomas by means of paracrine signaling and synaptic
electrochemical connections, as discussed in the preceding section.

4.2.2 PNS cancer neuroscience

The peripheral nervous system (PNS) is also believed to be a
driver of systemic cancer initiation and progression. Many cancers
progression can be modulated by peripheral neurotransmitter and
growth factor signaling, including breast cancer, prostate cancer,
pancreatic cancer, and skin cancers (Magnon et al., 2013; Kamiya
et al.,, 2019; Hu et al., 2022; Miyato et al., 2011; Renz et al., 2018;
Hayakawa et al., 2017; Han et al., 2022; March et al., 2020; Schmitd
etal, 2022; Mendenhall et al., 2007). Moreover, the poor prognosis
and high recurrence rate of multiple solid tumors have also been
shown to be associated with high intra-tumoral nerve density (Ali
et al., 2022).

Neurotransmitter-dependent signaling cascades are frequently
used to facilitate communication between malignant cells and
sympathetic, parasympathetic, or sensory neurons in the tumor
microenvironment (Monje et al., 2020). It is necessary to
comprehend the function of a particular nerve type in a context-
specific manner: intra-tumoral sympathetic nerves facilitate cancer
progression via adrenergic signaling (Cole and Sood, 2012; Xia
et al., 2019); intra-tumoral parasympathetic nerves may have
opposite roles in different tumor types progression via the
muscarinic cholinergic receptor, promoting cancer in prostate
cancer (Ventura and Evans, 2013), gastric cancer (Gao and Liu,
2021) and colorectal cancer (Zhou et al., 2018), while inhibiting
cancer in breast cancer and pancreatic cancer (Hu et al., 2022; Renz
et al., 2018). In addition, recent studies have shown that cancer
cells outside the CNS can promote axonogenesis by expressing and
releasing nerve growth factor, neurotrophic factor, or ephrin Bl
(an axon-guidance molecules); they can also recruit new nerve
fibers and
microenvironment (Ayala et al., 2008; Hayakawa et al., 2017).

increase the innervation of the local tumor

Beyond axonogenesis in the tumor microenvironment,
neurogenesis can also be observed: doublecortin-expressing neural
progenitor cells metastasized from the CNS to prostate cancer,
where they generated new adrenergic neurons to initiate

neurogenesis (Mauffrey et al., 2019), and their density is strongly
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associated with prostate cancer aggressiveness and recurrence.
Similarly, newly formed sympathetic nerves can be detected within
breast cancer, which established a polysynaptic connection to the
brain, then activated corticotropin-releasing hormone (CRH)
neurons in the central medial amygdala (CeM) and promoted
tumor growth through CeM“®™ neurons and the CeM“* — lateral
paragigantocellular nucleus (LPGi) circuit (Xiong et al., 2023).
Importantly, cancer progression can be profoundly influenced
by cross-talk among immune cells, tumor cells, and neurons or
neuronal. Infiltrating nerves not only affect the tumor cells but also
other cells inside the tumor microenvironment (Zahalka and
Frenette, 2020). For instance, it has been demonstrated that the
immunosuppressive potential of myeloid suppressor cells in the
tumor microenvironment can be modulated by p2-adrenergic
signaling (Mohammadpour et al., 2019); it has also been
demonstrated that the parasympathetic nerves modulate cytotoxic
T cells in the spleen, which in turn contributes to colorectal
carcinogenesis (Dubeykovskaya et al., 2016). Notably, B
lymphocytes have been found to reduce CD*" T lymphocytes
function via the autocrine neurotransmitter GABA signaling;
GABA secreted by B lymphocytes also induces tumor-associated
macrophages to develop an immune-suppressive phenotype,
thereby preventing anti-cancer immunity and promoting tumor
growth (Zhang et al., 2021). Furthermore, on a systemic level,
mammary gland tumors exhibited abnormal relationships between
immunity, metabolism, and sleep. Tumor-bearing mice exhibited
interleukin-6 (IL-6)-mediated peripheral inflammation, which
coincided with disrupting metabolism and sleep by altering specific
neuronal populations (Walker et al., 2019). While during acute
stress, leukocyte distribution and function were shaped in distinct
brain regions, corticotropin-releasing hormone neuron-mediated
leukocyte shifts protected against the acquisition of autoimmunity,
hence calibrating the immune system’s response to physical threats
(Poller et al., 2022). In conclusion, neurons, immune cells, and
cancer cells are forming a triangular relationship. These discoveries
underscore the importance of the neuro-immune-tumor crosstalk
for tumor progression and may provide us with targets for
immunotherapy against tumor progression, despite the fact that
there are still many questions to be explored in cancer neuroscience.

