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Simple Summary: The diaphragm is both the main respiratory muscle and the septum separating
the thoracic from the abdominal cavity. As most tissues, it is supplied by a vascular lymphatic
system whose function is to absorb fluid, solutes and cells from the interstitial tissue surrounding
the cells and to propel the so formed lymph back into the venous blood stream. However, the
diaphragmatic lymphatic network plays an additional role, being directly involved in draining fluid
from the pleural and peritoneal cavities. The aim of this review is to present a comprehensive
description of the structure and function of the diaphragmatic lymphatic network, including its
unique morphology, the mechanisms supporting diaphragmatic lymph formation and progression
and the importance of the mechanical events developing in the diaphragm during tidal breathing
on lymph formation and propulsion. This information may prove to be useful in understanding
some abnormal fluid accumulation in the pleural or peritoneal cavities observed in clinical settings.

Abstract: The diaphragmatic lymphatic vascular network has unique anatomical characteristics.
Studying the morphology and distribution of the lymphatic network in the mouse diaphragm by
fluorescence-immunohistochemistry using LYVE-1 (a lymphatic endothelial marker) revealed
LYVET1"*structures on both sides of the diaphragm —both in its the muscular and tendinous portion,
but with different vessel density and configurations. On the pleural side, most LYVEI1*
configurations are vessel-like with scanty stomata, while the peritoneal side is characterized by
abundant LYVE1* flattened lacy-ladder shaped structures with several stomata-like pores,
particularly in the muscular portion. Such a complex, three-dimensional organization is enriched,
at the peripheral rim of the muscular diaphragm, with spontaneously contracting lymphatic vessel
segments able to prompt contractile waves to adjacent collecting lymphatics. This review aims at
describing how the external tissue forces developing in the diaphragm, along with cyclic
cardiogenic and respiratory swings, interplay with the spontaneous contraction of lymphatic vessel
segments at the peripheral diaphragmatic rim to simultaneously set and modulate lymph flow from
the pleural and peritoneal cavities. These details may provide useful in understanding the role of
diaphragmatic lymphatics not only in physiological but, more so, in pathophysiological
circumstances such as in dialysis, metastasis or infection.

Keywords: serosal lymphatic drainage; diaphragmatic lymphatic loops; diaphragmatic lymph
kinetics; HCN-channels in diaphragmatic lymphatics; transdiaphragmatic fluid flux

1. Introduction

The diaphragm is a unique tissue whose structure is specifically adapted to drive
lung expansion and collapse during the respiratory cycle, while also compartmentalizing
the thoracic from the abdominal cavity.

In addition to its main respiratory function, the diaphragmatic tissue plays an
important role in setting and maintaining the fluid volume and hydraulic pressures in the
pleural and peritoneal cavities. Indeed, the diaphragm is equipped with a well-developed
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network of lymphatic vessels whose function is to produce and propel diaphragmatic
lymph produced by the drainage of fluid, solutes and cells from the surrounding
interstitial space: the pleural and the peritoneal cavities. While the tendinous and
muscular diaphragm contribute little to total diaphragmatic lymph production, the latter
mostly depends upon the drainage of pleural and peritoneal fluid. Therefore, the
diaphragmatic lymphatics network plays a crucial role in several functions, including
lung-chest-wall mechanical coupling and control of pleural and peritoneal fluid and
solute turnover.

The aim of this review is to present a comprehensive analysis of what is actually
known on: a) the very peculiar morphology of the diaphragmatic lymphatics, b) the
mechanism supporting diaphragmatic lymph formation and progression, c) the
physiological role of the diaphragm in the pleuro-peritoneal fluid dynamics and d) the
relevance of the lymphatic diaphragmatic network in clinical settings.

2. Morpho-Functional Description of the Diaphragmatic Lymphatic Network

The existence of mesenteric, inguinal and axillary lymph nodes was described by
Hippocrates of Cos (ca. 460 BC—ca. 370 BC) and later by Rufus of Ephesus, who practiced
medicine in Imperial Rome in the 2nd century B.C.; however, it was only in the 18th
century that Paolo Mascagni (1752-1815), professor of Anatomy in Siena and Florence,
realized the first systematic description of the lymphatic system in humans.

By the end of the 18th century, the gross anatomy of the lymphatic system was mostly
known, yet the absorptive nature of lymphatic vessels from the body tissues was
identified only in 1762 by William Hunter (1718-1783) who correctly proposed that the
lymphatics were not “continuations from arteries, but a particular system of vessels by
themselves” and that lymph was formed by the absorption of fluid from the tissues into
peripheral lymphatics.

