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ABSTRACT

In thoracic tissues, the lymphatic vasculature not only contributes to fluid and solute homeostasis but also plays a critical role
in shaping overall tissue physiology. Although the general morphology of lymphatic vessels and their organization within the
vascular circuit are largely conserved inter-organs, thoracic lymphatics exhibit highly specialized structural features, such as the
presence of stomata and large lacunae, which are exclusively found in pleural and peritoneal mesothelia. These distinct anatom-
ical specializations characterize thoracic lymphatics, which extensively supply organs such as the lung and the heart, as well as
serosal compartments including the pleural space and the suprahepatic subdiaphragmatic peritoneal regions, and are associated
with equally specialized mechanisms that sustain lymph formation and propulsion. While lymph flow in all tissues may rely on
spontaneous contraction of the lymphatic muscles located within the vessel wall and/or on extrinsic tissue motion, the thoracic
lymphatic vasculature displays an exceptional diversity of morphological and functional solutions that allow these mechanisms
to be exploited with high efficiency, in close adaptation to local anatomical and mechanical environments. Accordingly, this
Review focuses on the inter-organ strategies developed by thoracic lymphatics to match local drainage requirements, high-
lighting how structural specialization and mechanical integration with surrounding tissues optimize lymphatic function and,
ultimately, overall tissue performance.

1 | Introduction both as a chemically bound molecule and as freely mobile fluid,

whose volume varies markedly among tissues depending on

In mammals, blood flowing in the pulmonary and systemic
vasculature is confined within the surrounding extracellular
environment, so that body fluids are distributed among three
distinct compartments arranged in series with each other: (a)
the intracellular compartment, (b) the extracellular intravas-
cular compartment, and, between them, (c) the extracellular
interstitial space. Within the latter, a flexible three-dimensional
scaffold of insoluble macromolecules, such as fibrillar colla-
gens, elastin, hyaluronan, and proteoglycans, is bathed by in-
terstitial fluid, which consists of soluble molecules spanning a
wide range of molecular weights, from salts to plasma-derived
proteins, dispersed in the aqueous phase permeating the ma-
trix fibers and cells. In such an environment, water is present

their physiological or pathophysiological states. The chemically
bound fraction dynamically equilibrates with free water, which
continuously flows from the intravascular compartment into the
surrounding interstitial space.

The three-dimensional interstitial matrix scaffold surrounds
and supports parenchymal and stromal cells and confers
both soft and hard tissues with their characteristic mechan-
ical strength and resistance to compression and expansion.
In addition, in microvascular and lymphatic endothelia the
matrix fibers contribute to endothelial sieving properties
with respect to water and solutes. Within the cellular base-
ment membrane and even within intercellular clefts, specific

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.

© 2026 The Author(s). Comprehensive Physiology published by Wiley Periodicals LLC on behalf of American Physiological Society.

Comprehensive Physiology, 2026; 16:70143
https://doi.org/10.1002/cph4.70143

1 of 23


https://doi.org/10.1002/cph4.70143
https://doi.org/10.1002/cph4.70143
mailto:daniela.negrini@uninsubria.it
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fcph4.70143&domain=pdf&date_stamp=2026-04-12

matrix macromolecules, such as collagen Type IV, perlecan,
or laminins, form a dense mesh with pores of approximately
400nm in diameter, organized in a supramolecular archi-
tecture characterized by size- and charge-selective proper-
ties. Within the pool of insoluble matrix fibers, collagen
VII plays a specialized role in lymphatic vascular function.
Specifically, collagen VII is the major structural constituent
of the so-called “anchoring filaments,” spring-like fibers that
bridge the lamina densa of endothelial and epithelial cells to
collagen Types I and IV, fibronectin, and laminin (Rousselle
et al. 1997), thereby providing a mechanical linkage between
the abluminal endothelial surface and the extracellular ma-
trix scaffold. Extracellular extravascular compartments also
include the internal body cavities, the so-called “coelomic
cavities,” consisting of the pleural, pericardial, peritoneal,
cranial, and vertebral cavities. They are devoid of solid fibers
but contain extracellular fluid, whose turnover mechanisms
are analogous to those operating in all other extracellular tis-
sue spaces. Accordingly, these cavities may be considered as
“matrix-free, fluid-filled” extravascular tissues.

Fluid enters the perivascular interstitial tissue along combined
hydraulic and colloidosmotic pressure gradients that develop be-
tween the microvascular compartment and the surrounding in-
terstitial space (Guyton et al. 1971). The continuous entry of fluid
into the interstitial space and the serosal cavities would inevitably
and progressively deplete plasma volume and further increase in-
terstitial/serosal swelling if fluid entry were not counterbalanced
by its simultaneous removal. In the great majority of body tissues,
such drainage occurs through the lymphatic vasculature, a closed
unidirectional vascular network that belongs to the cardiovascular
system and performs several essential body functions:

a. it removes fluid from interstitial tissues, maintaining nor-
mal tissue hydration;

b. it controls plasma volume by returning interstitial fluid
to the venous circulation, thus indirectly contributing
to the regulation of arterial pressure and cardiovascular
function;

c. itreturns proteins and other molecules from the interstitial
space to the blood, thus maintaining physiological tissue
protein and solute concentration;

d. it returns leukocytes, cell debris, and tumor cells to the
bloodstream;

e. it provides the main route for the transport of chylomi-
crons (digested and absorbed lipids) from the intestine to
the blood circulation;

f. it may serve as a reservoir for extracellular fluid

In addition, the dissemination of lymph nodes along the lym-
phatic network provides an important contribution to host im-
mune defense by presenting antigens and antigen-presenting
cells to B and T lymphocytes within the lymph node hilum.

No lymphatics have been identified in avascular tissues, such
as the epidermis, the cartilage, the cornea, and the inner
layer of large arteries. Some vascularized tissues, such as
bone marrow, retina, umbilical cord, and renal medulla, also

essentially lack lymphatics (Aukland and Reed 1993). In these
tissues, which are all characterized by elevated local intersti-
tial fluid pressure (P, ), fluid drainage takes place exclusively
through the venous side of the vascular capillaries (Michel
and Phillips 1987).

A special mention is warranted regarding the lymphatic func-
tion in the brain, whose parenchyma is devoid of a local “clas-
sical” lymphatic circuit. Lymphatics are nevertheless involved
in the turnover of the cerebrospinal fluid (CSF) and of the
brain extracellular interstitial fluid, being part of a recently de-
scribed (Tliff et al. 2012) cerebral pathway, the glial-associated
lymphatic, or glymphatic, system, which supports the drainage
of fluid and solutes, such as proteins or even -amyloids (Iliff
et al. 2012) from the brain parenchyma. The pathway encom-
passes filtration, percolation and final drainage of the CSF: (a)
at the level of the choroidal plexus epithelium, osmotic pres-
sure gradients sustain the production of CSF which contin-
uously enters the brain ventricles lumen through Aquaporin
1 water channels (Jessen et al. 2015); (b) hydraulic pressure
gradients maintain the subsequent percolation of CSF along
the arterial and arteriolar perivascular Virchow-Robin spaces
toward the pericapillary interstitium; (c) the entire arterial-to-
capillary cerebral vasculature is bordered by astrocytes whose
pedicles express Aquaporin 4 water channels (Mathiisen
et al. 2010), through which a net transit of CSF from the
Virchow-Robin space to the perineural brain interstitium
takes place. In this way, CSF continuously blends with cere-
bral interstitial fluid to be then driven toward the perivascular
space surrounding large cerebral veins, such as the caudal rhi-
nal and the internal cerebral veins. Interestingly, similarly to
what is observed in thoracic lymphatics, CSF production and
percolation along the perivascular space are significantly en-
hanced by arterial and respiratory swings (Jessen et al. 2015).
Final removal of CSF from the perivenous space is thought to
occur through the arachnoid granulations (Pollay 2010) and/
or directly into meningeal lymphatics (Aspelund et al. 2015;
Zhang et al. 2025). In fact, recent studies have demonstrated
the existence of an extensive network of meningeal lymphat-
ics lining the dural sinuses (Louveau et al. 2015) and eventu-
ally discharging into the deep cervical lymph vessels. These
vessels present morphological details typical of initial lym-
phatics, such as discontinuous endothelium and basal lamina,
external anchoring filaments, lack of lymphatic muscle cells in
the wall and positive staining with the specific lymphatic en-
dothelial cell marker LYVE-1 (Louveau et al. 2015). Through
the cribriform plate and the olfactory bulb's subarachnoid
space, CSF may also enter the lymphatic vessels of the nasal
mucosa, which also ultimately reach the deep cervical lymph
nodes (Koh et al. 2005; Zakharov et al. 2003). Such evidence
not only points to the direct physiological involvement of the
lymphatic system in maintaining cerebral fluid homeostasis,
but also opens new perspectives on the role played by lym-
phatics in the development and progression of several cerebral
pathologies.

Although the general structure and vessel hierarchy are similar
in all tissues supplied by lymphatics, in contrast to the relatively
uniform organization of the systemic circulation, significant
differences in the local architecture, arrangement, and func-
tional relevance of the lymphatic vasculature are encountered
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across different tissues. A remarkable example is provided by
the widely variable organization of lymphatics in thoracic or-
gans, and in the adjacent pleural and peritoneal cavities, where
lymphatic drainage fulfills, in addition to its general functions,
highly specific and critical functions. In particular, thoracic
lymphatics play a key interorgan role in pleural fluid turnover.
Intercostal lymphatics, in addition to draining interstitial fluid
around skeletal muscle fibers, ensure drainage of pleural fluid
facing the costal surface of the lung. Similarly, lymphatics of the
convex diaphragmatic dome drain the interstitial space among
skeletal muscle fibers, as well as fluid in the diaphragmatic pleu-
ral region at the apposition zone. The combined action of inter-
costal and pleural diaphragmatic lymphatics sustains the vast
majority of the overall pleural fluid reabsorption (Miserocchi
et al. 1988; Negrini et al. 1985), thereby establishing and main-
taining a minimal pleural fluid volume and the subatmospheric
intrapleural fluid pressure. This, in turn, directly affects lung
volume during the entire respiratory cycle, with significant im-
pact on multiple aspects of respiratory function:

a. the maintenance of a normal pleural fluid volume ensures a
tight lung—chest wall coupling and a subatmospheric pleu-
ral pressure (P, ) that guarantees, under normal breathing
with near-atmospheric alveolar pressure (P, ), a positive
transpulmonary pressure (P;,=P, —P, ), which keeps

the lung expanded at end-expiration and allows tidal lung

inflation during inspiration;

b. the uneven distribution of pressures within the pleural
space contributes to regional differences in lung expan-
sion, representing one of the factors responsible for the un-
even ventilation/perfusion ratio;

c. the presence of a thin layer of fluid in the pleural cavity
ensures a tight lung-chest wall coupling, allowing lung
volume to faithfully follow changes in chest wall volume
throughout the entire respiratory cycle. Pleural effusion,
such as that observed in cases of pleural lymphatic failure,
increases intrapleural fluid volume and pressure, thereby
leading to lung collapse and respiratory distress;

d. by avoiding direct contact between the visceral and pari-
etal mesothelial surfaces, pleural fluid allows an almost
frictionless sliding between them, thus preventing me-
chanical damage;

e. by affecting intrapleural pressure and lung expansion,
pleural lymphatics also indirectly impact local pulmonary
interstitial pressure and microvascular fluid flux, thereby
modulating pulmonary lymphatic function (Miserocchi
et al. 1990, 1991).

