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Abstract: The lymphatic vasculature is widely considered to be a unidirectional transport system, which can
collect excess fluid and metabolic waste in the interstitial space, and mediate immune cell transport, the absorption
of certain special substances (such as lipids) and other functions. In clinical and basic research, the lymphatic
vasculature appears to have generally received less attention than the blood vascular system. However, recent
research on lymphatic vessels has greatly enriched our knowledge and directed our attention to the lymphatic
vasculature. Furthermore, lymphatic vessels are not only widely distributed, but also have important functions in the
cardiovascular, reproductive, respiratory, digestive, and central nervous systems (CNS), and their dysfunction may
be the basis for the pathogenesis of various diseases. In the CNS, the existence and role of lymphatic vessels have
been well confirmed and revealed. Although from a traditional point of view, the peripheral nervous system (PNS)
is different from the CNS, there have something in common in some structures. We reviewed recent research on
lymphatic vessels in the PNS, aiming to confirm the existence and to understand the structures and functions in the
physiological and pathological processes of peripheral nerves. This review is intended to help open up a new field of
research prospectively.
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Introduction

While the importance of blood vessels for the nervous
system is well known, the lymphatic system is often
overlooked. However, with the deepening of research,
lymphatic vessels have been found around the nervous
system [1]. In fact, it may be associated with a variety of
disorders including Alzheimer’s disease [2], Parkinson’s
disease [3], stroke [4], brain/nerve injury [5], and
autoimmune neurological disease [6]. Especially in the
PNS, there is still much unknown about lymphatic vessels,
but their importance is to be assumed. The lymphatic

system includes initial lymphatic vessels and collecting
lymphatics. The initial lymphatic vessels are mainly
distributed at the terminal end of the lymphatic system, also
known as capillaries, which are composed of a single layer
of lymphatic endothelial cells and have high permeability.
This structure is conducive to the passage of excess fluid,
metabolic waste, macromolecular substances, immune
cells, etc. [7]. The initial lymphatic vessels would gradually
converge into secondary collecting lymphatic vessels, and
then gradually converge into collecting lymphatic vessels
and return to thoracic and right lymphatic ducts until the
fluid in the lymphatic vessels flows back into the blood
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circulation [8]. The collecting lymphatic vessels are
covered with a layer of functionally specialized muscle
cells (SMCs) that help backflow by constricting, and valves
in collecting lymphatic vessels regulate the unidirectional
flow of lymph [7, 9]. The contraction of skeletal muscles
around the lymphatic vessels is also one of the driving
forces for lymphatic propulsion [10]. Lymph nodes are
also important structures of the lymphatic system and have
a great significance in the study of various inflammatory
diseases and tumors [11]. In lymph nodes rapid recruitment
of immune cells and activation of immune responses
occur. The lymphatic system has multiple functions in the
nervous system, including draining cerebrospinal fluid
(CSF), collecting waste, providing immune surveillance,
and mediating immune responses [1, 8]. However, there
are still many mysteries about their distribution, structure
in the nervous system, and how they specifically participate
in physiological and pathological processes, especially in
the PNS. This review aims to reveal the new research field
of lymphatic vessels associated with peripheral nerve by
exploring the research progress of nerve-related lymphatic
vessels in recent years, and to provide ideas for future
research.

