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Abstract

The nervous system branches throughout the body in a 
way similar to the circulatory system, innervates almost 
all tissues, and regulates normal tissue homeostasis and 
function. Although it is well known that both the vascular 
system and the immune system display strong influences 
on cancer, nerves have often been seen as more silent 

partners in the tumor microenvironment. However, stud-
ies from different tissue types have revealed similarities in 
how the nervous system regulates normal and neoplastic 
cellular function. Therefore, neural-cancer crosstalk, both 
systemically and locally within the tumor microenviron-
ment, is now emerging as a crucial hallmark of cancer 
initiation, growth, and metastasis.
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Regulation of the tumor microenvironment mediated by auto-
nomic innervation. The autonomic nervous system (ANS) interacts 
directly with tumor epithelial cells, along with multiple stromal 
components in the tumor microenvironment (TME). Remodeling of 
extracellular matrix components triggered by sympathetic signaling 
promotes angiogenesis, tumor growth and dissemination. The 

immune system is another TME component regulated by nerves. 
Sympathetic nerves stimulate the mobilization of tumor-associated 
macrophages. The ANS has a dual effect on the expression of 
immune checkpoints such as PD-1 and PD-L1. The parasympathetic 
innervation can downregulate these proteins, allowing the immune 
system to fight malignant cells. Created with BioRender.com

Take-Home Lessons
•	 Presence of nerves in and around malignant tumors 

has recently emerged as an important feature of the 
tumor microenvironment

•	 Nerve fibers influence cancer growth, spread, thera-
peutic resistance and prognosis

•	 The function of different nerve types must be under-
stood in a cancer-specific manner

•	 Different mechanisms for tumor-nerve interactions 
have been described, including perineural invasion, 
axonogenesis, and neo-neurogenesis

�Background

The nervous system is involved in physiological processes 
from organogenesis and growth to tissue homeostasis and 
repair throughout the body. Similar to these roles, neural ele-
ments can also influence the initiation, growth, and metasta-
sis of malignant tumors. This has currently emerged as an 
expanding and exciting field within cancer research.

The mechanisms underlying peripheral nerve-tumor 
interactions are largely unexplored. It is not known whether 
this crosstalk reflects paracrine-signaling events leading to 
increased neural activity in the local tumor microenviron-
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ment (TME), whether nerve-to-cancer cell synapse-like 
structures are formed, and whether electrical coupling exists 
outside the central nervous system (CNS) that enable periph-
eral nerves to interact with cancer cells [1].

It is now known that nerves infiltrate the TME and actively 
stimulate cancer cell growth and dissemination [2, 3]. This 
mechanism involves the paracrine release of neurotransmit-
ters [4] into the vicinity of cancer cells and stromal cells to 
activate corresponding membrane receptors. In addition, the 
secretion of neurotrophic growth factors by cancer cells 
drives the outgrowth of nerves in solid tumors. In this way, 
reciprocal interactions between nerves and cancer cells pro-
vide new insights into the cellular and molecular basis of 
tumorigenesis [4, 5].

Studies in pancreatic [6, 7] and prostate cancer [4] have 
shown that neurotransmitters and cytokines secreted from 
nerves can enhance the malignant phenotype of cancer cells, 
including proliferation, cell survival, and invasiveness. 
Further, cancer cells secrete neuromodulating signals to 
induce neuroplasticity, neural invasion, and neuropathic pain 
sensation [8]. Therefore, reciprocal interactions between 
nerves and cancer cells cooperate to promote cancer 
progression.

Tumor-nerve crosstalk may also occur indirectly, by the 
nervous system regulating other cell types of the TME, e.g., 
immune cells, endothelial cells, and fibroblasts [9]. This 
communication may occur locally within the TME or tumor 
niche, or more systemically through circulating signals that 
might influence distant pre-metastatic tissue niches.