In this context, the existence of a subatmospheric intrapleural
pressure influences not only lung volume, but also the volume
of other distensible intrathoracic structures, such as the atria,
whose inspiratory distension enhances venous return and over-
all cardiovascular function, and the esophagus. In addition,
diaphragmatic lymphatics, along with those supplying the ab-
dominal muscular wall, play an important role in peritoneal
fluid turnover, providing, on the one hand, peritoneal fluid out-
flow and, on the other, a safety peritoneal-to-pleural drainage
route in the case of significant abdominal effusion.

Given the multiple functional implications and the interorgan
relevance of thoracic lymphatics, this Review focuses on their
unique features, mechanisms, and physiological and pathophys-
iological aspects, highlighting the interaction among lymphatic
networks of different thoracic organs to achieve optimal tissue
and organ performance.

2 | Fluid Balance and Lymphatic Supply in
Thoracic Tissues and in Pleural-Peritoneal Cavities

Fluid enters the interstitial space via a purely passive paracel-
lular transport along the inter-endothelial clefts, as originally
described and quantified by Sir Ernest Starling (Starling 1896):

J,=L,-S-[(Py—Pg) =0 (mp —mp)] 6))

where J is the fluid bulk flow, L, S and o are the hydraulic
conductivity, the surface area, and the reflection coefficient
for plasma proteins of the membrane through which fluid flux
occurs, respectively, and P and m are the hydraulic and the
colloidosmotic pressures in the two compartments A and B
separated by the membrane (Granger et al. 1984). In the case
of interstitial fluid filtration, compartments A and B are the
capillary lumen and the surrounding interstitial space, sepa-
rated by the endothelial wall, respectively. To produce pleural
or peritoneal fluid, A and B refer to the submesothelial inter-
stitium and the serosal cavity, separated by the pleural or peri-
toneal mesothelium, respectively.

While systemic/pulmonary intravascular pressures and col-
loidosmotic pressures are relatively constant under normal
steady-state conditions, P,  may undergo rapid and significant
variations, affecting both fluid filtration and local lymph flow.

Since the original formulation of the concept of interstitial
fluid pressure introduced by Arthur Guyton in the early 1960s
(Guyton 1963), it has become clear that P, , is subatmospheric
(approximately —6 to —8 mmHg) in most tissues (Guyton
et al. 1971; Aukland and Reed 1993), particularly in thoracic
ones (Miserocchi et al. 1990, 1991; Moriondo et al. 2005).
For example, in the lung parenchyma at heart level, P,  var-
ies during tidal breathing from —8 mmHg at end-expiration
to approximately —15mmHg at end-inspiration (Miserocchi
et al. 1990, 1991; Taylor and Parker 1985). On this basis, in
thoracic tissues fluid continuously flows:

- from the systemic microvasculature of the intercos-
tal spaces into the parietal subpleural interstitium
(Moriondo et al. 2005), and from there into the pleural
space;

- from the systemic capillaries of the abdominal parietal and
visceral walls into the peritoneal space (Negrini et al. 1990,
1993), resulting in peritoneal fluid filtration;

- from the pulmonary capillaries, characterized by a relatively
low hydraulic pressure of ~lI0mmHg (Raj and Chen 1986;
Negrini, Gonano, and Miserocchi 1992), into the surround-
ing interstitium, which exhibits extremely low P, values
(Miserocchi et al. 1990, 1991). In the lung, bulk fluid filtration
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pleural mesothelium

peritoneal mesothelium

FIGURE1 | Details of the rat diaphragmatic lymphatic vasculature, showing primary, and secondary intraluminal valves. (A) Transmission elec-

tron microscopy (TEM) representative image of an initial lymphatic vessel lined by a single endothelial layer and surrounded by collagen bundles

(). A primary unidirectional valve (arrowhead) is visible in the vessel wall, formed by endothelial leaflets protruding into the lumen. (B) Semithin

transverse section showing the subpleural (top) and subperitoneal (bottom) lymphatic lacunae, skeletal muscle fibers (M), erythrocytes filling blood

vessels (V), and transverse lymphatic collectors lined by a discontinuous endothelium (f). The arrowhead indicates a secondary intraluminal lym-

phatic valve.

occurs at both the arteriolar and venous sides of the pulmo-
nary capillaries (Negrini, Gonano, and Miserocchi 1992),
making lymphatic drainage the primary route for fluid and
solute removal, at least under normal physiological condi-
tions. Fluid filtration is accompanied by passive convective
and diffusive fluxes of molecules spanning a wide range of
molecular weights, depending on the sieving properties and
the electrical charge of the endothelial layer, in accordance
with pore theory (Patlak et al. 1963; Curry 1984; Adamson
and Michel 1993; Rippe and Haraldsson 1994).

To maintain constant tissue fluid volume and composition, the
filtered fluid and solutes must be removed at an equivalent out-
flow rate through the lymphatic vasculature, which is organized
into initial vessels (Figure 1A) and larger, more structured, col-
lecting ducts (Figure 1B). Within this one-way vascular circuit,
lymph is conveyed unidirectionally and centripetally through
secondary lymphoid organs, the lymph nodes, until it ultimately
drains into the venous bloodstream.

2.1 | Initial Lymphatics

Initial lymphatics, also termed lymphatic capillaries, are small,
blind-ended, saccular, finger-like vessels, embedded within the
interstitial tissue in close proximity to the fibers of the extra-
cellular matrix scaffold (Figure 1A). Their diameter may vary
from ~20 wm in the lung (Leak and Jamuar 1983) up to 100 um in
the diaphragm (Grimaldi et al. 2006), and they are often highly
irregular even within the same tissue. The lumen is lined by a
single layer of lymphatic endothelial cells (LECs) supported by
a mostly discontinuous basement membrane, without fenestra-
tions. Unlike what is observed in most blood capillaries, interen-
dothelial lymphatic clefts are wide enough to allow the passage
of large macromolecules and even cells (Grimaldi et al. 2006;
Schmid-Schénbein 1990).

In thoracic initial lymphatics, anchoring filaments of Collagen
VII are of particular functional importance (Grimaldi
et al. 2006). When the matrix fibers are stretched and/or the
interstitial space swells because of increased vascular fluid
extravasation, the anchoring filaments are pulled outwards,
leading to the expansion of the vessel lumen and, consequently,
to a decrease in intraluminal lymphatic pressure (Plymph). The
outward traction, due to by anchoring filaments on the lym-
phatic wall prevents the vessel lumen from collapsing, as would
be expected on the basis of the decreased transmural pressure
(APpy = lymph—Pim) across the lymphatic wall. Instead, the
vessel expands (Leak 1970). Although all initial lymphatics are
equipped with anchoring filaments, their role becomes essential
in highly moving tissues, such as the thoracic organs, which are
continuously exposed to cyclic respiratory and cardiac swings.
Indeed, the anchoring filaments ensure a rapid and reliable
transmission of the mechanical forces elicited in the surround-
ing tissue to the vessel lumen, thereby allowing tissue displace-
ment to be exploited as a mechanism for lymph formation and
propulsion.

The wall of intercostal and diaphragmatic initial lymphatics is
surrounded by a thin endothelial layer, supported by a discon-
tinuous basement membrane, and is devoid of lymphatic muscle
cells (LMCs), although scant actin-like filaments have occa-
sionally been observed within the endothelial cells (Grimaldi
et al. 2006; Schmid-Schonbein 1990). In intercostal skeletal
muscle, small initial lymphatics may run along both arcade and
transverse arterioles (Schmid-Schonbein 1990; Lee et al. 2021).

2.2 | Stomata and Lacunae
An important and unique feature exclusively encountered

in the parietal (but not the visceral) pleura and in the peri-
toneum is the dissemination, on the mesothelial surface, of
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tendinous

Pleural

muscular costal

Peritoneal

B 20 pm B'

FIGURE2 | Diaphragmatic stomata and lacunae. Confocal images of mouse diaphragmatic pleural (A) and peritoneal (B) stomata, fluorescently

> peripheral

300 pm

stained with the lymphatic endothelial marker anti-LYVE-1 (lymphatic vessel endothelial hyaluronan receptor-1). The underlying pleural (A") and

peritoneal (B") lymphatic lacunae are organized in distinct submesothelial networks, spanning from the costal peripheral rim to the medial tendi-

nous region of the diaphragm.

the so-called “stomata” (Figure 2A,B), which are cylindrical-
like discontinuities that represent the origin of the lymphatic
network from the pleural and peritoneal cavities (Wang 1975,
1985; Negrini et al. 1991; D. Negrini 2022). Although widely
distributed over the costal (average density ~100/cm?) and the
mediastinal parietal pleura, the highest density of stomata is
encountered in the diaphragm (~8000/cm?), where they are
distributed in the tendinous and muscular regions of both
the pleural and peritoneal surfaces (Negrini et al. 1991; D.
Negrini 2022). The stomata (average diameter ranges from
~0.5 to ~20um (Wang 1975; Wang 1985; Negrini et al. 1991;
D. Negrini 2022)) empty into an extensive network of lym-
phatic submesothelial lacunae (D. Negrini 2022; Negrini,
Del Fabbro, et al. 1992) located within the interstitial space
beneath the mesothelial layer (Figure 2A,B"). No evidence of
stomata has ever been reported in the visceral pleura, whose
submesothelial interstitium is supplied by peripheral branches
of pulmonary lymphatics that do not reach the mesothe-
lial layer and do not connect directly with the pleural space
(Albertine et al. 1982), so that the pleural and pulmonary lym-
phatic drainage are functionally independent of each other
(Miserocchi et al. 1990).

Diaphragmatic stomata connect the pleural and peritoneal cav-
ities with a system of extensive submesothelial lymphatic struc-
tures, usually defined as lacunae, thereby providing a direct
anatomical pathway for fluid drainage (Negrini, Del Fabbro,
et al. 1992). Confocal images of lymphatic lacunae stained
with fluorescent anti-LYVE-1 (Lymphatic vessel endothelial

hyaluronan receptor 1, a lymphatic endothelium marker) reveal
a significantly different shape and spatial extent (Figure 2) on
the pleural as compared with the peritoneal diaphragmatic side.
Indeed, lacunae cover ~5% and ~30% of the pleural and perito-
neal diaphragmatic surfaces, respectively, suggesting that they
serve as high-capacitance reservoirs able to cope with variable
fluid drainage, which, even under physiological conditions, is
much higher from the peritoneal than in from the pleural cavity
(D. Negrini 2022).