The lymphatic vasculature system
associated with the CNS and autonomic
nerve

The glymphatic system of the CNS was first proposed
by Iliff in 2012 [12]. The glymphatic system describes
a structure powered by arterial pulsations to propel the
inflow of surrounding cerebrospinal fluid in the same
direction [13]. During this process, CSF mixes with
interstitial fluid which is facilitated by the water-channel
aquaporin-4 (AQP4) located at the end feet of astrocytes
[14]. In addition, fluid entering through the blood-brain
barrier can also power the glymphatic system [15, 16].
Eventually, CSF and interstitial fluid pass through the
venous system and leave the CNS [17, 18]. The presence
of meningeal lymphatics, also considered as the main
route of CSF outflow, was first described in 2015 by
Louveau A et al. and Aspelund et al. [19, 20]. This
study provides a description of a route for meningeal
lymphatic drainage to deep cervical lymph nodes (dCLNSs).
A follow-up study [21] reconfirmed the importance
of this passage: In an animal model of experimental
allergic encephalomyelitis (EAE), no significant
changes were observed in meningeal lymphatic vessels
during inflammation. However, when the drainage of
meningeal lymphatic vessels to the dCLN was ligated, the
pathological changes of EAE were alleviated and disease
progression was delayed. This finding demonstrates the
importance of the lymphatic system in neuroimmune
surveillance and response. Besides, with the deepening
of the understanding of meningeal lymphatic vessel
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function, a series of central neurological disorders, such as
Alzheimer’s disease, are speculated to be closely related
to lymphatic drainage [2]. CNS injury is very common
in the clinic, and the vascular damage and epilepsy
caused by injury may lead to secondary injury cascades
and neurodegeneration [22, 23]. Lymphatic vessels also
function in a concussion model, in which they appear
to regulate the degree of edema, the degree of microglia
activation, and overall neuronal degeneration [5].
Likewise, in different stroke models, disease progression
is accompanied by disruption of meningeal lymphatic
vessels [4, 24]. Meanwhile, the circadian rhythm of the
lymphatic system and spinal lymphatic vessels were
observed, suggesting that the functions of the lymphatic
system are up-regulated at night, and this phenomenon
may be involved in the occurrence and development of
certain diseases [25-27]. Research on aging has shown that
the lymphatic vessels of the CNS in the elderly may face
a decline in function, resulting in an abnormal decrease
in the excretion of harmful waste including amyloid, and
ultimately causing CNS lesions [28]. Except for the brain
and spinal cord, lymphatic markers were also found in the
optic nerve (though still controversial). A recent study by
Kasi A et al. confirmed the glymphatic system there by
imaging the optic nerve of healthy humans and AQP4-
deficient mice [29]. Using human tissue from autopsies,
an immunohistochemical analysis of optic nerves
showed positive lymphatic staining and distribution
[30]. However, Trost A et al. raised objections. Through
immunofluorescence staining of lymphatic vessel-specific
markers in the optic nerve, they found that the positive
cells of the two lymphatic-specific antibodies Lyve-1 and
Podoplanin did not colocalize, and put forward the view
that lymphatic vessels do not exist in the optic nerve [31,
32]. From the above studies, we know that lymphatic
vessels are not only exactly present in the CNS, but also
have important functions such as draining fluid, metabolic
waste, and providing immune monitoring and response.
Furthermore, the glymphatic system, meningeal lymphatic
vessel imaging, circadian rhythm, and aging studies have
demonstrated the richness and diversity of lymphatic
vessel functions and structures in the CNS. There may
still be many unknown functions and structures to be
discovered, which are of great research value.
Autonomic nerves, including sympathetic and
parasympathetic nerves, have been detected in the walls of
collecting lymphatic vessels [33]. Mignini F et al. found
that differences in lymphatic innervation affect lymphatic
flow, and that reductions in nerve fibers are observed in
aging individuals and contribute to lymphatic dysfunction
[34]. The bidirectional regulation of lymphatics and
nerves proposed by them caught our attention. Lymphatic
vessels may regulate or affect nerve function by removing
metabolic waste and providing immune monitoring and
response, and nerve innervation of lymphatic vessels
could affect their function and efficiency. Whether the
same two-way regulation mechanism exists in nerves and
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lymphatic vessels in other parts has research value.

The lymphatic vasculature system
associated with the PNS

Unlike the CNS, there are significantly fewer studies
of lymphatic vessels associated with the PNS, both
quantitatively and qualitatively. In the past, it was widely
believed that these lymphatic vessels did not even exist
due to the sequestration of lymphocytes and antibodies
by the blood-brain barrier [35]. We believe that the
importance of the main lymphatic vessels or the lymphatic
system has not been fully revealed. In addition, compared
with the CNS, the lymphatic vessels of the peripheral
nerves are more dispersed and have smaller anatomical
structures, which may be one of the reasons for the lack
of research on the lymphatic vessels of the peripheral
nerves. However, in limited studies, we have attempted
to uncover the structure and role of a subset of lymphatic
vessels in the PNS.

In general, we believe that lymphatic vessels and the
lymphatic system also play an important role in waste
removal and immune monitoring in the PNS. Notably,
peripheral nerves can innervate the lymphatic system.
Multiple previous studies have shown that the popliteal
lymph node (popLN) receives direct innervation from
the sciatic nerve [36-38]. Chen et al. found that in sciatic
nerve injury, denervation of the popLN (sciatic nerve
transection) can cause lymph node expansion, which
is manifested by a significant increase in the number
of B cells, CD4+T cells, and CD8+T cells [39]. The
authors describe this phenomenon as a pro-inflammatory
response. Interestingly, this process does not rely on
the LN to receive signals or cytokines in the lymph
or blood, which the authors believe is directly under
neural regulation. Peripheral nerves can directly regulate
the lymphatic system under some physiological and
pathological conditions to activate the lymphatic system
to recruit immune cells. Conversely, functioning of the
lymphatic system also affects the peripheral nerves. In
the PNS, lymphocytes (including macrophages, T cells,
B cells, etc.) can participate in many physiological and
pathological processes including phagocytosis, immune
monitoring and response, and repair after nerve injury.
On the other hand, the transport of lymphocytes is one
of the main functions of the lymphatic system, especially
macrophages/monocytes, dendritic cells, T and B
lymphocytes [40-42], which are closely related to the
physiopathological processes of the PNS. A review by
Mietto et al. [43] shows that non-neuronal cells, including
immune cells, are important for nerve regeneration. In a
study of sciatic nerve injury in mice, Bombeiro AL et al.
[44] found that the frequency of pro-inflammatory Thl
and Th17 cell subsets increased in subjects 7 days after
injury and remained unchanged 21 days after injury. In
contrast, when lymphocytes (including B cells, CD4+T
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cells, CD8+T cells, etc.) extracted from the spleen of mice
21 days after injury were injected into mice 3 days after
injury, exogenous lymphocytes could be observed in the
diseased tissue 1 hour after injection. The experimental
group performed better than the control group in
neurological recovery and function 21 days after injury.