To better understand the mechanisms by which nerves 
interact with the TME to drive cancer initiation and progress, 
we will first review some aspects of developmental biology 
and regeneration. The parallels between embryonic develop-
ment and cancer were first considered by Waddington in 
1935 [10], linking mechanisms of development or regenera-
tion to uncontrolled tumor growth. Waddington hypothesized 
that common signaling pathways in regeneration and cancer 
could provide cues to control cancer progression. Nerve 
dependence for regeneration and tissue growth was discov-
ered in 1823 (as discussed in Boilly et al. [11]) from studies 
of salamander limb amputation, demonstrating that innerva-
tion was crucial for adult regeneration. The ingrowth of 
nerves into the blastema (the part of the tissue converted into 
a zone of undifferentiated progenitors [12]) starts during the 
early stages of wound healing in the epithelium covering the 
amputation site. Nerves infiltrate the blastema and recreate 
the neural networks necessary for regeneration, which is 
similar to the findings in cancer, indicating that nerves are 
active participants in tumor progression [11]. This empha-
sizes the need to investigate links between development, 
regeneration, and cancer.

�Division of the Nervous System

In humans, the nervous system consists of the central ner-
vous system (CNS) and the peripheral nervous system 
(PNS). The brain and spinal cord constitute the CNS, while 
the PNS consists of external nerves which connect the rest of 
the body to the CNS.

�Central Nervous System

The CNS consists primarily of the brain and the spinal cord. 
It is mainly composed of grey and white matter. Grey matter 
is composed of cell bodies of neurons, glial cells, and capil-
laries, and it constitutes the outermost layer of the brain. 
White matter is primarily formed by myelinated axons, with 
thin elongated cell projections covered in myelin and created 
by oligodendrocytes [13].

There are two main cell types found within the CNS: neu-
rons and glial cells. Neurons are responsible for the informa-
tion relay, sensory and motor processing via specialized 
connections called synapses. The neuron structure varies 
based on their function, but generally, dendrites on the outer 
rim of the cell body will receive signals from other nerves. 
Glial cells, on the other hand, are all non-neuronal support-
ing cells of the CNS, including astrocytes, oligodendrocytes, 
microglia, and ependymal cells [14]. These cells are respon-
sible for tissue repair upon damage, creating myelin sheaths 
around nerve axons, acting as the primary immune defense, 
and creation and locomotion of the cerebrospinal fluid of the 
brain, respectively.

�Peripheral Nervous System

The peripheral nervous system (PNS) consists of the nerves 
and ganglia that connect the CNS to the rest of the body. The 
PNS can be subdivided into three systems: the somatic, the 
enteric, and the autonomic nervous system. The somatic 
nervous system is the voluntary division of the PNS and 
consists of afferent nerves (which transmit the sensory 
information from the body to the CNS), and efferent nerves 
(which exit commands from the CNS to the muscles) [15]. 
The enteric nervous system consists of a mesh-like network 
of neurons that governs the function of the gastrointestinal 
tract. It is influenced by the autonomic nervous system 
(ANS) although it might also be capable of acting indepen-
dently [16]. The ANS has two branches: the sympathetic 
nervous system and the parasympathetic nervous system. 
The ANS acts mainly unconsciously, and innervates and 
regulates all organs in the body, except skeletal muscle. It is 
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organized as two neurons in series, where the first originates 
in the CNS and connects the second neuron, which origi-
nates in a ganglion in the periphery and innervates the target 
gland or organ [17].

�Autonomic Innervation in Cancer Tissues

A growing body of evidence suggests a link between the 
ANS and cancer. Multiple studies in animal models and 
humans have shown that sympathetic and parasympathetic 
nerves innervate cancer tissues and influence their behavior 
to promote tumor growth and distant metastasis [18–21]. The 
fact that the postganglionic neuronal bodies are located rela-
tively close to the target tissues give them the ability to 
respond to changes in the TME, not only through neurotrans-
mitter secretion, but also through alterations in the transcrip-
tion or translation and cytoskeletal changes [9]. In addition, 
the different cells that make up the TME express receptors 
for sympathetic and parasympathetic neurotransmitters and 
various neuropeptides and can thereby react to nerve stimu-
lation in ways that affect tumor growth and progression [19, 
22–24].

