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A previously espoused notion that the brain is an immune-privileged organ has
been challenged by evidence of bidirectional communication between the
central nervous system and the periphery. A well-described “glymphatic”
system in the brain and the meningeal lymphatic system serve as conduits
through which antigens, immune cells, and metabolic waste travel from the
brain to the deep cervical lymph nodes. These nodes, which are more than
passive drainage points, serve as locales where dendritic cells, T cells, and B cells
interact with central nervous system-derived signals and modulate immune
responses that can in uence the brain itself. Disruption of clearance
mechanisms to deep cervical nodes—due to intracranial vascular disease,
aging, poor sleep, chronic in ammation, or other etiologies—may lead to
immune dysregulation. Abnormalities in lymphatic drainage can also alter the
presentation of antigens from the central nervous system, affect lymphocyte
traf cking, and contribute to the aggregation of proteins like b-amyloid, tau, and
a-synuclein. This review synthesizes current knowledge on glymphatic and
meningeal lymphatic anatomy and function, highlights how impaired drainage
contributes to disorders including multiple sclerosis, Alzheimer disease, and
Parkinson disease, and discusses the emerging role of deep cervical lymph
node imaging and immunophenotyping in assessing neuroin ammation.
Finally, we consider how modulation of meningeal lymphatic and nodal
function, through pharmacologic or physical interventions, may impair or
restore drainage and alter the course of disease in various ways. The
integration of advanced imaging with immunological analysis ultimately may
enhance the diagnosis, monitoring, and treatment of neuroin ammatory and
neurodegenerative diseases. We propose that deep cervical lymph nodes
represent an understudied locale, and, potentially, a therapeutic target for
peripheral interventions to in uence brain disease trajectories.
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1 Introduction

In ammatory diseases of the central nervous system (CNS)
remain enigmatic, largely because we have an incomplete
understanding of how immune surveillance is coordinated
between the brain and peripheral immune tissues. Recent work
has challenged the notion that the brain is immune-privileged,
introducing mechanisms by which antigens, immune cells, and
waste traf ¢ bidirectionally between the CNS and peripheral
immune tissues. Bridging the brain and periphery are the
glymphatic and meningeal lymphatic networks. A recently
elucidated “glymphatic” system clears cerebrospinal uid (CSF)
and brain-parenchyma-derived solutes. This ef ux subsequently
enters meningeal lymphatic vessels and, to a lesser extent in
humans than in other animals, nasal mucosal lymphatics and
other drainage pathways. The meningeal lymphatic system is
recognized as a pathway not just for waste movement, but also
for the egress of immune cells from the central nervous system, after
which these cells can function as messengers to the periphery. Much
of this waste ultimately drains to the cervical lymph nodes. The
deep cervical lymph nodes (dcLNs) are of particular interest due to
their ability to respond to CNS antigens and mount responses
within the CNS (1-4). The so-called efferent arm of the immune
response also exists whereby lymphocytes can migrate from the
periphery into the CNS and in uence brain function (3, 5-7).
Disruption along these pathways can occur because of
in ammatory signals, aging, poor sleep quality, and alterations in
vascular health, among other factors.

In this review, we synthesize current knowledge on the
anatomy, physiology, and immune functions of the glymphatic
system, meningeal lymphatic system, and other exit routes, as well
as highlight how cervical lymph node analysis might help to reshape
neuroin ammatory disease management. Our interest in lymph
node analysis, however, is exploratory, and cannot currently inform
therapeutic decision making in patients. Nevertheless, we draw
from emerging evidence in animal models as well as in humans to
demonstrate how the use of imaging, immunophenotyping, and
targeted interventions could potentially in uence clinical decision
making in human neuroin ammatory processes.

2 The lymphatic and glymphatic
systems

In most tissues of the body, lymphatic vessels are the primary
means by which excess uid, proteins, and other metabolic by-
products are eliminated. Since the brain’s parenchyma is devoid of
conventional lymphatic vessels, waste was believed to diffuse
passively into CSF- lled ventricles (8). In 2012, however, two-
photon imaging of anesthetized mice revealed that the brain has
an intricate system of waste clearance (9). Rather than a traditional
lymphatic system, the CNS relies on a highly organized clearance
mechanism that operates through glial water channels—the
glymphatic system (10). This system has since been demonstrated
in both mice and humans.
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The glymphatic system channels CSF through specialized
spaces surrounding blood vessels, called perivascular spaces. As
arteries and veins course from the subarachnoid space into the
brain’s parenchyma, they are rst enclosed by an extension of the
pia mater, forming CSF- lled perivascular spaces, known as
Virchow-Robin spaces (11). These spaces around penetrating
vessels are bordered externally by astrocytic endfeet. Astrocytic
endfeet regulate the blood-brain barrier (BBB) and facilitate the
exchange of substances between blood and brain parenchyma. As
vessels venture further into the parenchyma, the perivascular space
progressively narrows and is no longer discernible at the capillary
level. Instead, it tightens into a basal lamina, which is porous and
minimally resistant to CSF  ow (11). The entry of CSF into the
parenchyma is mediated directly by aquaporin-4 (AQP4) channels
expressed on the astrocytic endfeet of the perivascular spaces; the
channels are in uenced by noradrenergic tone: reduced adrenergic
signaling during sleep enhances glymphatic drainage (9, 12).