Conversely, the lymphatic system can also exaggerate
immune response and deterioration of neuronal function.
Myelin degeneration results in macrophage aggregation, T
lymphocyte infiltration, major histocompatibility complex
(MHC) class II antigen expression, and immunoglobulin G
(IgG) deposition in neural membranes, which jointly lead
to nerve edema, which affects nerve regeneration [45, 46].
Analyzing the above studies, we believe that in peripheral
nerve injury, the immune environment is important and
resides in a delicate balance. Although the evidence is
not direct, we can still find that the lymphatic system is
involved in this balance, including the recruitment and
transport of immune cells, the uptake of broken cells and
tissues, etc. Therefore, we believe that interfering with this
balance by modulating the lymphatic system is a potential
target that may improve the current poor prognosis of
peripheral nerve injury. Meng FW et al. [47] confirmed
the existence of lymphatic endothelial cell-specific
markers in the sciatic nerve by immunohistochemistry in
a sciatic nerve crush injury model and showed different
states at different time points after injury. At 7 post-injury
days, a significant increase in Lyve-1 distribution and
passing through the interneural space was observed, and
there was no difference in Lyve-1 expression between
the control group and 14 days post-injury. Also, co-
localization of Prox1 with Lyve-1 was observed, which
is indicative of lymphangiogenesis under inflammatory
conditions. The above studies reveal changes of lymphatic
vessels during repair of peripheral nerve injury, indirectly
confirming that the proliferation of lymphatic vessels is
involved in the biological processes of nerve injury repair.
However, the specific mechanism remains to be studied.
Besides, Masahide et al. [48] studied the distribution
and fine structure of lymphatic vessels associated
with nerves by immunohistochemistry in the murine
craniofacial region, and claimed that the lymphatic system
associated with the cranial nerves provides the pathway
for transport of cerebrospinal fluid, tissue fluid, and free
cells involved in immune response and tumor metastasis
in the craniofacial region. Volpi et al. [49] examined
biopsied sural nerves from patients with CIDP (chronic
inflammatory demyelinating polyneuropathy), vasculitic
neuropathy and non-inflammatory axonal neuropathy, and
lymphatic capillaries were found in the sural epineurium
by immunostaining of D2-40 and CD31 in frozen sections
of tissue.

At the current stage, we have to admit that the research
on peripheral nerve-related lymphatic vessels is still in
its infancy, and most studies involve only preliminary
identification and functional research, and have received
little attention. There are still many doubts: are lymphatic
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vessels present around peripheral nerves in both
physiological and pathological conditions? Are there
differences in the distribution and structure of lymphatic
vessels beside peripheral nerves in different regions?
What physiological or pathological processes of
peripheral nerves are lymphatic vessels involved in?
Will the intervention of lymphatic vessels (such as
promoting/inhibiting the generation of lymphatic vessels,
ligating lymphatic vessels, changing the drainage path of

lymphatic vessels, etc.) affect the biological processes and
functions of peripheral nerves under normal physiological
and pathological conditions? This needs further research
to provide more evidence. However, due to the extensive
distribution of lymphatic vessels and the diversity of
their functions, based on the existing research results,
we believe in the existence of peripheral nerve-related
lymphatic vessels and recognize their value.

The lymph eventually drains into the lymph nodes

Figure 1. The lymphatic vessels associated with the PNS. Lymphatic vessels and blood vessels are widely distributed in the adventitia,
peritoneum, and interstitium of peripheral nerves. The lymphatic vessels are shown in the green tubular structures in the figure, red for
arteries and blue for veins. Due to insufficient research, the distribution and structure of lymphatic vessels in the picture are based on
existing research and conjectures, which may deviate from the actual situation and are for reference only. This picture is an open-source
material edited and painted by the author. Our thanks to the material providing website: https://smart.servier.com/.

Conclusion

The role of lymphatic vessels and the lymphatic
system in peripheral nerves may be more important than
previously assumed, although much is still unknown.
We speculate that in peripheral nerves, lymphatic vessels
and nerves are performing a bidirectional regulation. The
structural and functional integrity of lymphatic vessels
ensures peripheral nerve homeostasis. On the other hand,
nerves can directly regulate the lymphatic system and even
activate immune response and the recruitment of immune
cells. Lymphatic vessels may be involved in various
pathological processes including repair after nerve injury,
autoimmune diseases, and aging. Uncovering the specific
mechanisms involved can deepen our understanding of
these diseases and may even improve disease outcomes by
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modulating lymphatic system action.
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