On the pleural side (Figure 2A’), lacunae are organized in
meshes of tubular vessels forming closed circuits, embedded
within complex networks and connected by thinner interfibril-
lar vessels of variable size. Such structures are mostly distributed
at the ventrolateral periphery of the diaphragm. On the perito-
neal side (Figure 2B'), lacunae are instead organized as wide,
flattened, lacy-ladder-shaped structures, with no evidence of
lymphangions or tubular vessels. The lacunae wall is essentially
devoid of lymphatic muscle cells (Grimaldi et al. 2006; Schmid-
Schonbein 1990; Leak 1970; Leak and Burke 1966) and they may
therefore be considered specialized serosal initial lymphatics.

2.3 | Unidirectional Lymphatic Valves

In all tissues, including the thoracic ones, bulk fluid flux
into initial lymphatics takes place through primary unidirec-
tional valves (Figure 1A) formed by overlapping cytoplasmic
extensions of contiguous endothelial cells protruding into
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the lumen in close proximity to tight junctions (Grimaldi
et al. 2006; Trzewik et al. 2001). In the diaphragm, primary
valve openings may be up to 2-5um wide (Castenholz 1986,
1989), allowing the efficient transport of high molecular
weight macromolecules and cells, a process that may be fur-
ther facilitated by the high density of anionic sites on the sur-
face of the valve leaflets. At present, it is not completely clear
whether stomata entry is modulated by these one-way valves.
Diaphragmatic stomata, observed under a dual-laser confo-
cal microscope after anti-LYVE-1 staining, exhibit a variety
of conformations, ranging from a circular or elliptical hollow
shape to a partially closed or even completely occluded ap-
pearance (D. Negrini 2022). These observations may indicate
either the existence of a gating structure at the stomata inlet
and/or the coexistence of stomata at different stages of devel-
opment. Further detailed investigations are required to clarify
this issue. Once inside initial lymphatics, the newly formed
lymph is driven along the entire lymphatic vasculature with
the aid of the so-called secondary intraluminal valves, consist-
ing of two to three endothelial leaflets protruding into the ves-
sel lumen, thereby forming a funnel-like adjustable restriction
(Castenholz 1989; Zawieja 2009; Davis et al. 2011). Secondary
valves are essential because they partition the vessel into a
sequence of adjacent, in-series segments, the lymphangions,
which represent the functional units of the lymphatic vascula-
ture. Indeed, segmentation into a chain of lymphangions is es-
sential for the development of local intraluminal Py mpn SWings
that drive both lymph formation and subsequent propulsion.

2.4 | Collecting Vessels

The lacunae and the initial lymphatics empty into progressively
larger ducts termed collecting vessels, (diameter >175um,
Figure 1B). Maculae adherens and occludens junctions are
more frequent and tighter than in initial lymphatics, while the
interendothelial gaps in the wall tend to be occluded (Grimaldi
et al. 2006; Schmid-Schonbein 1990; Leak and Burke 1966),
thereby limiting the permeability of the wall to macromolecules
and cells. A variable amount of elastic and collagen fibers is pres-
ent in the basement membrane, which is surrounded by one or
more layers of LMCs. Unlike what is observed in collecting lym-
phatics of other tissue districts, such as the mesenteric one de-
scribed in detail in focused and elegant reviews (Zawieja 2009;
Bridenbaugh et al. 2003; von der Weid and Zawieja 2004), in tho-
racic lymphatics the distribution of LMCs is far from being uni-
form, even within the same vessel or loop structure (Moriondo
et al. 2013). LMCs may either spontaneously contract (Davis
et al. 2024) or be triggered by external innervation via both
cholinergic and adrenergic unmyelinated nerve fibers (Okiemy
et al. 2003). In the diaphragm, collecting vessels are clearly vis-
ible under the transparent mesothelial surface, appearing as
darker-than-background conduits delimited by faint white bor-
ders. These vessels converge into ducts located deeper within the
diaphragm, which are not experimentally detectable from the
surface, which carry the lymph toward the peritracheobronchial
lymph nodes via lymphatic tributaries running along either the
pulmonary ligament or the esophagus (Okiemy et al. 2003).
Lymph from intercostal and mediastinal parietal pleura emp-
ties directly into the right lymphatic duct. Tributaries from the
thoracic organs, including intercostal tissues, lungs, heart, and

diaphragm, discharge mostly into the right and partially into the
left thoracic duct (Riquet et al. 2002; Liu et al. 2006). The latter
is the largest lymphatic vessel in the body and receives ~75% of
the total lymph flow, mainly originating from the abdomen and
lower extremities (Cha and Sirijintakarn 1976).

3 | Mechanisms of Lymph Formation and
Propulsion in Thoracic Tissues

Transport of fluid and solute from the interstitial space to
the lymphatic lumen occurs by bulk flow through the highly
permeable unidirectional primary valves of the initial lym-
phatics (Grimaldi et al. 2006; Schmid-Schonbein 1990;
Castenholz 1989; Moriondo, Grimaldi, et al. 2007), which
allow the free entry of fluid, interstitial hydrophilic molecules
of any size, as well as cells, viruses, and bacteria. Since the
endothelium of initial lymphatics offers no effective sieving
to large macromolecules or even cells, the solute and protein
concentration are essentially the same in the newly formed
lymph and in the interstitial fluid, so that lymph flow (lemph)
is independent of the colloidosmotic pressure gradients be-
tween the lymphatic lumen and the surrounding interstitium
(Curry 1984; Guyton et al. 1975). Therefore, Jiympn into lym-
phatic vessels is sustained exclusively by the difference be-
tween local P, and P, . in initial lymphatics, according to
Equation (2):

lemph = Klymph ' (Plymph - Pint) = Klymph ' APTM (2)

where K . is the permeability of the lymphatic wall to water
(Granger et al. 1984) and AP, is the transmural hydraulic
pressure gradient that drives fluid entry into initial lymphat-
ics. According to Equation (2), lymph formation occurs only
when I So— drops below P, , so that AP, results negative.
Importantly, initial lymphatics are delimited by a non-elastic,
collapsible wall that does not occlude because of the external
stretch exerted by the anchoring filaments, even when exposed
to a negative AP,,,. (Grimaldi et al. 2006; Trzewik et al. 2001;
Chen et al. 1997).

In Equation (2), Py mpn 18 the key parameter in both lymph
formation and propulsion. Indeed, it is directly implicated in
the two essential steps of lymph flow dynamics. The first step
consists of driving fluid and solutes from the interstitial space
or serosal cavity into the initial lymphatics, a process leading
to lymph formation. This phase is particularly intriguing, as it
requires Py, ., tobecome lower than P, , which in thoracic tis-
sues may be significantly lower than atmospheric, particularly
in the lung parenchyma (Miserocchi et al. 1990, 1991). Once
fluid has entered the initial lymphatics, the newly formed
lymph needs to be propelled forward along the collecting ves-
sels, overcoming the resistance offered by viscous flow along
the larger ducts and by percolation through lymph nodes,
until it finally discharges into the venous bloodstream. At this
stage, venous pressure at outflow sites of the major right and
left collecting ducts is slightly positive, so that lymph driven
from thoracic cavities must flow against a pressure gradient,
being Pyymph in initial lymphatics always lower than central
venous pressure. This peculiar flow dynamic is another major
difference between lymphatic and blood circulation, which
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occurs only along, and not against, a pressure gradient (Solari
et al. 2022).

Hence, on the one hand Plymph in initial lymphatics must be
lower, often markedly subatmospheric, than the surrounding
P, and, on the other, the same Plymph value must progressively
increase along the lymphatic network until it overcomes central
venous pressure. To meet this dual requirement and attain the
appropriate intraluminal Py ph value, lymphatic vessels exploit
a tissue-tailored combination of two different but cooperative
mechanisms, defined as “intrinsic” and “extrinsic.”

3.1 | The Intrinsic Mechanism
and the Role of Lymphatic Muscle Contraction
and Relaxation Phases

The contractile machinery, elegantly described elsewhere
(Zawieja 2009; von der Weid and Zawieja 2004; Kirkpatrick
and McHale 1977), relies on the coordinated interaction be-
tween the contraction-relaxation cycle of LMCs and the
behavior of intraluminal unidirectional lymphatic valves
(secondary valves, as defined above), which passively open
and close according to the hydraulic transvalve pressure
gradient (Davis et al. 2011; Bridenbaugh et al. 2003; von der
Weid and Zawieja 2004; Bertram and Davis 2023; Davis and
Zawieja 2024).

In the absence of a central pump, such as the heart in the
blood circulatory system, when LMCs in the wall of a given
lymphangion contract, a series of events ensues. Locally, in
the contracted lymphangion, P, , ., increases, overcoming the
outflow pressure gradient with respect to the adjacent lymph-
angion; therefore, fluid may move both upstream and down-
stream along the resulting Py mph gradient. Since secondary
valves are structurally designed as funnel-like unidirectional
tunnels (Figure 1B), in most cases potential backflow occludes
the valve leaflets, thereby closing the valve itself, while in other
cases the valve remains biased in the open position, allowing
some lymph backflow (Davis et al. 2011; Solari et al. 2026).
Lymph that progresses through the valve to the adjacent, re-
laxed, lymphangion is then driven centripetally, while the pre-
viously contracted lymphangion subsequently relaxes, and its
intraluminal Py ph suddenly drops, favoring, upstream up to
the initial lymphatics, the entry of interstitial fluid and the
formation of new lymph. This contraction-relaxation cycle
repeats at a frequency of about 19-20cycles/min (Moriondo
et al. 2016; Solari et al. 2017), starting within the smallest ves-
sels and propagating as a contractile wave from one lymph-
angion to the next, driving the lymph throughout the entire
lymphatic vasculature. Notably, even though the lymph ap-
parently flows against a tissue-to-venous hydraulic pressure
gradient, because of the segmentation of the vasculature into
adjacent lymphangions and the asynchronous contraction of
LMCs, net flow always occurs downstream from distal toward
proximal lymphangions (Hald et al. 2018). The same mech-
anism is involved in lymph formation. Indeed, LMCs relax-
ation is accompanied by lymphangion chamber enlargement
and local Pyymph drop. When Pyymph falls below the surrounding
interstitial P, , the intrinsic mechanism alone is sufficient to

int?
sustain simultaneously both lymph formation and subsequent

propulsion. This situation occurs in still tissues, such as the
mesentery, where the alternation of LMCs contraction and re-
laxation phases is the only source of the Py pn Waves needed
to support lymph formation and progression.