2.1. Lymphatic Stomata

The German pathologist, Friedrich Daniel von Recklinghausen (1833-1910),
introduced the concept of connective tissue drained by lymphatics, revealed the existence
of the Kampfmeier foci and was the first to propose the presence of lymphatic “stomata”
on the peritoneal surface of the diaphragm [1]. Since then, very few studies performed a
thorough analysis of the stomata shape, size and distribution of pleural and peritoneal
stomata, encountered only in the parietal mesothelium covering the inner thoracic surface,
the mediastinal surface of the heart, the pleural and peritoneal surface of the diaphragm
and the inner abdominal surface. Visceral mesothelia, like the pleura covering the lung
surface, are devoid of stomata. The mesothelial layer consists of adjacent mesothelial cells
connected through intercellular tight junctions and desmosomes [2,3] that limit
paracellular transport of large solutes to the submesothelial interstitium. Within such a
compact surface, stomata consist of porous-like discontinuities of the parietal
mesothelium (Figure 1) at the confluence between the mesothelial and lymphatic
endothelial cells [4-6], forming a direct connection to the submesothelial lymphatic
structures.
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Figure 1. (A) Confocal image of a mouse diaphragmatic submesothelial lymphatic lacuna
immunohistochemically stained with the fluorescent lymphatic vessel endothelial hyaluronan
receptor (LYVE-1), alymphatic endothelial marker. Several circular stomata are observable covering
the entire surface of the lacuna. Bar: 50 um. (B) Higher magnification of the lacuna surface delimited
by the dashed line on Panel A. Stomata may show either a completely open (thin arrows) or closed
(arrowheads) conformation. Bar: 20 pm.

Although documented over the costal and the mediastinal parietal pleura (average
density: ~100/cm?[5]), the greater stomata density is encountered in the diaphragm (Table
1) where they are spread over the tendinous (T) and the muscular (M) region of both the
pleural (PL) and peritoneal surfaces (PE) [personal communication, Gordon Conference
2012]. The average stomata radius varies among the diaphragmatic regions, being the
largest stomata encountered in the PL-T region; in addition, they tend to be elliptical in
shape, particularly in PL-T, as indicated by the lower roundness index. The stomata hole
presents various configurations (Figure 1): (a) wide open round-to-elliptical holes, (b)
open holes but with septa partially gating the entrance or (c) completely occluded holes,
suggesting the existence of a potentially gated entrance and/or a sequence of stomata
development, from newly formed to completely open configuration.

Because of their diameter (Table 1 and [4,5]) and unlike what was observed through
the continuous visceral mesothelium, stomata offer no resistance to the transit of large
molecular size solutes, such as plasma proteins and even cells.

Table 1. Average density, total stomata area (expressed as % of total area of submesothelial lacunae)
and stomata radius in diaphragmatic lymphatics. PL-T: pleural-tendinous; PL-M: pleural-muscular;
PE-T: peritoneal tendinous; PE-M: peritoneal-muscular. Data are presented as mean + SD. Number
of observation in brackets.

Density Stomata Area Radius
n/mm? of Lacuna % of Lacuna Surface pm
Min Max Mean
PL-T
456.4+104.9 19+14 26+015 49+04 3.6+02
(n=32)
(:I:-;V;) 431.1+150.1 04+0.12 14+0.05 19+0.07 1.7+0.05
PE-T
2669.4 + 684.6 3.6 +0.65 15+0.04 24+004 19+0.04
(n=604)
PE-M 1893.0 + 298 3.8+0.85 1.9+0.07 27+0.02 23+0.02

(n=2827)
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2.2. Lymphatic Lacunae and LLS

After its beginning with stomata, the diaphragmatic lymphatic network is
hierarchically organized into (1) submesothelial lacunae running beneath both the pleural
and peritoneal surfaces; (2) small lymphatic vessels running through the skeletal muscles
and tendinous fibres; (3) large collecting lymphatics in the deep central stratum of
diaphragmatic tissues [6]. Although lymphatic lacunae have been described though
optical and electronic microscopy [6,7], a better definition of their shape, location and
distribution can be appreciated through a fluorescence-immunohistochemical approach
coupled to confocal microscopy analysis [personal communication, Gordon Conference
2012]. Data obtained in whole mounts, frozen cross-sections of the mouse diaphragm
using LYVE-1 (a lymphatic endothelial marker) revealed that LYVE-1-stained lymphatic
structures were clearly visible on the muscle through the tendinous portions on both the
pleural (PL) and the peritoneal sides of the mouse diaphragm [8,9], although with
significantly different configurations and distributions (Figure 2). LYVE1* lymphatic
structures covered a greater percentage of the peritoneal (=29.2%) than of the pleural
(#5.3%) diaphragmatic surface.