4.2.3 Cancer therapies and neurological
impairment

It is well known that conventional chemotherapy and
radiotherapy can cause neurotoxicity in cancer patients (Stone and
DeAngelis, 2016), and trigger cognitive symptoms of debilitating
syndromes (Gibson et al., 2019; Pease-Raissi et al., 2017), as
evidenced by deficits in memory, attention, processing speed,
multitasking, and executive function, as well as neuropathies of
sensory, motor, and autonomic nerves (Wefel et al., 2004; Staff
etal., 2017).

Cancer patients receiving chemotherapy have been demonstrated
that not only experience a reduction in grey matter volume/density
and white matter integrity, but also an alteration in grey and white
matter structural network connectivity. These abnormalities are most
pronounced in frontal and temporal brain regions (McDonald, 2021).
The use of chemotherapeutic agents has also been found to damage
hippocampal synapses and dendrites: for example, treatment with
clinically relevant doses of cisplatin leads to a reduction of dendritic
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branches and decreased spine density in CA1 and CA3 hippocampal
neurons, which correlates with the degree of neuronal connectivity
and function (Andres et al., 2014). In addition to chemotherapy-
induced neural impairment, cranial radiation therapy also leads to
debilitating cognitive decline, characterized by hippocampal
dysfunction and persistent radiation-induced microglial
inflammation (Monje et al., 2007), which is associated with defects in
the proliferative capacity of neural progenitor cells, synaptic
plasticity-associated cytoskeletal signaling pathways, and reduced
hippocampal neurogenesis (Monje et al., 2002; Parihar and Limoli,
2013; Kempf et al., 2014).

In summary, the multiple mechanisms of tumor-neural
crosstalk and its associated clinicopathological consequences, as
well as the mechanisms and implications of cancer treatment-
induced neurotoxicity, urge us to develop optimal therapeutic
strategies to effectively treat cancer and reduce debilitating
neurological side effects. Currently, various clinical trials are being
inspired to develop more effective anti-cancer therapies. For
example, neuromodulating drugs (such as beta-adrenergic,
dopamine, and glutamate receptor modulators) are designed to
target neurotransmitters or neuropeptides that promote tumor
growth (Melhem-Bertrandt et al., 2011; Udumyan et al., 2017;
Caudill et al., 2011).

5 Limitations

This study provides a pioneering attempt to use bibliometrics to
investigate research trends and hot spots in cancer neuroscience.
However, we must acknowledge some limitations of this study.

Firstly, in order to ensure the norms and standards of
bibliometric analysis, articles in the WoSCC database were
selected for this study, excluding other databases. This will
unavoidably result in inadequate data analysis, even though this
database is the most prestigious collection of scientific papers,
guaranteeing the high quality of the collected data.

Furthermore, bibliometrics evaluates the quality of time-
related research. Although cancer neuroscience is still a
developing field and only publications from 2020 to 2024 can
be used, our bibliometric study can provide key trends in the field
and make predictions about future trends. By investigating current
research trends and emerging interests, this study provides
valuable insights into understanding the crosstalk mechanisms
between different types of cancer and the nervous system during
cancer development.

6 Conclusion

Through our comprehensive bibliometric analysis, we see a
growing interest in the field among researchers and scholars.
Perineural invasion, innervation, growth factor, receptor,
glioblastoma, neurogenesis, neuropathic pain, chemotherapy, tumor
microenvironment, breast cancer, stress, beta-blockers, and T cells.
These are all the main focus and hot spots in the field. Researchers
and scholars have made significant progress in elucidating nervous
system-tumor interactions (Mancusi and Monje, 2023; Hanahan and

Monje, 2023; Winkler et al., 2023; Shi et al., 2022). However, there
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are still many unclear questions in this field, like the differences of
the nervous system interacts with CNS tumors or tumors outside the
CNS, the mechanisms and effects of the perineuronal niche on the
composition and evolution of the microenvironment during tumor
development. Further research would require cross-disciplinary
research thinking, applying knowledge from fields such as
neuroscience, cancer biology, immunology and developmental
biology. Another key requirement for the future will be to map the
nervous system-cancer crosstalk more thoroughly on a variety of
scales and levels, which helps us to decipher biomarkers targeting
nervous system-cancer interactions. Biomarkers and cancer
vaccines will be new directions for the development of cancer
neuroscience. Clinical drug modulating these key factors (such as
neuropeptides, neurotransmitter receptors, ion channels), in
combination with surgery, radiotherapy and chemotherapy as well
as immunotherapies, holds great potential in interrupting tumor
growth, spread and treatment resistance. All of these insights are
essential for developing a more thorough grasp of the field of cancer
neuroscience and for directing cancer treatments.
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