Contraction of LMCs may occur either spontaneously or be
triggered by external stimuli. Because of the experimental ad-
vantages offered by these tissue models, the properties of ac-
tive LMCs have been analyzed primarily in collecting ducts
or in mesenteric lymphatics (Zawieja 2009; von der Weid and
Zawieja 2004; Kirkpatrick and McHale 1977), According to
these studies, contraction is triggered by activation of specific,
spontaneously firing pacemaker sites, from which the con-
tractile wave is transmitted throughout the entire network. It
has been demonstrated that LMCs contractions immediately
follow bursts of small transient depolarizations (STDs) of the
cell membrane, sustained by spontaneous transient inward
currents (Kirkpatrick and McHale 1977; Allen et al. 1983; Van
Helden 1993; von der Weid 1998). It has also been proposed that
LMCs depolarization requires the involvement of voltage-gated
L-type Ca?* channels (Kirkpatrick and McHale 1977; Allen
et al. 1983; Telinius et al. 2014) and/or voltage-gated Na* chan-
nels (Telinius et al. 2015), as sources of action potentials and
the subsequent propagation of the LMCs contractile wave, in a
manner similar to that observed in skeletal muscle. (Trzewik
et al. 2001; Skalak et al. 1984).

Compared with what is commonly observed in lymphatic dis-
tricts supplying soft, relatively immobile tissues (Bridenbaugh
et al. 2003; Davis et al. 2024; Kirkpatrick and McHale 1977)
LMCs and alpha-smooth muscle actin (SMCa) are extremely
sparsely distributed in thoracic lymphatics (Moriondo
et al. 2005) (Figure 3). Nonetheless, multiple evidence indicates
that thoracic lymphatics possess the cellular machinery re-
quired to exploit the intrinsic mechanism. Indeed, spontaneous
Py oph Waves have been recorded in in situ diaphragmatic pe-
ripheral loops, both in open and closed chest (Negrini and Del
Fabbro 1999; Negrini et al. 2004). Moreover, in spontaneously
breathing anesthetized rodents, intrapleural injection of ami-
loride, a well-known inhibitor of Na*-Ca?* exchangers, which
are possibly involved in the intrinsic mechanism, reduces pleu-
ral lymphatic egress rate by ~40% (Negrini et al. 1994) and
segments of lymphatic loops belonging to isolated rodent dia-
phragm specimens (Figure 4A) may spontaneously contract at
a relatively constant rate (Moriondo et al. 2013, 2008). Direct
exposure of spontaneously contracting lymphatic vessels lo-
cated in isolated peripheral diaphragm specimens to selective
and nonselective inhibitors of the hyperpolarization-activated
cyclic nucleotide-gated (HCN) channels, such as cesium chlo-
ride (CsCl), ivabradine, and ZD-7288, demonstrated a direct
dependence of lymphatic contractile frequency on HCN chan-
nels activity in this body area (Negrini et al. 2016). In partic-
ular, the selective HCN channel blocker ivabradine completely
inhibits contractility in most of the analyzed vessels, strongly
suggesting that these channels, expressed in thoracic lymphat-
ics (Figure 3D), are responsible for the spontaneous trigger-
ing of LMCs contraction. HCN channels belong to a family of
voltage-gated ion channels that, in diaphragmatic lymphatics,
are expressed in four different isoforms (HCN1-4) clustered at
selected sites of the lymphatic muscle within the vessel wall.
The involvement of HCN channels in spontaneous membrane
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FIGURE 3 | Distribution of lymphatic muscle within the wall of thoracic lymphatic vessels. (A) Whole-mount image of rat diaphragmatic lym-
phatic loops, stained with FITC-dextran (green) and anti-SMCa (red), highlighting the vessel lumen and the lymphatic muscle mesh, respectively.
The LMCs network surrounding the vessel wall is not homogeneously distributed along the vessel perimeter, as evident in higher-magnification
images. (B) Representative image of a spontaneously contracting site, whereas (C) shows an inert site. Transverse cross-sections obtained at the po-
sitions indicated by white lines are also shown (inset scalebar 25um). (D) Diaphragmatic lymphatic sections stained with anti-HCN4 channel (red)
and anti-SMCa (blue), highlighting HCN4 localization within the lymphatic muscle layer in the wall of a spontaneously contracting vessel (scalebar

50 um).

depolarization, and therefore in cellular pacing, has been
demonstrated in thalamic neurons (Biel et al. 2009) as well as
in the heart. (DiFrancesco 1982; DiFrancesco et al. 1991). In
particular, in cardiac sinoatrial myocytes, HCN channels are
responsible for the spontaneous Na*-dependent depolarization
that triggers the automatic firing of sinoatrial node myocytes
(DiFrancesco et al. 1991; DiFrancesco 1981), thereby setting
heart rate. Therefore, although operating over very different fre-
quency ranges, transmembrane ion channels belonging to the
same HCN channel family trigger spontaneous contractions in
both cardiac myocytes and lymphatic muscle.

3.1.1 | Role of Valves in Intrinsic Mechanism
of Thoracic Lymphatics

In a complex, branched, lymphatic network composed of vessels
with an elliptical cross-sectional geometry, such as the diaphrag-
matic ones, intraluminal valves may play an important auxiliary
role. The Py ph gradient needed to open a valve and overcome its
hydraulic resistance is ~1.5mmHg, a value consistent with those
observed in extrathoracic lymphatics (Davis et al. 2011, 2024;
Solari et al. 2026), but much lower than the Plymph swings elicited
by extrinsic contractions in diaphragmatic and intercostal lym-
phatics (Moriondo et al. 2005, 2015). Intraluminal flow velocity,
obtained by ex vivo fluorescent microsphere tracking within the

vessel lumen of diaphragmatic lymphatics, indicates that lymph
velocity is constant in segments without valves, but significantly
increases when flowing through the narrower functional or-
ifice of an open valve compared with nonvalved segments, as
already previously documented (Pujari et al. 2020). However, in
these vessels, which are also highly branched, lymph velocity
tends to be lower than that observed in extrathoracic vessels,
such as mesenteric lymphatics (Rousselle et al. 1997; Guyton
et al. 1971). It has been reported that, when flow is driven ex-
clusively by the intrinsic mechanism and the transvalve Plymph
gradient is unfavorable to forward progression, intraluminal
valves do not occlude completely, allowing some fluid backflow,
which therefore occurs, upon lymphangion wall contraction,
both in segments without valves and in those equipped with
valves. Nevertheless, since backflow is consistently smaller in
valved than in nonvalved segments, the presence of valves pro-
vides a significant advantage in terms of net fluid progression,
even if they remain biased toward an open state (Contarino and
Toro 2018). These observations suggest that the intrinsic mecha-
nism can be effectively exploited also in thoracic tissues, despite
the dominant mechanical support provided by the surrounding
contracting skeletal muscle to lymphatic vessels. Conversely,
since lymph backflow does not occur in diaphragmatic vessels
exposed to cyclic tissue motion (Moriondo et al. 2015), these
findings confirm that the intrinsic mechanism alone cannot, by
itself, sustain adequate lymph drainage and propulsion, which
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FIGURE 4 | Segmental functional variability in diaphragmatic lymphatic loops. Simultaneous changes in vessel diameter recorded in adjacent

segments within the same rat diaphragmatic lymphatic loop. In the upper-left portion of the loop in panel A (red dotted line) the vessel spontaneously
contracts, and its diameter (panel B) rapidly decreases after a relaxation phase, indicating an «active» contractile behavior. In the segment adjacent
to the active tract (A, blue dotted line), the diameter suddenly decreases (C) only after a rapid enlargement, suggesting a «hybrid», stretch-activated,
contractile behavior, likely triggered by the arrival of fluid from the adjacent actively contracting site. In the lower segment of the loop (green dotted
line), no active contractile activity can be detected, and the vessel diameter (D) passively distends when fluid enters the segment. The yellow line in

panel A identifies a lymphatic segment in which the diameter does not show any significant change over time (inert site).

therefore necessarily require the contribution an of extrinsic
mechanisms (Moriondo et al. 2016).

3.2 | The Extrinsic, Tissue Motion-Dependent
Mechanisms

In contrast to what is observed in mesenteric or subcutane-
ous lymphatic districts, where P,  is close to atmospheric and
Py oph oscillations depend exclusively upon LMCs contrac-
tion-relaxation waves, all thoracic lymphatics experience large
I Sa— and AP, swings, elicited by tissue displacement and/
or stresses associated with cardiac (Figure 5A) and respiratory
cycles (Figure 5B,C) (Moriondo, Grimaldi, et al. 2007; Negrini

et al. 2004).

3.2.1 | Effect of Cardiac Cycle

The alternation between cardiac systole and diastole has a di-
rect impact, both in terms of mechanical forces and stresses,

as well as stretch and compression exerted on solid matrix fi-
bers, not only on atrial and ventricular myocardium, but also
on the lung, intercostal tissues, the diaphragm, pleural fluid,
and, to a much smaller extent, the subdiaphragmatic perito-
neal regions. Indeed, cardiac activity is accompanied by (a)
displacement of mediastinal tissues, lung parenchyma, and
the diaphragmatic phrenic center, and (b) by propagation of
aortic and pulmonary arterial pulse waves along major tho-
racic and extrathoracic vessels. The impact of these local
events results in rhythmic cardiogenic oscillations that can be
observed, at the same frequency as the heartbeat, in P, , and
Py oh recordings (Figure 5A) in all thoracic organs where they
have been directly measured (Moriondo et al. 2005; Moriondo,
Grimaldi, et al. 2007; Negrini et al. 2004). On average, cardiac
motion is accompanied by P,  and Pyymph swings of ~5mmHg
(Moriondo, Grimaldi, et al. 2007; Negrini et al. 2004). In inter-
costal subpleural lymphatics, P, , and Plymph may oscillate ei-
ther in phase or out of phase with each other, determining the
development of local AP, values on the order of ~4 mmHg
(Moriondo et al. 2005), a value comparable to that observed
across the wall of diaphragmatic lymphatics. Accordingly, in
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and Plymph profiles recorded in the submesothelial intercostal interstitium and lymphatic

vessels, respectively, during mechanical ventilation performed at zero end-expiratory pressure (ZEEP) and with a tidal volume equal to that of spon-

taneous breathing.

intercostal and diaphragmatic interstitial tissues, cardiogenic
oscillation alone, by supporting the occurrence of a positive
AP_,,, may be sufficient to sustain local lymph formation and
propulsion.

Comparable estimates cannot currently be derived for pulmo-
nary and cardiac lymphatics, whose Py, ., values have not yet
been measured because of technical experimental complexi-
ties. Nevertheless, one may reasonably expect the cardiogenic
effect to be even more pronounced in these organs. By con-
trast, the cardiac cycle exerts a negligible effect on pleural and
peritoneal fluid pressures, in which no detectable cardiogenic
swings have been observed (Miserocchi et al. 1988; Negrini and
Miserocchi 1989).