Figure 2. Confocal images of LYVE 1 stained mouse submesothelial lymphatic lacunae over the
pleural (Panel (A)) and peritoneal (Panel (B)) sides of the diaphragm. A complex mesh of lymphatic
vessels formed by confluent loops, linear vessels of variable sides equipped with lymphangions and
thinner interfibrillar vessels are visible only in the pleural lymphatic side (A). On the peritoneal side,
lymphatics are instead organized in large, flattened lacy-ladder shaped membranous structures
(LLS). Bars: 300 um.

2.3. Lymphatic Structures of the Tendineous Pleural and Peritoneal Diaphragm

Because of the thinness of the tendinous region in the mouse diaphragm (=260 um),
its lymphatic network could usually be visualized from both the pleural (PL-T) and the
peritoneal (PE-T) sides of the tendinous diaphragmatic region (Figure 2). Linear vessels,
a few millimetres long and with an average diameter of =50 um, departed from the
transition region where the tendon connects to the muscle. More or less complex
interconnected loops, up to =600 um long, formed when a shorter transverse vessel with
a diameter of 50 um departed from the main tributary vessels, almost perpendicularly
with respect to the major linear vessel direction (Figure 2).

As in other tissues, lymphatics of the diaphragm are equipped with two types of
unidirectional valves: (a) primary valves in the vessel wall, formed by cytoplasmic
extensions of adjacent endothelial cells protruding into the capillary lumen [6,10], which
regulate fluid and solute entrance from the interstitial space into the lymphatic lumen; (b)
intraluminal valves, formed by leaflet protruding from the lymphatic vessel wall [11,12],
which direct lymph through the vessel network towards the larger collecting lymphatics.
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These latter valves, also called secondary, segment cylindrical lymphatics into a sequence
of lymphangions, the lymphatic functional unit, which were clearly observed in both PL-
T and PE-T in linear vessels and in loops [6,13-17].

A well-defined, abundant lymphatic mesh was also observed in the muscular
diaphragm, but with strikingly different morphological characteristics between PL and
PE sides.

2.4. Lymphatic Structures of the Muscular Pleural Diaphragm

On the PL-M side, most LYVE1* configurations were constituted by linear lymphatic
and loops (Figure 2B). Linear vessels were arranged in a longitudinal direction almost
parallel to that of the underlying diaphragmatic muscle fibres. Lateral branches connected
adjacent tubular vessels to form complex loops. The diameter of the main tributary vessels
(*30 um) and the length of the loops (=300 um) were smaller than in PL-T. In addition, the
density of small tubular lymphatics (P < 15 um) was greater in PL-M than in PL-T, while
this distribution was the opposite for large tubular lymphatics (® > 15 um). Unlike what
was observed in PL-T, PE-T and PE-M regions, only few clearly observable lymphangions
with an average length and diameter of =200 um and 50 pm, respectively, were
encountered in PL-M zone. In addition, vessel density and tortuosity were greatly
increased (Figure 2B) in the most peripheral diaphragmatic rim, likely corresponding to
the thoracic tendinous insertion of skeletal muscle fibres and facing the diaphragm-chest
wall apposition zone [15].

Smaller LYVE1* capillaries of an average length and width of =70 pm and 8 um,
respectively, were observed running parallel at a reciprocal distance of =50 um between
adjacent skeletal muscle fibres. About 70 % of these vessels displayed identifiable
intraluminal valves which delimited lymphangions about 400 um long. Lymphangion-
endowed vessels (about 3 mm long) were about three times longer than those with no
valves/lymphangions. Perpendicularly oriented vessels were significantly larger and
shorter than parallel vessels with lymphangions, but comparable in length with the
parallel vessels without valves. Intraluminal valves and lymphangions were found in only
=7% of the perpendicular analysed vessels [15].