�Tumor-Nerve Interactions in the Tumor 
Microenvironment

Recent advances in genetical engineering and imaging have 
shed light on the mechanisms of neuronal regulation in can-
cer. An initial and more straightforward view of nerves 
affecting tumor proliferation, survival, and migration con-
sider the direct action of neurotransmitters on cancer cells. 
For example, aberrant innervation of the epithelial cells in 
the stomach promotes the initiation and progression of gas-
tric cancer [25]. Besides this, there is new evidence indicat-
ing that regulation of the TME by the nervous system has a 
strong impact on the tumor properties and aggressiveness 
(See Graphic abstract figure):

Angiogenesis is necessary for the availability of nutrients 
and oxygen in tumors, and therefore, for their expansion and 
spread. Blood vessels and sympathetic nerves share common 
patterning cues [26]. In prostate cancer, it has been shown 
how adrenergic nerves indirectly affect tumor growth by 
stimulating angiogenesis in the TME [22].

The immune system is another component of the TME 
highly regulated by the nervous system. By using genetic 
engineering techniques, the modulation of sympathetic and 
parasympathetic nerve systems in breast cancer has been 
shown to affect the expression of immune checkpoints and 
regulators, including PD-1, PD-L1, and FOXP3, with subse-
quent impact on antitumor immune response and breast 
cancer progression [21]. In a different study, sympathetic 

nerves were shown to stimulate the mobilization of tumor-
associated macrophages that activated a metastatic switch 
within the primary tumor [27].

Finally, cancer-associated fibroblasts (CAFs), a major 
component of the TME, have been shown to actively remodel 
the extracellular matrix (ECM) by producing type I collagen 
in response to sympathetic stimuli [28]. Such changes in the 
TME might promote both angiogenesis and neurogenesis, 
and hence cancer dissemination.

Taken together, nerves interact with both malignant cells 
and various components of the TME, and this multifaceted 
nerve-stroma interaction is decisive for tumor growth and 
dissemination.

�Mechanisms of Nerve Involvement in Cancer

Nerve infiltration in TME has recently emerged as a key 
player in cancer pathogenesis [1, 2, 9], including regulation 
of cancer initiation, growth, and metastasis. The interaction 
between cancer cells and nerves is bidirectional and 
involves trophic factors released by nerves towards both 
cancer cells and surrounding stromal cells, and cancer cells 
secrete neurotrophic factors to stimulate nerve infiltration. 
In combination, the molecular mediators of the tumor-
nerve crosstalk represent a dangerous duo that promote 
tumor-associated neural networks that boosts tumor growth 
and spread [4, 25, 29].

Perineural invasion was for long the only acknowl-
edged cancer-nerve interaction, but cancer and nerves can 
also interact via other mechanisms, including axonal out-
growth (sprouting) of pre-existing nerves through a pro-
cess of axonogenesis, and cancer-stimulated formation of 
new nerves from neural progenitor cells through the pro-
cess of neo-neurogenesis [30]. The effects that nerves 
have on a specific cancer, can vary dependent on tissue 
type [1].

�Perineural Invasion

Perineural invasion (PNI) is a process in which cancer cells 
invade the perineural space of surrounding nerves and move 
around them [31], providing a route for metastatic spread 
along nerves [32] (Fig. 16.1, left). Many cancer types have 
been observed to attract neural interaction and PNI, at least 
at advanced disease stages, including gastric cancer [33], 
lung [34], head and neck [35], pancreas [7], prostate [4], but 
also breast cancer [36], and PNI is considered an important 
pathological feature of many tumors that can also be observed 
in the absence of vascular invasion [31]. Although PNI has 
been found in many tumor types, the underlying molecular 
mechanisms by which cancer cells invade perineural 
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Fig. 16.1  Mechanisms of nerve involvement in cancer. Perineural 
invasion (PNI) (left) is the invasion of cancer cells to the space sur-
rounding nerves. In this process, trophic factors are released by the 
nerves towards cancer cells, and cancer cells secrete neurotrophic fac-
tors to stimulate nerve infiltration. PNI can be used as a route for meta-