3.2.2 | Mechanical Impact of Tidal Breathing on
Thoracic Interstitial Spaces and Lymphatics

The recurrent inspiratory—-expiratory sequence profoundly affects
lymphatic drainage in thoracic tissues, in a much more complex
and physiologically relevant manner than that described for the
cardiac cycle. The most comprehensive analysis of events oc-
curring along the wall of lymphatic vessels during spontaneous
tidal breathing has been obtained in intercostal tissues, where it
was possible to directly record P,  and P, mph 11 the interstitium
and in lymphatic vessels lying immediately below the parietal
mesothelium, respectively (Figure 5B). During inspiration, con-
traction of the external intercostal muscles exerts a tangential
stress on parasternal or subpleural paracostal interstitial fibers.
The inspiratory rib displacement, and the associated stress ex-
erted on interstitial structures, are greater in rostral than in cau-
dal intercostal spaces, causing heterogeneous tangential stresses
distributed along the rostrocaudal axis of the thorax (De Troyer
et al. 1999; De Troyer and Wilson 2002). A second factor to con-
sider is the additional decrease in pleural liquid pressure toward
more negative values during inspiration, which, compared with
end-expiration determines a stronger orthogonal inward traction
applied to the pleural surface. As a consequence of this complex
mechanical interplay:

a. at end-expiration, average P, (~—2.5mmHg) is always
significantly lower than mean P, (~3mmHg), thereby fa-
voring a net fluid flux into initial lymphatics;

b. during spontaneous inspiration, both Py and P, sig-
nificantly decrease, to ~—20mmHg and ~—12mmHg, re-
spectively, further increasing AP, and thereby enhancing
lymph formation. In fact, because of inspiratory mechan-
ical changes, P, , markedly decreases during inspiration,
and this P,,, drop is efficiently transmitted to the compli-
ant wall of initial lymphatics (Schmid-Schonbein 1990)
through the anchoring filaments that connect the vessel
wall to neighboring matrix fibers.

On average, over the entire cycle AP, is ~—7mmHg, although
it oscillates within a single breath. Notably, mechanical ven-
tilation (Figure 5C), performed at the same tidal volume and
respiratory rate as spontaneous breathing, abolishes AP,
suggesting that lymph formation and propulsion depend on
stresses elicited by active intercostal muscle contraction,
rather than simply on the passive enlargement and collapse
of the chest. On this basis, one may expect that patients un-
dergoing mechanical ventilation, even at zero end-expiratory
alveolar pressure (ZEEP), may be at increased risk of develop-
ing clinically relevant pleural effusions, as a consequence of
markedly reduced pleural lymphatic drainage.

4 | Organization and Role of the Diaphragmatic
Lymphatic Vasculature

The organization of the diaphragmatic lymphatic network is
highly complex. On both the pleural and peritoneal sides, sub-
mesothelial lacunae, embedded in connective tissue predomi-
nantly composed of collagen (Grimaldi et al. 2006), empty into
a network of superficial and deep lymphatic collectors arranged
both in parallel and orthogonal with respect to muscular and/
or tendinous fibers (Grimaldi et al. 2006; Moriondo, Grimaldi,
et al. 2007). Depending on their location within the diaphragm,
lymphatic vessels may be: (a) very superficial, delimited by the
pleural or peritoneal mesothelium, and partially surrounded by
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FIGURE 6 | Mechanical behavior of diaphragmatic lymphatic vessels. Lymphatic vessels may be located either superficially or deeply within
diaphragmatic tissue, as illustrated in panel A. Finite element modeling of circumferential stress distribution in the wall of an ideal diaphragmatic
lymphatic vessel indicates that circumferential stress (color scale ranging from red—low stress—to blue—high stress) is higher in the wall of the
superficial submesothelial vessel (B), located beneath the pleural or peritoneal mesothelium, which undergoes the largest deformation when ex-
posed to pressure changes. By contrast, the deeper vessel (C), surrounded by skeletal muscle fibers and characterized by greater wall stiffness than
the submesothelial vessel, experiences lower and homogeneous wall stress, particularly during diaphragmatic contraction. Accordingly, superficial
submesothelial vessels are functionally suited for fluid absorption from serosal spaces, whereas deeper lymphatics are primarily involved in lymph

propulsion.

submesothelial tissue; (b) located deeper within the diaphragm,
surrounded by submesothelial tissue and encircled by skeletal
muscle or tendinous tissue; and (c) positioned even deeper, in the
central thickness of the diaphragm, and entirely encompassed
by the muscular or tendinous tissues. These vessels differ not
only in their anatomical position in the diaphragm but, more
importantly, in the response of their wall to local mechanical
stresses. Indeed, their behavior during the diaphragmatic con-
traction-relaxation cycle, and the associated elongation and
shortening of matrix fibers, is strongly influenced by the stiff-
ness of the vessel wall, the mechanical properties of the adjacent
interstitium, and the fraction of the vessel surface area interfac-
ing with compliant versus stiff tissues, respectively (Figure 5).

Direct measurements performed in the rat diaphragm (Moriondo
et al. 2010) showed that the elastic modulus of skeletal muscle tis-
sue is much higher than that of the lymphatic mesothelium or the
lymphatic endothelium alone. Based on these parameters, Finite
Element modeling of vessel mechanical performance revealed
that the compliance of superficial submesothelial lymphatic ves-
sels is approximately two orders of magnitude greater than that
of deeper, markedly stiffer, lymphatics. From a functional stand-
point, this implies that, for a given tissue stress, widening of inter-
endothelial gaps in the lymphatic wall would be more pronounced
in vessels with a more compliant wall (Figure 6A), such as initial
submesothelial vessels, which are rich in primary valves (Grimaldi
et al. 2006; Trzewik et al. 2001), as well as in mesothelial stomata
of the pleural and peritoneal surfaces. Accordingly, stomata and
lacunae exhibit both morphological and mechanical features that
enable them to function as specialized sites of lymph formation.

By contrast, vessels partially or, even more so, completely em-
bedded in muscular or tendinous fibers display a more rigid
wall, through which tissue forces generated by the respiratory
and cardiac cycles are more uniformly transmitted to the vessel
wall and internal lumen, thereby rendering forward fluid pro-
pulsion more efficient in these vessels than in the more super-
ficial ones (Figure 6C). In addition to their location within the
diaphragmatic thickness, a further factor that influences local

lymphatic function is the orientation of lymphatic vessels with
respect to adjacent skeletal muscle fibers. The alignment of di-
aphragmatic lymphatics with respect to the radial arrangement
of muscular fibers is anatomically highly variable, making such
an analysis intrinsically complex. However, a simplified ap-
proach, restricting the assessment of the effect of skeletal fiber
contraction on lymphatic vessels aligned either parallel or or-
thogonal (Moriondo et al. 2015) to the major muscular fiber axis
(Figure 7A,B) revealed that:

a. invessels oriented perpendicular to muscle fibers and lying
deep within diaphragmatic tissue, skeletal muscle contrac-
tion reduces vessel diameter while simultaneously increas-
ing local Plymph, whereas the opposite effect is observed in
more superficial vessels, where muscle contraction causes

vessel enlargement and a concomitant decrease in Plymph;

b. conversely, in vessels aligned parallel to the major axis of
muscle fibers, muscle contraction is always accompanied
by an enlargement of the vessel diameter and a decrease in

I Sa— independently of vessel depth within the tissue
Overall, a key message of this pivotal study (Moriondo et al. 2015)
is that the respiratory cycle, and the associated contraction-re-
laxation alternation that accompanies it, does not exert a ho-
mogeneous effect on local lymphatic function but, rather, may
simultaneously enhance lymph propulsion in some vessels and
lymph formation or redistribution in others within the same lym-
phatic network, depending on vessel orientation and depth within
the diaphragm. Consistent with these observations, and given that
diaphragmatic lymphatics provide drainage of both pleural and
peritoneal fluid (Negrini et al. 1990, 1993; Moriondo, Grimaldi,
et al. 2007), contraction of skeletal muscle fibers of the ventrome-
dial diaphragmatic dome appears to be essential to drive serosal
fluid from submesothelial lymphatic structures into deep, parallel-
oriented vessels during muscle contraction, and subsequently into
deep, perpendicularly oriented ducts, which are preferentially
involved in propelling lymph forward along the circuit and, ulti-
mately, out of the diaphragm.
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FIGURE7 | Impactofthe relative alignment of lymphatic vessels and skeletal muscle fibers. (A) Representative image showing lymphatic vessels
oriented either parallel or perpendicular to the underlying skeletal muscle fibers in the rat diaphragm. (B) Extrinsically induced changes in vessel

radius (AR, expressed as a percentage of the corresponding resting value, R) and intraluminal pressure (AP

lymph) in parallel- and perpendicular-

oriented lymphatic vessels located at different depths within the diaphragmatic tissue.

Accordingly, in the diaphragm, factors such as the geometric or-
ganization of the lymphatic network with respect to muscular
fibers and cyclic motor unit recruitment appear to be effectively
integrated to provide the most efficient mechanical and fluid-
dynamic support to the lymphatic vasculature, thereby optimiz-
ing both lymph formation and propulsion.

4.1 | Cooperation Between Intrinsic and Extrinsic
Mechanisms in the Diaphragm

Despite the prevailing role of the extrinsic mechanism in sustain-
ing diaphragmatic lymphatic function, and notwithstanding the
evidence that LMCs are not homogeneously organized within the
vessel wall, lymphatic vessels characterized by spontaneously con-
tracting regions have been documented (Moriondo et al. 2013). In
particular, a mesh of lymphatic muscle can be found in the wall of
vessels organized in peripheral loops, which are usually, but not
necessarily, partitioned into lymphangions and often arranged to
form circular or oval rings that may connect either to another loop
or to linear ducts, thereby forming a highly complex circuit. The
role played by loop structures in the diaphragmatic lymphatic net-
work is multifaceted and still not completely understood. Indeed,
within a single loop (Figure 4A), spontaneously contracting sites
(Figure 4B) may coexist with: (a) passive tracts (Figure 4D) that dis-
tend when fluid enters and tend to collapse when fluid leaves the
segment, without showing intrinsic contractile activity; (b) stretch-
activated portions (Figure 4C) in which contraction is triggered
by vessel enlargement upon fluid entry; and (c) inert segments of
the loop (not shown in Figure 4), whose diameter appears com-
pletely unaffected by the behavior of adjacent segments (Moriondo
et al. 2013). Most loops lie over the pleural muscular diaphragm,
close to the external peripheral rim. In this region, known as the
“apposition zone,” the diaphragm directly faces the thoracic wall,
from which it is divided by a pool of pleural fluid. Because of its
large radius of curvature, in the apposition zone the craniocau-
dal displacements of the diaphragm, as well as the tissue stresses
elicited by inspiratory muscle contraction, are reduced compared
with more medial diaphragmatic regions and may therefore be
insufficient to support lymphatic function. Under these condi-
tions, the presence of lymphatic loop segments capable of intrinsic

TABLE 1 | Comparison of parameters describing flow dynamics
sustained by the intrinsic and extrinsic mechanisms in lymphatic
vessels supplying the peripheral diaphragm in the rat.