2.5. Lymphatic Structures of the Muscular Peritoneal Diaphragm

On the PE-M side, an extensive and unique LYVE1* flattened lacy-ladder shaped
membranous structure (LLS), consistent with previous descriptions of large
submesothelial lacunae [7,15], was observed (Figure 2D). The LLS, never encountered on
the PL-M side, could be many millimetres long and up to 1 mm wide, laying over a few
to dozens of diaphragmatic muscle fibres (average cross-sectional diameter ~40 um). The
major axis of the LLS structures was aligned to the underlying diaphragmatic fibres. LLS
was not homogeneously arranged along the major axis of muscular diaphragmatic fibres.
Indeed, parts of the LLS were organized around “void spaces”, where LYVE1*lymphatic
endothelial cells were not found, of variable shape and dimensions. The LLS covered a
very significant fraction (=15%) of the PE-M surface area and occupied =34% of the PE-M
tissue volume, respectively. No lymphangions were observed in LLS.

Stomata observed in PL-T, PL-M, PE-T and PE-M regions of the diaphragm were
invariably located over the surface of underlying lymphatic vessels or LLS (Figure 1). The
stomata density per unit surface area of underlying lymphatic structure was rather
uniform on the tendinous and muscular sector of both the pleural and peritoneal sides but
was significantly higher (Table 1) in PE-T and PE-M compared to the corresponding PL-
T and PL-M regions [personal communication, Gordon Conference 2012].

2.6. Interfibrillar Lymphatic Capillaries

Tiny tubular lymphatics (® < 15 um), presumably the initial lymphatic capillaries,
were sparsely arranged in the diaphragmatic interstitial space with their major axis



Biology 2022, 11, 1803

6 of 16

parallel to that of either the tendinous or muscular fibres (Figure 2). The density of the
small lymphatic capillaries was higher in PL-M and PE-M than in PL-T and PE-T,
respectively, while this distribution was opposite for larger lymphatic vessels.

2.7. Distribution of Lymphatic Network within the Diaphragmatic Cross Section

In cross section, submesothelial lacunae were observed on both diaphragmatic sides,
although PE side lacunae were significantly deeper compared to the PL side. Lymphatic
conduits about 200 pum long depart from the PL and PE submesothelial structures (Figure
2) and penetrate through the muscular fibres up to the central portion of the diaphragm,
with no difference between the side of origin. Deep, almost circular lymphatic vessels (=60
um radius) functioning as a collector system for the lymph to be carried out of the
diaphragm through extra-diaphragmatic collectors were observed at a similar distance
from both the PL and PE surfaces. Occasionally, the conduits from the PL and PE sides
merge in the deepest diaphragm, forming transdiaphragmatic tunnels.

3. Mechanisms Sustaining Lymphatic Function in the Diaphragm

The diaphragmatic lymphatic network is rather unique from several standpoints: (a)
it must simultaneously absorb fluid from compartments characterized by quite different
hydraulic pressures regimes, making fluid pressures much more subatmospheric in the
pleural than in the peritoneal cavity or in diaphragmatic interstitium [13,18-22]; (b) unlike
what is observed in most other tissues, in pleural and peritoneal cavities and in
diaphragmatic tissue and lymphatics, hydraulic pressure widely oscillates in association
to the respiratory and cardiac cycles [17,23,24]; (c) the lymph transport required to
maintain fluid homeostasis in pleural and peritoneal cavities is quite different, with the
turnover rate much higher in the latter [22,25]; (d) depending upon their location in the
diaphragm (pleural or peritoneal, tendinous or muscular, superficial or deep), lymphatics
display different morphological features and are exposed to variable and quite different
mechanical stresses. Each of these factors must be taken into consideration when
analysing diaphragmatic lymph formation in either normal or pathophysiological altered
condjitions.

The formation of diaphragmatic lymph occurs when fluid passively enters the
lymphatic structures driven by a net hydraulic pressure gradient (APiymphnet) which
develops when intraluminal lymphatic pressure (Pymph) falls below the pressure in the
pleural, peritoneal or surrounding interstitial fluid. Direct measurements show that Piympn
values as low as =~20 cmH2O can be attained in the pleural apposition zone of the rodent
diaphragm, both in open thorax [24] and during spontaneous breathing [13], clearly
demonstrating the existence of APymph values able to sustain drainage of pleural fluid.
Data recorded from intercostal lymphatics in spontaneously breathing rats [21] show that
APymph may range between =-0.5 cmH20 at end-expiration and =-24 cmH20 at end-
inspiration, indicating that pleural lymph may be produced throughout the whole
respiratory cycle.