CSF that has exited the perivascular space through AQP4
channels mixes with intraparenchymal interstitial uid (ISF),
which contains diverse waste products (8). This mixing generates
adirected ow, known as a vectorial convective ux (Figure 1). The
movement of CSF and ISF depends largely on cerebral arterial
pulsation. Mouse studies in particular have found that modifying
blood pressure can increase back ow and reduce net ow in
perivascular space (13), while ligating the carotid artery can
reduce pulsatility and slow the rate of CSF-ISF exchange (14).
This directed ow leaves the parenchyma through AQP4 channels
via the astrocytic endfeet of perivenous spaces (9, 15). Tracer studies
in rodents have demonstrated that 40-80% of large proteins and
other solutes in extracellular space can be removed by vectorial
convective ux (9).

As waste is conveyed along the perivenous spaces, it may exit
the brain through several pathways, many of which remain the
subject of ongoing investigation in animal studies (16—18). These
routes include exit via skull foramina along cranial nerves; transport
through the cribriform plate to the lymphatic channels of the nasal
mucosa (19, 20); egress via dural lymphatics that course alongside
the dural venous sinuses and middle meningeal arteries; and
passage through the arachnoid villi of the dural venous sinuses
for absorption into the bloodstream. The last possibility is still
debated in humans, due to the lack of arachnoid granulations in
childhood and in some adults (21, 22). Transit may also occur
through the calvarial bone marrow via dura-skull channels, after
which the CSF’s fate is undetermined (23, 24). Animal studies
suggest that roughly 50% of CSF tracers drain into extracranial
lymph, with most of the rest entering the bloodstream (25-27).
Eventually, waste products transported through the lymphatic
system and bloodstream converge in the liver, where they
are degraded.

Several factors can in uence CSF owand uid ux from brain
to the periphery via the glymphatic system, which is predominantly
active at night (28). The rst, and most important, is sleep. The
interstitial space, where the CSF-ISF exchange or interchange
occurs, enlarges by 60% during sleep. CSF ux is the highest
during slow-wave sleep in mice, while studies in humans show
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FIGURE 1

Schematic diagram of glymphatic ux and drainage into meningeal lymph vessels. Structures are not drawn to scale. The glymphatic system
operates via specialized spaces surrounding blood vessels called perivascular spaces (also known as Virchow-Robin spaces). As arteries and veins
course from the subarachnoid space into the brain parenchyma, they are enveloped by pia mater, forming these perivascular compartments. Both
arterial and venous perivascular spaces are externally bordered by astrocytic endfeet, which contribute to the blood—brain barrier (BBB) and mediate
bidirectional exchange between the vasculature and the brain parenchyma (we depict only the arterial perivascular space in the inset). CSF that has
exited the arterial perivascular space through AQP4 channels mixes with intraparenchymal interstitial
products. This mixing generates a directed ow, known as a vectorial convective ux, toward the perivenous space. Once in the perivenous space,
waste is cleared via the meningeal lymphatic vessels as well as other pathways that are still being elucidated.

uid (ISF), which contains diverse waste

that sleep deprivation impairs molecular clearance (29, 30). During
slow-wave deep sleep, there is a reduction in CNS noradrenergic
tone and an increase in the ISF volume fraction (31). A cocktail of
norepinephrine receptor antagonists in awake mice increases CSF
in ux almost to the level seen in sleeping mice (30). Glymphatic
function is also highly active in anesthetized mice, indicating that
sleep versus wakefulness, not circadian rhythm per se, regulates
egress via the glymphatic system (11, 32). Finally, the lateral sleep
position is better for glymphatic clearance as compared to the
supine or prone positions in mice, and very early work suggests the
same may hold true for humans (28, 33). The dependence of
glymphatic clearance on modi able factors like sleep, body
position during sleep, and vascular health suggests that many
neurodegenerative diseases could be at least in part affected by
optimization of these physiological parameters.

Clearance through the glymphatic system slows with age.
Contributing mechanisms include decreased vessel-wall
pulsatility, loss of AQP4 channel expression, and altered
polarization of AQP4 along astrocytic endfeet (34, 35). A decrease
of up to 80-90% in glymphatic activity has been observed in old
compared to young mice (11). AQP4 channels upregulate with sleep
fragmentation in younger animals but downregulate in older
animals (36).
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Other modi able factors have been shown to impact glymphatic
clearance in mice as well: omega-3 polyunsaturated fatty acids,
physical activity, and small amounts of alcohol exert a positive
impact, while chronic stress and arterial hypertension exert a
negative effect (37). Both acute and chronic in ammation,
whether from systemic insults or within the CNS itself, can
impact glymphatic function and CSF ow. Solutes from the
glymphatic system ultimately exit along various lymphatic routes,
which we discuss next.

2.1 Lymphatic pathways connecting the
CNS to the periphery

Broadly, there are two types of peripheral lymphatic vessels:
initial and collecting vessels. ISF  rst enters the lymphatic system
via the initial lymphatics, which are highly permeable and facilitate
unidirectional in ux of uid and solutes. Fluid then ows from the
initial lymphatics to the deeper collecting vessels, which contain
smooth muscle and lymphatic valves (38, 39).

The meningeal lymphatic vessels (mLVs) are most like “initial”
lymphatics, acting as conduits for uid and immune cell entry.
These vessels are one of two routes by which lymphatic drainage

frontiersin.org


https://doi.org/10.3389/fimmu.2026.1747114
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


































	Deep cervical lymph node analysis in central nervous system inflammatory disease
	1 Introduction
	2 The lymphatic and glymphatic systems