Extrinsic Intrinsic
Net lymph progression/ 4419+£159.2 14.1%2.9%
contraction, um
Average wall shear stress, 0.23+0.08 0.02+0.012
dyne/cm
Wall shear stress range, dyne/ 0.02-0.55 0.001-0.05
cm
Reynold's number 9.6x1072 8.1x1073
Stroke volume (SV), pL 458 +172 244+91?
Ejection fraction (EF), % 54+3 27+32
Computed net lymph flow, 39.8+11.4 4.0+£1.4%
nL/min
Frequency, cycles/min 46.7+1.3b 20.6x+1.5%

Note: Stroke volume (SV) was computed for an ideal lymphatic segment 105.5um
in length as SV=EDV-ESV, where EDV and ESV are the end-diastolic and end-
systolic volumes, respectively. Ejection fraction (EF) was calculated by analogy
with the cardiac cycle as EF=SV/EDV. Data are from ref. (Moriondo et al. 2016).
Values are expressed as mean + SE.

aSignificantly different from extrinsic; paired t-test, p <0.05.

bSpontaneous respiratory rate (breaths/min) recorded in adult, healthy,
anesthetized rats. Data are from ref. (Moriondo et al. 2012).

contraction may significantly contribute to supporting and coor-
dinating lymphatic flow in this peripheral, relatively motionless
diaphragmatic area. Table 1 summarizes the key parameters of
lymph flow in the diaphragmatic lymphatic network, driven by
both extrinsic and intrinsic mechanisms.

5 | Lymphatic Drainage of Pleural and Peritoneal
Cavities

The mammalian pleural and peritoneal spaces are fluid-
containing cavities of mesodermal origin, anatomically separated
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by the diaphragm, whose lymphatic vasculature plays a critical
role in the maintenance of physiological fluid homeostasis in both
cavities. The parietal pleural mesothelium lines the inner surface
of the thorax, the pleural diaphragmatic dome, and the medias-
tinal tissues, while the visceral mesothelium covers the entire
lung surface and its fissures. Similarly, the parietal peritoneal me-
sothelium lines the inner abdominal wall, whereas the visceral
one covers the abdominal organs. Both spaces contain extracel-
lular fluid with a variable content of plasma proteins (Negrini
et al. 1990, 1993), which is passively filtered: (a) into the pleural
space across the parietal pleura, but not across the visceral one,
which is supplied by the low-pressure pulmonary circulation (Raj
and Chen 1986; Negrini, Gonano, and Miserocchi 1992) and (b)
into the peritoneal space through the parietal and visceral perito-
neum, which are supplied by the systemic circulation. To ensure
efficient and nearly frictionless sliding of thoracic and abdominal
organs within their respective cavities, pleural and peritoneal fluid
turnover must be optimized, a function almost entirely ensured by
lymphatic drainage of the two cavities. To this end, the parietal,
but not visceral, pleura and both the parietal and visceral perito-
neum are supplied by an extensive mesh of lymphatic stomata and
lacunae, which are characteristic features of serosal mesothelia,
and are far more densely distributed on the peritoneal than on the
pleural layers (Negrini et al. 1991; D. Negrini 2022; Negrini, Del
Fabbro, et al. 1992).

By analogy with Equation (2), lymph formation in pleural and
peritoneal lymphatic networks may be quantified as:

J] lymph = Klymph (P lymph — IS liq) = Klymph AP ™ (3)

where P, is the pleural or peritoneal fluid pressure. The regional
distribution of Py, values in different areas of the pleural cavity
has been extensively measured in mammals, allowing the dis-
tinction between various pleural regions (Miserocchi et al. 1990,
1981,1982). Conversely, P values have been recorded only in
intercostal (Moriondo et al. 2005) and diaphragmatic lymphat-
ics (Negrini et al. 2004; Moriondo et al. 2008). Studies performed
in spontaneously breathing rodents revealed that lymphatic
drainage of pleural fluid and solutes occurs in the costal, dia-
phragmatic, and mediastinal regions, with the latter providing
the largest contribution (Negrini et al. 1985) in terms of percent-
age of fluid removed relative to the total egress rate. In terms of
AP, the only contribution to pleural fluid drainage that can be
experimentally analyzed is that of the intercostal lymphatics, in
which both P, and P;; have been measured during sponta-
neous breathing (Moriondo et al. 2005; Miserocchi et al. 1982).
Although collected from different rodent species, the available
data indicate that both costal Pliq (Miserocchi et al. 1981, 1982)
and, to an even greater extent, intercostal I Sa— (Moriondo
et al. 2005) significantly decrease during inspiration, so that
a negative AP.,,, which drives the entry of pleural fluid into
stomata and lacunae, develops throughout the entire sponta-
neous respiratory cycle. In the intact closed chest, in the su-
pradiaphragmatic region, end-expiratory Py oph @0d Ppg values
average approximately —9mmHg and —4mmHg, respectively
(Negrini and Del Fabbro 1999), demonstrating the capability of
diaphragmatic lymphatics to absorb pleural fluid. At present,
no information is available on inspiratory diaphragmatic P, .,
changes. However, since during inspiration supradiaphragmatic
Py, values may drop to —15mmHg (Miserocchi et al. 1981, 1982),

one may reasonably hypothesize that to ensure continuous pleu-
ral fluid drainage, a similar or even greater decrease in P,
should occur.

ymph

A significant fraction of the total pleural lymphatic outflow oc-
curs in the mediastinal region (Negrini et al. 1985), where the
parietal pleura is richly supplied by pericardiac lymphatics and
stomata (Wang 1975). In this region, which is directly exposed
to powerful myocardial contractions, pleural fluid pressure at-
tains, at both end-expiratory and at end-inspiratory lung vol-
umes, the most subatmospheric values measured in the pleural
cavity (Miserocchi et al. 1981, 1982), suggesting that high radial
stresses and tissue displacements experienced by lymphatic
structures are advantageously exploited to sustain efficient lym-
phatic drainage of the cavity.

In the peritoneal cavity, the mechanisms of fluid filtration and
removal closely follow those observed in the pleural space,
albeit with important quantitative differences. Serosal peri-
toneal fluid is filtered down a transmesothelial pressure gra-
dient (Negrini et al. 1990, 1993), favored by peritoneal fluid
pressure that, particularly in the suprahepatic region, tends
to be subatmospheric, although less negative than in the pleu-
ral space (Miserocchi et al. 1982). Despite similar mesothelial
hydraulic conductivities and filtering pressure gradients, net
fluid filtration (~1.5mL/kg-h) is approximately 15-fold higher
in the peritoneal than in the pleural space (Negrini et al. 1990,
1993), due to the significantly larger filtering mesothelial
surface. Indeed, while in the pleural space filtration occurs
only through the parietal pleura (Miserocchi et al. 1988), in
the peritoneum the filtering surface extends to all visceral or-
gans, whose mesothelium is supplied by systemic capillaries
(Negrini et al. 1990, 1993). Therefore, peritoneal fluid drain-
age occurs entirely through the lymphatic vasculature, whose
draining capability greatly exceeds that of pleural lymphatics
to accommodate the much higher filtration rate. The marked
difference between the tubular, circuit-like lacunae observed
on the pleural side of the diaphragm and the large, flattened,
lacy-ladder shaped lymphatic structures viewed on the perito-
neal side (Figure 2A',B’) likely reflects the greater capacity of
the peritoneal compared with the pleural diaphragmatic lym-
phatic reservoirs.

A major functional difference between pleural and peritoneal
cavities is their tolerance to increased serosal fluid volume,
which is far more tightly regulated in the former. Indeed, even
a small expansion of pleural fluid volume (pleural effusion)
threatens the tight coupling between the lung and the chest
wall, potentially leading to respiratory failure. By contrast, this
scenario does not apply to the peritoneal cavity, where serosal
fluid primarily serves to ensure lubrication of the abdominal
viscera and to facilitate their reciprocal sliding.

5.1 | Transdiaphragmatic Pleuro-Peritoneal
Connections

Although belonging to the same structure and presenting sev-
eral analogies, the pleural and peritoneal sides of the diaphragm
display distinct structural differences (Figure 8). Specifically,
the pleural submesothelial interstitium is thicker than the
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FIGURE 8 | Transperitoneal routes through diaphragmatic lymphatic vasculature. Semithin transverse cross-section of the entire rat diaphragm

(A) and low-magnification confocal image of anti-LY VE-1 fluorescently stained mouse diaphragm (B). These images suggest the existence of poten-

tial pleuro-peritoneal lymphatic connections. However, transverse sections of the rat diaphragm following induction of experimental ascites (C) or

pleural effusion (D) by injection of TRITC- (red spots) or FITC- (green spots) conjugated dextrans into the peritoneal or pleural cavity, respectively, do

not provide evidence of net transdiaphragmatic transfer. The dashed line in panel A identifies the pleural-to-peritoneal thickness of the diaphragm.

Pe, peritoneal side, P, pleural side. ¥ injection site.

peritoneal one (Grimaldi et al. 2006) and displays a differ-
ent collagen bundle organization. From the lymphatic system
standpoint, the most relevant disparity lies in the markedly dif-
ferent shape and spatial extent of the submesothelial collectors,
which are arranged in convoluted tubular ducts and loops on
the pleural side, as illustrated by confocal microscopy images
in Figure 2. By contrast, on the peritoneal side these structures
are organized as broader, flattened, lacy-ladder shaped reser-
voirs. In addition, as reported in Figure 8A and clearly demon-
strated by anti-LYVE-1 fluorescent staining confocal images
(Figure 8B), large transverse ducts appear to originate from
the superficial lacunae and converge toward the center of the
diaphragmatic thickness, thereby establishing a tortuous yet
direct connection between the two submesothelial lymphatic
structures (Moriondo, Grimaldi, et al. 2007). Accordingly, the
key questions are whether: (a) the two cavities are actually
functionally connected through this extensive mesh of lym-
phatic lacunae and collectors; (b) such potential connection
allows transmesothelial exchange of fluid and particles; and (c)
what is the quantitative contribution of such potential flux to
pleural and peritoneal fluid turnover and optimal inter-organ
function under physiological steady-state or pathophysiological
conditions.