static spread. Axonogenesis (center) is the outgrowth of axons from 
pre-existing nerves in the TME, stimulated by axonal guidance factors. 
Neo-neurogenesis (right) is the de novo formation of functional neurons 
from neural progenitor cells that are attracted to the TME by unknown 
mechanisms. Created with BioRender.com

spaces—including which factors are involved—have not 
been defined and no treatment targeting PNI is currently 
available.

�Axonogenesis

Axonogenesis is a process that involves the outgrowth of 
pre-existing nerves (Fig.  16.1, center) and which expands 
tumor-associated nerve networks that generate neural signal-
ing for the regulation of tumorigenesis and metastasis [4, 
25]. The process of axonal sprouting shows some parallels 
with vascular biology [37], where growth factors that direct 
vessel sprouting, such as axonal guidance molecules, also 
regulate axonal branching. The process of axonogenesis can 
therefore be analogous to angiogenesis and lymphangiogen-
esis (i.e., the development of new lymphatic vessels in 
tumors) [38]. Adult neurogenesis is a dynamic process that 
can be stimulated under different pathological and pharma-
cological settings, such as injury, but is considered limited in 
normal physiological conditions [39].

�Neo-Neurogenesis

Neo-neurogenesis involves the de novo production of func-
tional neurons from neural progenitor cells and occurs 
throughout life (in rodents) in specific regions of the brain, 
the subgranular zone in the dentate gyrus of the hippocam-
pus, the subventricular zone of the lateral ventricle [39], and 
to some extent in the striatum [40] and the cerebellum [41]. 

However, whether neo-neurogenesis also occurs in the adult 
human brain, is still up for discussion.

Recently, a process of cancer-specific neo-neurogenesis 
within the TME of prostate cancer was reported [5]. The pro-
cess was defined as cancer-specific, as regeneration of sym-
pathetic innervation after injury in normal prostate is driven 
by axonogenesis, without the presence of newly formed 
nerves [42]. In prostate cancer, neural progenitor cells (aris-
ing from the CNS) are abundantly present in the TME, and 
these progenitors direct the formation of new autonomic 
nerves in the tumor tissue [5] (Fig. 16.1, right).

This process is explained in a mouse model of prostate 
cancer, in which cancer development leads to an accumula-
tion of Doublecortin (DCX) expressing neural progenitor 
cells in the subventricular zone. By cell tracing experiments, 
these authors were able to trace DCX+ neural progenitors, as 
these cells enter the circulation by disrupting the blood-brain 
barrier and migrate to the prostate to innervate the surround-
ing TME. The process was further associated with cancer-
induced differentiation of the neural progenitors towards 
adrenergic nerves that have been shown to support early 
stages of prostate tumor development [4]. The mechanism by 
which the DCX+ neural progenitors are triggered to leave the 
brain is still unknown, but it is thought that the tumor may 
produce signals that attract neural progenitor cells, in turn 
leading to TME remodeling with increased number of 
cancer-associated autonomic nerves. Removal of neural pro-
genitors from the TME of prostate cancer, significantly 
inhibited tumor progression in this mouse model.

The findings by Magnon et al. [5] were recently evaluated 
in a large cohort of prostate cancer patients [43], in which 
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DCX expression did not differ by disease state, grade or out-
come. These findings indicate that further work is needed to 
define the role of DCX expressing candidate neural progeni-
tor cells in the TME of prostate tumors and other cancer 
types, and future studies are needed to describe the process 
of cancer-associated neo-neurogenesis and elucidate the 
mechanisms for cancer-stimulated targeted differentiation of 
CNS derived neural progenitors to adrenergic nerves within 
the TME.