Pympn have never been measured in diaphragmatic lymphatics facing the peritoneal
cavity. However, assuming a homogenous pressure regime in lymphatics of both
diaphragmatic sides, and since peritoneal fluid pressure is higher (i.e., less negative) than
pleural fluid pressure, APymph-promoting diaphragmatic peritoneal lymph flow is
expected to be even higher than APiymph-sustaining pleural lymph flow.

Direct measurements of diaphragmatic Piymph clearly present cyclic oscillations which
reflect: (a) the transmission to the vessel lumen of stresses developed in the diaphragmatic
tissue upon local cardiogenic [24] and/or respiratory [21] tissue displacements, a
mechanism also defined as “extrinsic” and/or (b) the transmission of contractile waves
along the lymphatic vessel wall, also known as “intrinsic mechanism”, well documented
in non-thoracic lymphatic districts [11,12,26,27].
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3.1. The extrinsic Mechanism in Diaphragmatic Lymphatics

Even in open chest paralyzed rabbits, pleural diaphragmatic Piympn shows cyclic
pressure swings [13,16] able to sustain lymph formation due to cardiogenic displacements
of the diaphragmatic tissue. During a cardiac cycle, myocardial contraction/relaxation
alternance affects diaphragmatic Pymph through: (a) rhythmic displacement of
mediastinum and phrenic centre; (b) transmission of sphygmic waves along the aorta and
the arteries feeding the diaphragm; (c) transmission of arterial pulsation though the
hepatic surface facing the peritoneal diaphragmatic dome. Consequently, Piympn is
negative both during the diastolic and systolic cardiogenic phase (45%) or only during the
diastolic phase (50%). The cardiac cycle also affects interstitial tissue pressure [24] that
change either in phase or out of phase with respect to Piymph, determining cyclic expansions
and compression of diaphragmatic lymphatics, thus contributing to development of
APymph and the formation of lymph from diaphragmatic interstitium.

The role of the respiratory cycle in sustaining diaphragmatic APiymph is not directly
known, as it is not possible to measure Pymph in a closed chest during spontaneous
breathing. However, in analogy with what has been observed in pleural intercostal
lymphatics, where APiymph could instead be measured in intact rats during spontaneous or
assisted ventilation [21], we hypothesise that the efficiency of the respiratory
diaphragmatic contraction/relaxation cycle is more significant compared to that of
cardiogenic oscillations.

The impact of diaphragmatic tissue displacement on the lymphatic circuit critically
depends upon the mechanical properties of the lymphatic vessel wall and of the
surrounding muscular tissue.

3.2. Diaphragmatic Tissue Mechanical Properties and Lymphatic Function

The mechanical features of the various portions of the diaphragmatic tissue play a
relevant role in enhancing and modulating lymph flow. Indeed, through a Finite Element
Model [28] taking into account (a) the compliance of the layer made of the lymphatic
endothelium, the parietal mesothelium and its submesothelial tissue, (b) the stiffness of
the diaphragmatic tissue around the lymph vessel and (c) the percentage of compliant or
stiff tissue delimiting the lymphatic lumen, it has been possible to identify three types of
lymphatic vessels, each with different mechanical properties and functions:

(A) The vessels laying over the muscular/tendinous plane immediately beneath the
mesothelial surface and delimited mostly by mesothelium are the most compliant
ones; they are exposed to the highest circumferential tensile stresses, particularly
along the contact edges of the mesothelial wall with the stiff diaphragmatic tissue
basement. From the mechanical standpoint, such disposition favours high chances of
dilatation of discontinuities of the mesothelial surface, represented, for example, by
stomata and/or primary valves [6,10], thus making these vessels perfectly fitted to
absorb fluid from the pleural and peritoneal cavities.

(B) The vessels laying deeper within the diaphragmatic thickness [6] are characterized
by a much stiffer (up to two orders of magnitude) wall compliance, a feature that
ensures a more homogeneous distribution and a more efficient transmission of the
circumferential stresses over the entire vessel surface. Because of these properties,
deep vessels are more efficient than submesothelial ones in exploiting tissue stresses
and propel diaphragmatic lymph in the network.

(C) The vessels partly covered by mesothelium, and partly immersed in the
muscular/tendinous tissue, show a transitory intermediate behaviour, being
involved in both lymph production and propulsion.