Since confocal microscopy analyses, such as the image shown
in Figure 8B, reveal the morphology of LYVE-1 positive struc-
tures forming a putative transdiaphragmatic pathway, these
issues can be addressed from a functional standpoint. Direct
measurements of Py in supradiaphragmatic pleural and subdi-
aphragmatic peritoneal regions (Negrini et al. 1990; Miserocchi
et al. 1981, 1982) have shown that, in the supine position and at
any ventrodorsal height, subdiaphragmatic P, is less subatmo-
spheric than supradiaphragmatic Py, , particularly during inspi-
ration, when pleural P, q drops to lower values, while abdominal
P, rises as a consequence of the cranio-caudal diaphragmatic
shift (De Troyer et al. 1999; De Troyer and Wilson 2002). Despite
the presence of a net peritoneal-to-pleural hydraulic gradient,
under physiological conditions, serosal fluid does not cross the
diaphragm. Indeed, fluid and solutes that enter the lymphatic
stomata opening on both sides of the diaphragm are conveyed
into deeper lymphatic collectors, without reaching the contra-
lateral serosal side (Moriondo, Grimaldi, et al. 2007). Even in
the presence of pleural effusion, which implies an increase in
pleural P 0 fluid absorbed by diaphragmatic lymphatics does
not reach peritoneal lymphatic structures (Moriondo, Grimaldi,
et al. 2007). This phenomenon may be explained by: (a) dia-
phragmatic Plymph values (Moriondo et al. 2005; Negrini and Del
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Fabbro 1999; Negrini et al. 2004) that are significantly more sub-
atmospheric than both pleural and peritoneal Py, , thereby pro-
moting absorption and convergence of fluid from both serosal
cavities into deep central lymphatics, from which fluid leaves the
diaphragm; and (b) fluid flow conveyed from pleural and perito-
neal cavities toward deep lymphatics by unidirectional second-
ary lymphatic valves (Figure 1B), thereby efficiently minimizing
fluid backflow. Taken together, experimental evidence indicates
that, despite favorable pressure gradients, transdiaphragmatic
percolation of fluid and/or solutes does not occur, at least under
physiological conditions. Nevertheless, pathological states, such
as infections or inflammation (Lai-Fook et al. 2005), liver dis-
eases, excessive ascites fluid accumulation, peritoneal dialysis
(Nomoto et al. 1989; Chow et al. 2002; Kang and Kim 2009;
Kennedy et al. 2011; Chavannes et al. 2014; Alhasan 2019), and/
or obesity, conditions often accompanied by the release of tis-
sue proteases, may damage diaphragmatic lymphatic structures,
thereby compromising the function of unidirectional valves
and/or anchoring filaments that bind lymphatic vessels to the
fibrous matrix scaffold, thus causing global impairment of lym-
phatic function.

6 | Pulmonary Lymphatics

Given the low hydraulic pressure regime in the pulmo-
nary circulation (Raj and Chen 1986; Negrini, Gonano, and
Miserocchi 1992) fluid is continuously filtered into the sur-
rounding interstitium, driven by the highly subatmospheric
pulmonary interstitial pressure (Miserocchi et al. 1990, 1991).
Under physiological steady-state conditions, filtration occurs not
only across the endothelium of the arteriolar side of the pulmo-
nary capillaries, but also at the venular end, so that fluid egress
from the interstitium can occur exclusively through pulmonary
lymphatics. Importantly, to ensure adequate gas exchange, the
thickness of the alveolo-capillary membrane must be mini-
mized, a condition achieved by limiting the volume of pericapil-
lary interstitial tissue through: (a) the low hydraulic permeability
of the pulmonary endothelial wall (Taylor and Parker 1985), (b)
the high interstitial tissue stiffness (Moriondo et al. 2010) and,
(c) prompt and efficient lymphatic removal. The limited extent of
fluid filtration and the relative “dryness” of the pulmonary pa-
renchyma are evidenced by quantification of pulmonary lymph
flow, which amounts to approximately 0.1 mL-min~! 100g wet
tissue weight™! (Albertine et al. 1982), corresponding to only
3% to 15% (Levick and McHale 2003) of total lymph flow in the
thoracic duct (approximately 1 mL-h~%Kg~! body weight), with
most lymph being formed in the liver (up to ~50%) and in the
gastrointestinal tract (up to ~40%).

It has been proposed (Miserocchi et al. 1990, 1991) that pulmo-
nary lymphatics may also be partially involved in pleural fluid
drainage. Indeed, a transmesothelial pleural-to-pulmonary in-
terstitium pressure gradient exists, driven by the highly subat-
mospheric pulmonary interstitial pressure. However, absorption
of pleural fluid by pulmonary lymphatics is expected to be mini-
mal under physiological conditions, accounting for less than 20%
of total pleural fluid egress (Negrini et al. 1985). This reflects
the very low hydraulic conductivity of the visceral pleura, due
to at least two morphological features: (a) the presence of tight
and adherens junctions between mesothelial cells (Wang 1985;

Wang et al. 1997), and (b) the thickness and firmness of matrix
fibers in its submesothelial interstitium (Albertine et al. 1982).
The fluid entering the lung parenchyma through the visceral
pleura would ultimately be removed via the complex submeso-
thelial lymphatic network of the visceral pleura, which connects
to deeper pulmonary lymphatic collectors (Kuhlman 1997;
Finley and Rusch 2011).

The lungs are supplied by an extensive mesh of lymphatics, ar-
ranged around almost every airway, artery and vein. Small initial
lymphatics, which are devoid of LMCs (Kretschmer et al. 2013;
Reed et al. 2019), completely surround bronchioles, alveoli, al-
veolar ducts, and interlobular septa (Leak and Jamuar 1983; Lee
et al. 2021; Trapnell 1970; Schraufnagel 2013). Peribronchial,
periarterial, perivenous, saccular, and interalveolar lymphatics
drain into bronchial, arterial, and venous lymphatics, which
eventually merge into lymphatic collectors equipped with valves
and LMCs. From there, lymph reaches the hilum, the caudal
mediastinal node (Lee et al. 2021; Hainis et al. 1994), and ul-
timately empties into the right lymphatic duct. Lymphatic ves-
sels also lie in the thick interstitial layer supporting the visceral
pleura (Albertine et al. 1982; Hainis et al. 1994). Unlike those
running underneath the parietal mesothelium, which are char-
acterized by stomata directly opening onto the pleural space
(Figure 2A), these lymphatics lack stomata and do not directly
drain from the pleural cavity.

Lymphatic drainage in the lungs is critically important. Indeed,
despite normal alveolar surfactant synthesis, knockout mice
lacking the key lymphangiogenic factor VEGFC (Vascular
Endothelial Growth Factor C) die at birth, from massive pul-
monary edema and respiratory failure (Jakus et al. 2014).
Heterozygous mice are also affected and, although to a lesser
extent, develop lymphatic hypoplasia and primary lymphedema
(Karkkainen et al. 2004). Similar severe impairments are ob-
served in transplanted lungs, in which lymphatic trunks have
been surgically resected without the possibility of establishing
new patent anastomoses and are therefore prone to developing
chronic edema. Accordingly, therapeutic lymphangiogenesis has
then been proposed as a post-surgery approach to promote the
growth of new lymphatic vasculature, thereby enhancing clear-
ance of inflammatory cells and hyaluronic acid fragments (Cui
et al. 2015). Notably, spontaneous development of newly formed
perianastomotic lymphatic meshes has been documented in the
spermatic cord, the inguinocrural, inguinoscrotal, inguinotes-
ticular, and brachial regions, in patients undergoing microsur-
gical canalization of lymphatic collectors aimed at the surgical
treatment of severe secondary edema (Mukenge et al. 2007, 2013,
2023). Therapeutic lymphangiogenesis may further enhance
such spontaneous reconstructive processes, thus representing
a promising therapeutic strategy for chronic lymphedema in
transplanted lungs.

Lymphatic impairment and, consequently, progressive de-
velopment of edema, often accompanied by pleural effu-
sion, can also be observed during mechanical ventilation at
positive alveolar pressure. This condition is associated with
increased transpulmonary pressure, regional alveolar over-
distension, and the sequential activation of tissue metallo-
proteases (Negrini et al. 2006; Moriondo, Pelosi, et al. 2007).
All together, these factors exert a detrimental effect on the

Comprehensive Physiology, 2026

15 of 23

85U017 SUOWIWOD 8AITeR1D) 3dealdde ayp Aq peusenob afe saoiLe YO ‘@SN JO S9N 10} Akeid 78U UO 48| UO (SUONIPUOD-PUR-SWLBH WD A8 |IMAIq U1 |UO//:SANY) SUOTIPUOD pue SWis | 3U1 38S *[9202/70/LT] Uo ARiqiauluo A8|IM 1l eueIy0D Aq evTOL 1Udo/Z00T 0T/10p/L0d A8 |1m: Areiq1juljuo//sdny wouy pepeojumod ‘Z ‘9202 ‘€09v0v0Z



three-dimensional organization of the fibrous interstitial
matrix. In particular, the release and/or activation of tissue
metalloproteases induces a progressive fragmentation of both
structural proteoglycans and those lining the endothelial lay-
ers, such as perlecan or laminin (Pelosi and Negrini 2008;
Negrini et al. 2008; Moriondo et al. 2012; Marcozzi et al. 2015).
Accordingly, mechanical ventilation, by causing potential
structural injury and fragmentation of the tissue matrix scaf-
fold, including anchoring filaments, is likely to compromise
pulmonary lymphatic performance, thereby exacerbating the
development of lung edema.

Pulmonary lymphatics, in particular those supplying the pe-
ripheral lung lobules, might represent, by virtue of their struc-
ture and size, a potential dissemination route for pollutant
macromolecules and amphibolites, or asbestos fibers, from the
lung parenchyma, the primary site of infiltration of amphibo-
lites from the alveolar space, to the pulmonary circulation and
eventually to the mesothelial layer (Miserocchi et al. 2008). In
the latter, amphibole fibers are known to induce processes rang-
ing from chronic inflammation and stomata obstruction (Boutin
et al. 1996), to pleural fibrosis, effusion, and ultimately malig-
nant mesothelioma.

7 | Myocardial Lymphatics

The heart and mediastinum possess an anatomically distinct
lymphatic drainage, which appears to be independent of the
functionally  interconnected intercostal-diaphragm-lung-
pleural-peritoneal lymphatic complex. The ventricles of the
heart are supplied by an extensive network of lymphatic vessels,
distributed within the epicardial, subepicardial, and endocardial
tissue layers, whereas their presence is relatively sparse among
myocardial fibers (Tatin et al. 2017). Both atria show limited ev-
idence of lymphatic vessels (Ware et al. 2026), which are more
developed in the left atrium than in the right. Epicardial, myo-
cardial, and subendocardial regions are supplied by an extensive
plexus of lymphatic capillaries, embedded within the connective
tissue surrounding muscle bundles, which drain fluid toward
the subepicardium via intramyocardial vessels. These lymphatic
microvessels are essentially endothelialized tissue channels and
are apparently not surrounded by LMCs. Myocardial initial
lymphatics drain into subepicardial collectors equipped with
intraluminal unidirectional valves (Ware et al. 2026; Laine and
Allen 1991; Klaourakis et al. 2021), forming the right and left
coronary lymphatics, which eventually merge into the principal
cardiac lymphatic duct. The latter conveys lymph toward the
cardiac lymph node and ultimately into the right lymphatic duct.