�Nerve Involvement in Different Cancer Types

Recent studies have demonstrated neural participation in 
malignant tumors, evident by the presence of nerve fibers 
innervating malignant tumors and the TME. Next, we will 
briefly review data on nerve innervation of gastric, pancre-
atic, prostate, and breast cancer.

�Gastric Cancer

The incidence and mortality rates of non-cardia gastric can-
cer has been steadily decreasing within the last half century, 
with large fluctuations dependent on populations [44]. 
However, even after curative resections, a sizable proportion 
of patients experience tumor recurrence with poor prognosis. 
In an attempt to improve patient outcomes, new pathological 
indicators are being explored, such as neural participation in 
gastric cancer.

It has been documented that PNI plays a role in cancer 
progression and dissemination [31]. In a meta-analysis by 
Zhao et  al., the authors found PNI to correlate with more 
aggressive tumor features, such as a diffuse tumor type, 
larger tumor size, and tumor metastasis. Notably, the prog-
nostic value of PNI is influenced by the variability intro-
duced by its evaluation process [45].

The enteric nervous system is linked to epithelial homeo-
stasis within the gastrointestinal crypts and signaling 
between gastric cancer cells and nerves have been reported 
[46, 47]. Hayakawa et al. demonstrated that the neurotrans-
mitter acetylcholine, from both Doublecortin-like kinase 1 
positive tuft cells and nerves, induces neuronal growth factor 
(NGF) production and expression in gastric epithelial cells. 
In turn, this overexpression of NGF leads to enteric nerve 
system expansion and innervation that promote carcinogen-
esis [25].

The nervous system is known to regulate both stem and 
progenitor cells of the epithelium, with crosstalk between 
tumor cells and nerves being evident [48]. This can be seen 
in tumors inducing active neurogenesis, and nerves in turn 
stimulate the growing tumor through muscarinic acetylcho-

line receptor activation by the release of acetylcholine, that 
has been shown to promote cancer progression [49].

�Pancreatic Cancer

The pancreas is innervated by sympathetic and parasympa-
thetic nerves [50]. However, in contrast to normal pancreatic 
tissue, pancreatic ductal adenocarcinoma (PDAC) is charac-
terized by high neuronal activity, marked by high neural den-
sity and hypertrophy, thought to be caused by secretion of 
neurotrophins such as NGF and brain neurotrophic factor 
(BDNF) [6, 7]. In a recent study, Renz et  al., studied the 
effects of stress as a growth promotor in PDAC, via 
β-adrenergic signaling [51]. It was found that in the crosstalk 
between adrenergic signaling and cancer cells, neurotrophins 
secretion is central to the growth of PDAC. With catechol-
amine signaling, induced by chronic stress, increased cancer 
cell secretion of NGF and BDNF has been observed, in turn 
stimulating axonogenesis through Trk receptors, and creat-
ing a positive feedback loop.

PDAC is thought of as a neurotropic cancer, as 70–100% 
of PDAC patients show PNI [52–54]. PNI in PDAC is associ-
ated with a poor prognosis and increased cancer aggressive-
ness [55]. The high incidence of PNI in PDAC is not clearly 
understood, but it reflects the strong neurotropic effects of 
the tumor, and the proximity of the pancreas to multiple neu-
ral plexuses might be important [56, 57]. The pain often 
observed in pancreatic cancers also seems to be related to 
PNI, as many of the molecular mechanisms involved in this 
process are also implicated in pain generation, such as NGF, 
artemin, and granulocyte colony-stimulating factor [6, 7].

The vagus nerve, a major component of the parasympa-
thetic nervous system, has been shown to stimulate the pro-
liferation of pancreatic exocrine cells [58]. In contrast, 
clinical studies have indicated that vagus nerve signaling 
might inhibit cancer progression and metastasis [59]. 
Comparable to what has been shown for stomach cancer, 
parasympathetic nerve signaling seems to suppress 
tumorigenesis.

�Prostate Cancer

Nerve innervation of the prostate is one of the most studied 
due to its anatomical distinct neural inputs. Prostate stroma 
is abundantly innervated by both sympathetic and parasym-
pathetic nerves [60], and PNI has been shown to result in 
increased tumor growth and spread [61]. In prostate cancer, 
innervation from newly formed sympathetic nerves contrib-
utes to initiation [4], while parasympathetic signaling is 
important for cancer progression [29].
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Magnon et al. were the first to demonstrate the ability of 
nerves to stimulate prostate cancer progression [4]. In a 
mouse model of prostate cancer, the authors reported that 
prostate tumors were infiltrated by sympathetic adrenergic 
nerves (expressing tyrosine hydroxylase) and parasympa-
thetic cholinergic fibers (expressing vesicular acetylcholine 
transported (VAChT)). A kinetic analysis of autonomic nerve 
infiltration, coupled to a measurement of tumor size and 
metastasis occurrence, suggested that sympathetic nerves 
stimulated the early stages of cancer progression, while para-
sympathetic nerves were found to activate cancer cell dis-
semination at later stages. Potential clinical relevance was 
evaluated, and the density of sympathetic and parasympa-
thetic nerves was higher in tumors with poor clinical out-
comes [4]. In a later study, Mauffrey et al. reported increased 
expression of DCX+ neural progenitors derived from the 
CNS in the stroma of prostate cancer, where they are differ-
entiated towards adrenergic neurons that were further associ-
ated with tumor aggressiveness, invasion, and recurrence [5].

�Breast Cancer

The role of nerve innervation in breast cancer is an under-
studied phenomenon. Anatomical and histological assess-
ments show that the normal breast is innervated by 
sympathetic and sensory nerves [62], in which sensory 
nerves supply the skin and nipple, while sympathetic nerves 
innervate blood vessels and ducts. The breast is not consid-
ered a highly innervated tissue, and from immunohistochem-
ical staining for selected nerve markers in normal breast, 
nerve fibers are rarely detected, with the exception of nerve 
bundles [36, 63].

The presence of nerves in the TME of breast tumors have 
been reported in several studies [36, 63–65], and in breast 
cancer, axonogenesis has been assumed to be associated with 
tumor aggressiveness that is driven by NGF production [36, 
66]. In a study of over 350 breast cancer tissue specimens 
[36], tumor-associated nerve fibers (marked by protein gene 
product 9.5, III beta-tubulin, and neurofilament) correlated 
with poor differentiation, lymph node metastasis, high clini-
cal staging, and a triple-negative subtype.

As mentioned before, an increasing number of studies are 
hinting towards a link between autonomic innervation and 
cancer [9, 18]. Experimental rodent studies suggest that 
chronic stress accelerates cancer growth and progression via 
β-adrenergic stimulation, potentially via sympathetic neural 
mechanisms [27]. Findings from the study suggest activation 
of the sympathetic nervous system as a regulator of breast 
cancer metastasis and further proposed antimetastatic treat-
ment targeting the β-adrenergic induction of pro-metastatic 
gene expression in primary breast cancer. Clinical studies 
have shown that blocking of β-adrenergic receptors reduces 

recurrence rates and morbidity in breast cancer patients [67, 
68]. In an experimental study of rodents, Kamiya et  al. 
showed the antagonistic innervation of sympathetic and 
parasympathetic nerves in the breast TME, demonstrating 
that sympathetic innervation stimulated tumor growth and 
progression, while parasympathetic innervation had the 
opposite effect. These findings were further supported by 
assessment of sympathetic and parasympathetic nerve den-
sity in a relatively small sample size of breast cancer patients 
(n = 29), in which a higher density of tumor-associated sym-
pathetic nerves and a lower density of parasympathetic nerve 
fibers was associated with poor clinical outcome [21].