The mechanisms sustaining cardiac lymph flow display many
features in common with those observed in diaphragmatic lym-
phatics. In particular, lymph formation and propulsion critically
depend on myocardial contraction, with the systole-to-diastole
duration ratio playing a crucial role (Bradham et al. 1973). As
in diaphragmatic initial lymphatics, cardiac lymphatic endothe-
lial cells are connected to extracellular macromolecules, such as
fibronectin and Type 1 collagen, through anchoring filaments
composed of emilin-1 and fibrillin (Mehlhorn et al. 2001).
Accordingly, as in all other thoracic tissues, these molecular
structures enable myocardial lymphatic vessels to exploit phasic

tissue displacements and mechanical stresses generated during
the cardiac contraction cycle to sustain lymph flow and adapt
to local fluid drainage requirements (Mehlhorn et al. 2001).
To date, experimental challenges have limited detailed hydro-
dynamic investigations of cardiac lymphatic function under
physiological steady-state conditions. Nevertheless, extensive
clinical and experimental evidences indicate that malfunc-
tion or insufficiency of cardiac lymphatics play a significant
role in the development or exacerbation of several myocardial
pathophysiological conditions, including myocardial edema
(Mehlhorn et al. 2001; Nilsson et al. 2001; Friedrich 2010), isch-
emia (Nilsson et al. 2001), myocarditis (Baefller et al. 2015),
nonischemic cardiomyopathy (Nishii et al. 2014), acute myo-
cardial fibrillation (Verbrugge et al. 2017), cardiac amyloidosis
(Kotecha et al. 2018), and Takotsubo cardiomyopathy (Abdel-
Aty et al. 2009). Lymphatic insufficiency reduces interstitial
fluid clearance, leading to the development of local intersti-
tial edema, thereby indirectly impairing cardiac contractility
(Ludwig et al. 1997) and increasing ventricular stiffness (Laine
and Allen 1991; Cross et al. 1961; Desai et al. 2008). The latter ef-
fect has also been observed following experimental blockade of
lymphatic outflow, a condition that promotes interstitial fibrosis
and severe diastolic dysfunction (Laine and Allen 1991; Desai
et al. 2008). Further support for the pathological relevance of
myocardial lymphatic impairment comes from studies showing
that experimentally induced lymphangiogenesis improves the
clinical outcome in several models of myocardial disease (Klotz
et al. 2015; Henri et al. 2016; Song et al. 2020; Heron et al. 2023).
Similarly, as observed after microsurgical canalization of pre-
viously damaged lymphatic collectors (Mukenge et al. 2007,
2013, 2023), recovery following myocardial ischemia is charac-
terized by both tissue remodeling and local lymphangiogenesis
within the infarcted region (Henri et al. 2016; van Amerongen
et al. 2007; Nahrendorf et al. 2007; Frantz et al. 2013; Vieira
et al. 2018).

8 | Flow Modulation and Saturation in Thoracic
Lymphatics

It has long been stated that the lymphatic vasculature rep-
resents a sort of “emergency route” for the egress of fluid,
particles, and cells, aimed at counteracting significant im-
balance in tissue fluid and solute content. However, this
view underestimates the pivotal role played by lymphatics.
Indeed, lymphatics recruitment does not occur only after the
attainment of a hazardous tissue volume threshold, but rather
operates continuously, on a “drop-by-drop” basis, thereby
preventing excessive tissue swelling from persisting for a pro-
longed period. Over the years, several evidence from studies
of the thoracic duct (Brace and Power 1981), lungs (Drake
et al. 1981), mesentery (Benoit et al. 1989), bat wing (Hogan
and Unthank 1986), and rat tail (Aarli et al. 1991), have
demonstrated the ability of the lymphatic vasculature to adapt
local lymph flow to the drainage requirements of a given tis-
sue. According to Equation (2), lymphatic flow from a tissue
depends on the tissue-to-lymphatic lumen pressure gradient
and on lymphatic conductance: an increase in either parame-
ter results in an increase in lymph outflow (Figure 9), which
counteracts the fluid perturbation, and thereby prevents
fluid accumulation. The AP, reflects the combined effects
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Maximal normal lymph flow

Maximal compromized lymph flow

Lymph flow

> obstruction/lesion of lymphatic vasculature
> radiotherapy
> interstitial fibrosis and/or fragmentation

lymphedema

Transendothelial fluid filtration

FIGURE 9 | Lymph flow modulation. Graph illustrating the de-
pendence of lymph flow on transendothelial or transmesothelial fluid
filtration. The origin of axes identifies the steady-state condition, in
which lymph flow exactly matches filtration rate and tissue fluid vol-
ume remains constant. If transmembrane filtration increases, lymph
flow (dashed line) automatically rises at a similar rate along the sol-
id red line, thereby maintaining steady-state interstitial fluid volume.
Although lymph drainage may increase several-fold, even under phys-
iological conditions, it progressively reaches a maximal value, defined
by the specific capacitance of the lymphatic vasculature and by the ef-
ficiency of the propelling mechanisms. Interstitial fluid accumulation
begins when the filtration rate exceeds lymphatic drainage capacity, a
condition identified in the graph by divergence of the solid red line from
the black dashed line (red ¥). Damage to or impairment of the lymphatic
vasculature (dotted line) markedly reduces maximal lymph flow, lead-
ing to the development of lymphedema even at relatively low filtration
rates, as illustrated by the earlier divergence of the dotted line from the
red solid one (red ).

of intrinsic and extrinsic forces acting on the vessel lumen,
whereas lymphatic conductance Kiymph depends on the density
and the degree of expansion of the initial lymphatics' inlets,
as modulated by stretching of the anchoring filaments. For a
given Ky mphy DEt lymphatic egress rate is directly proportional
to AP, which in turn increases automatically when inter-
stitial pressure P, rises. This behavior was first described by
Arthur Guyton's original studies (Guyton et al. 1971) and has
been validated in the pleural space, where any increase in Py,
associated with pleural effusion is promptly compensated by
an increased lymphatic outflow (Miserocchi et al. 1993; D.
Negrini 2006). The passive response of the lymphatic vascu-
lature to increased tissue fluid content is tightly connected to
the mechanical properties of the tissue itself. Indeed, for any
given increment in tissue fluid volume, P,  increases more
markedly in tissues characterized by a dense and stiff three-
dimensional scaffold, such as the pulmonary parenchyma
(Miserocchi et al. 1990, 1991), than in tissues with looser ma-
trix organization, such as the mesentery. In the lung, even
small increments in tissue fluid volume, as occur during the
development of mild interstitial edema, may cause a signifi-
cant increase in local P, , reaching values of up to + 11 mmHg
(Miserocchi et al. 1990, 1991), thereby triggering a lymphatic
response that immediately and efficiently offsets the local
fluid perturbation.

In thoracic tissues, in addition to these automatic fluid-
dynamic adjustments and to the mechanisms underlying
lymphatic pacemaking (Bridenbaugh et al. 2003; Davis
et al. 2024; Maisel and Outtz Reed 2025), lymphatic function
can be further modulated by local factors, such as interstitial
tissue osmolarity (Solari et al. 2018, 2023; Solari, Marcozzi,
Negrini, and Moriondo 2020), local tissue temperature (Solari
et al. 2017; Solari, Marcozzi, Bistoletti, et al. 2020) and the
interstitial concentration of low-density lipoproteins (Solari,
Marcozzi, Bartolini, et al. 2020). Indeed, spontaneously con-
tracting lymphatic collectors supplying diaphragmatic tissue
exposed to a hyperosmolar microenvironment exhibit a re-
duction in spontaneous contractile activity, with a depressed
contraction rate and flow. Conversely, collectors exposed to
a hyposmolar environment display a rapid and transient in-
crease in contraction frequency, followed by a long-term
reduction.

Tissue temperature also plays a critical role in lymph flow mod-
ulation, as demonstrated by comparative analyses between
thoracic and dermal lymphatics, which show maximal contrac-
tile frequency, and therefore maximal flow, at their respective
physiological environmental temperature, which is lower for
distal dermal lymphatics than for diaphragmatic ones located
within the thermal core (Solari, Marcozzi, Bistoletti, et al. 2020).
Notably, experimental data indicate that dermal lymphatics
cannot operate efficiently at temperature ranges that are opti-
mal for diaphragmatic lymphatics, and vice versa. Osmolarity-
and temperature-dependent adjustments of intrinsic lymphatic
contractility have been shown to involve ion channels, such as
TRPV1and TRPV4 (transient receptor potential cation channels,
subfamily V, members 1 and 4) and VRACs (volume-regulated
anion channels) (Eggermont et al. 2001). TRPV channels medi-
ate responses to mild local temperature variations, cell swelling
or shrinkage, and shear stress (Moriondo et al. 2015; Strotmann
et al. 2000; Liedtke et al. 2000; Wu et al. 2007), whereas VRACs
are activated by the hyposmotic microenvironment (Eggermont
et al. 2001).

Lymphatic flow may increase up to 10-20 fold (Miserocchi
et al. 1993) relative to the baseline value, until attaining its
maximum level, often referred to as lymphatic saturation.
Importantly, although lymph removal is maximal at satu-
ration, it becomes insufficient to meet increased tissue de-
mands; consequently, uncontrolled edema may progress
while P, shifts toward more positive values. At this stage,
in most tissues, including the lung, further increases in P,
limit additional interstitial swelling primarily by driving ex-
cess fluid into the venous end of blood capillaries. The max-
imal absorptive capability of a lymphatic district is limited
by functional saturation or structural damages (Miserocchi
et al. 1993; Miserocchi 2009), so that lymphatic outflow can
no longer compensate for excessive fluid inflow into the tissue
(Figure 9). This condition has been documented in several tis-
sues and in serosal cavities, both in experimental animals and
human subjects (Browse et al. 2003). Secondary lymphedema
represents a paradigmatic example of this phenomenon, as its
development typically follows obstruction or removal of lym-
phatic segments, or lymphatic damage and inefficiency after
trauma, invasive surgery, and/or radiation therapy (Browse
et al. 2003). Some of these severely debilitating conditions
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can be effectively treated by recanalizing disrupted lymphatic
pathways through lympho-venous or lympho-lymphatic
anastomoses, an approach successfully employed in the mi-
crosurgical treatment of advanced secondary lymphedema of
the upper and lower limbs and external genitalia (Mukenge
et al. 2007, 2013, 2023).

9 | Conclusion

Analysis of the performance of the lymphatic vasculature in
thoracic tissues highlights how this component of the cardio-
vascular system, often undervalued or even neglected, is es-
sential not only for maintaining fluid and solute homeostasis,
but also for supporting the overall physiological function of
thoracic organs. Indeed, the lymphatic vasculature does not
behave as a set of purely passive conduits; rather, it exploits
a diverse and integrated repertoire of interorgan strategies to
achieve and preserve appropriate fluid and solute balance. In
thoracic tissues, local morphology, three-dimensional organi-
zation, fluid dynamics, and the mechanisms driving lymph
propulsion through the circuit are not uniform. Instead of
being uniform, these features are finely adapted to exploit re-
gional tissue anatomy, mechanical properties, and hydraulic
demands. Notably, and to a greater extent than in other body
districts, the relevance of the lymphatic vasculature in tho-
racic tissues is not limited to counteracting tissue fluid imbal-
ances. Rather, it extends to functions critically dependent on
tissue hydration, ranging from maintaining the proper lung-
chest wall coupling to supporting efficient pulmonary gas ex-
change. Taken together, the lymphatic vasculature of thoracic
tissues provides a compelling example of how apparently in-
dependent body functions can cooperate synergistically to en-
sure optimal organ-specific and interorgan performance.
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