With regards to the recent findings in prostate cancer, dem-
onstrating that sympathetic and parasympathetic nerves con-
tribute to cancer initiation and progression, and that neural 
progenitors from the CNS contributes to neo-neurogenesis [4, 
5], it will be interesting to study more closely the molecular 
mechanisms of nerve dependence of breast cancer and the 
role of different nerve types on tumor progression, and also to 
search for signals that drive the differentiation of peripheral 
nerve fibers from CNS derived neural progenitor cells.

The function of a given nerve type must be understood in 
a context-specific manner, as parasympathetic nerves inhibit 
growth and progression in PDAC [51], while in the stomach, 
parasympathetic nerves appear to promote gastric tumori-
genesis [25]. Prostate cancer is highly innervated by both 
sympathetic and parasympathetic nerves, in which both 
nerve types promote cancer progression [4]. In breast cancer, 
the recent finding by Kamiya et  al. indicates the opposite 
effect of sympathetic and parasympathetic nerves [21]. 
Importantly, these studies suggest that nerves may drive 
opposite effects on different tumor types, by promoting 
growth in one tissue while inhibiting cancer growth in other 
organs.

�Overview of Nerve Markers

Most nerves in the TME are small fibers or individual axons 
that require specific neuronal biomarkers to be detected by 
immunohistochemical staining. In this chapter, we will high-
light a few of these neural markers often used in translational 
cancer studies.

�Neurofilament

Neurofilaments are a unique group of cytoskeletal intermedi-
ary filaments. The neurofilament triplet proteins—light, 
medium, and heavy (NF-L, NF-M, and NF-H, respec-
tively)—are neuron-specific (NF-L in breast cancer, 
Fig.  16.2). In the CNS, the neurofilament triplet proteins 
have been shown to co-express Internexin-alpha (INA) [69]. 
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Fig. 16.2  Nerve fibers in breast cancer. IHC for Neurofilament show-
ing isolated nerve fibers (axons) in the stroma (TME) of breast cancer

Neurofilaments are primarily expressed in axons, where they 
stabilize axonic protrusions [70], which begin with the 
polymerization of NF-L and INA. The two largest subunits 
NF-M and NF-H are expressed in more mature and pro-
truded axons. NFs are therefore the main component of the 
cytoskeleton in mature neurons, with NF-L and INA being 
expressed earlier than NF-M and NF-H [71].

�Class III Beta Tubulin

Microtubules are built by α/β heterodimers, with a linear 
expression where the α-tubulin is directed towards the rear 
end of the microtubule and the β-tubulin faces the front [72]. 
The expression of Class III β-tubulin (βIII-tubulin) is primar-
ily centered around neural crest-derived cells; however, its 
expression can also be induced in both normal and neoplastic 
tissues [73, 74]. Classically, βIII-tubulin is an early neuronal 
marker [75, 76], and recent discoveries suggest βIII-tubulin 
as a marker for stemness within these cells [77].

�Doublecortin

Doublecortin (DCX), is a microtubule-associated protein 
that aids microtubule stabilization [78]. DCX is a marker 
associated with neural progenitors and axonal growth cone 
of migrating central and peripheral neurons [79, 80]. 
Although DCX is a microtubule-associated protein, it can be 
demonstrated immunocytochemically in pre-migratory neu-
roblasts [81].

�Autonomic Nerve Markers

In addition to the above-mentioned nerve markers, sympa-
thetic nerves are marked by the expression of tyrosine 
hydroxylase (TH), and parasympathetic nerves express 
vesicular acetylcholine transported (VAChT) [4, 21]. TH is 
present in the CNS and in sympathetic neurons of the PNS, 
where it functions as the rate-limiting enzyme in the biosyn-
thesis of noradrenaline, in which it catalyzes the conversion 
of L-tyrosine to L-DOPA [82]. L-DOPA is the precursor for 
dopamine which is the precursor for neurotransmitters nor-
adrenaline and adrenaline. VAChT is also found in neurons 
of both the CNS and PNS, where it functions as a neurotrans-
mitter transporter that loads acetylcholine into secretory 
vesicles [83].

�Surgical and Pharmacological Denervation

Retrospective clinical studies have suggested that patients 
with breast cancer [27, 67, 68], melanoma [84], and prostate 
[85, 86] cancer that already are taking beta-blockers to treat 
a pre-existing condition, have lower recurrence rates and 
morbidity. These results support the idea that reducing stress 
or suppressing sympathetic activity could be a beneficial 
adjuvant treatment option for cancer patients [87]; however, 
the reported impact is relatively small [88]. Administration 
of beta-blockers in patients would result in a systemic effect, 
which makes it hard to isolate the true effects on local inner-
vation of tumors.

Similar to regeneration, in vivo denervation experiments 
were important for the discovery of nerve dependence in 
cancer. Denervation by surgical cutting of afferent nerves, 
or the local injection of neurotoxic drugs using botulinum 
toxin or 6-hydroxydopamine, have shown promising results 
[4, 33]. As demonstrated in mouse models, vagal denerva-
tion in gastric cancer involves inhibition of cholinergic sig-
naling and muscarinic receptors [25, 33]. Peripheral nerves 
consist of groups with different types of nerve fibers such 
that surgical resection of a peripheral nerve leads to disrup-
tion of all the nerve fibers within that nerve. Therefore, the 
function of a specific nerve type, cannot be studied sepa-
rately. Potential limitations of experimental denervation 
therefore include unspecific or incomplete denervation but 
does not take into account potential cancer-induced nerve 
regeneration. The effect of different types of nerves on can-
cer progression remains to be characterized in depth and 
highlights the need for future studies in different cancer 
types to study the true importance of cancer-associated neu-
ral elements.
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�Future Perspectives

Nerve fibers were for a long time seen as silent spectators of 
the TME, but recent studies have demonstrated neural par-
ticipation in and around malignant tumors, and a new field of 
research focusing on cancer neuroscience is emerging.

Nerves are difficult to study by regular histology, but big 
nerve trunks can be seen and constitute the basis for assess-
ing perineural invasion by pathological examination [31]. 
Although identifying nerves within the TME of different 
tumors can be similar to looking for needles in a haystack, 
several studies mentioned earlier have suggested that neural 
marker density correlates with aggressive tumor features.

The nervous system is among the most complex “organs” and 
is correspondingly difficult to study in vivo and by tissue culture 
models. Targeting the direct interaction between nervous compo-
nents and cancer cells requires sophisticated in vitro co-culture 
systems. These experiments can provide useful information 
about the molecular crosstalk involved. Moreover, a focus on the 
influence of the nervous system on local stomal cells and remod-
eling of the TME is needed. Single-cell analysis, lineage tracing, 
molecular characterization, and neural differentiation profiling 
will be required to define the mechanisms by which different 
nerves, and different types of cancer cells, are connected. Precise 
targeting of tumor-nerve interactions will provide new opportu-
nities for improving outcomes for many tumors.

Within the emerging field of cancer neuroscience, many 
questions still remain to be answered; where do the nerves in 
the TME of different cancer types come from? through 
which mechanisms can tumors recruit new nerves? does the 
density of nerves correlate with more aggressive behavior? 
are there cancer-specific differences in the mechanisms for 
nerve dependence? So far, researchers have only investigated 
the presence and role of nerves in a few cancer types, and the 
cellular and molecular landscape and significance of cancer-
associated nerves will need to be mapped in full detail.

Concluding Remarks/Summary

The presence of nerves in and around malignant tumors has 
recently emerged as an important feature of the tumor micro-
environment. Nerve fibers influence cancer growth, spread, 
therapeutic resistance, and prognosis. The function of differ-
ent nerve types must be understood and investigated in a 
cancer-specific manner. Much remains to be discovered with 
respect to how the central and peripheral nervous systems 
influence different solid tumor types and eventually how 
these interactions can be blocked.
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