3.3. The Intrinsic Mechanism in Diaphragmatic Lymphatics

In almost still, non-thoracic issues, lymph formation and propulsion are driven by
cyclic contractions of lymphatic muscular cells in the vessel wall [26,27,29].
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Contractions/relaxation of adjacent lymphangions, synchronized with opening/closure of
the unidirectional valves [11,12,30-32], sustain APymph between the interstitium and the
lymphatic lumen [33], promoting both lymph formation and propulsion. Most studies on
the intrinsic, active behaviour of lymphatic vessels have been performed in mesenteric
lymphatics or large collecting ducts [11,12,26,27,29,32,34,35]. Although rare, direct
recordings of slow-paced, spontaneous Piympn swings, attributable to spontaneous
contraction of the vessel wall, have also been documented at the outer peripheral rim of
the muscular pleural diaphragm [13]. Indeed, while diaphragmatic lymphatics in the
tendon and the inner muscular diaphragm, as well as larger and deeper collectors, are
essentially devoid of muscle cells [6], lymphatic loops at the outer peripheral border
contain sparse, smooth muscle a-actin fibres [15-17,24] which confer to these vessels a
complex and composite functional behaviour. In fact, while a tract may actively and
spontaneously contract, the adjacent segment can be completely passive or can contract
only after intraluminal distension [16], suggesting a role of local stretch receptors in
controlling vessel wall contractility.

Several studies have been carried out to explain the genesis of the spontaneous
contractility observed in the Ilymphatic vessel wall. Electrophysiological data
demonstrated that lymphatic muscle cell contraction may be triggered by: (a) small
transient cell depolarizations, likely due to spontaneous transient inward currents [36—
39]; (b) the opening of voltage-gated L-type Ca? channels, whose threshold potential is
reached through a slow depolarizing inward currents (In), similar to what is observed in
the cardiac sinoatrial pacemaker cells [36,37,40]; (c) voltage-gated Na* channels initiating
the action potential and subsequent phasic contraction of the vessels [40]. However, tested
voltage-gated Na* channel inhibitors only partially abolish the spontaneous contraction,
particularly in smaller mesenteric vessels. In addition, the ionic mechanism of the
spontaneous depolarization moving the cell potential to reach the activation threshold is
not explained by these mechanisms. Hence, spontaneous firing of lymphatic muscle cells
might actually depend upon alternative mechanisms, such as the occurrence of an inward
hyperpolarization activated current, which has been proposed to explain spontaneous
contractility in mesenteric lymphatics [41].

Studies on diaphragmatic lymphatics revealed that the spontaneously depolarizing
current occurs through hyperpolarization-activated cyclic nucleotide-gated (HCN)
channels whose inhibition leads to either a complete or significant blockade of
spontaneous contractions, indicating their direct involvement in spontaneous lymphatic
pacemaking [42]. HCN are voltage-gated ion channels permeable to Na* and K* ions
[43,44] and triggered at membrane potentials of about —40/-60 mV [45]. All four
homologous HCNi-HCNs of the channel subunits are expressed in the wall of
spontaneously contracting diaphragmatic peripheral lymphatics [42], even though HCN:
is the prevalent isoform and seems to be necessary to organize a functional channel; the
HCN heteromeric channel isoforms seem unevenly dispersed in specific points of the
lymphatic muscle, likely explaining the distinct behaviour of segments of the same
diaphragmatic lymphatic loop where completely passive zones co-exist with strongly
spontaneously contracting ones [16]. Channels of the HCN family have been proven to
carry the inward “funny” current (If), which induces the spontaneous depolarization of
cardiomyocytes of the sinoatrial node [45-47] and plays a critical role in the automatic
generation of action potentials in the heart.

Lymphatic intrinsic contraction frequency and strength can be modulated by several
factors, such as shear stress [24,48], transmural pressure gradients [21], low density
lipoproteins [49] and Cavl.2 channels [50]. In spontaneously active lymphatic
diaphragmatic lymphatics, the contraction frequency has been shown to be also sensible
to variations in osmolarity of the surrounding interstitium [51]. Indeed, after an acute
response which depends upon whether osmolarity is decreased or increased, contraction
frequency and lymph flow invariably decrease in chronic alterations of interstitial
osmolarity, with complete arrest in case of an alteration of extracellular sodium and/or
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chloride concentration. The increased contraction frequency observed immediately after
exposure to hypo-osmotic solutions and its subsequent decrease can both be explained by
the involvement of Volume Regulated Anion Channels (VRACs, [52]. Indeed, while the
initial VRACs opening can depolarize lymphatic muscle cells [53-55] and increase the
speed of threshold crossing in the pace-making cells [56,57], a subsequent chloride efflux
through VRACs, not compensated or overcome by the active cotransport of CI- ions
through NKCC exchanger, potentially leads to hyperpolarization and decreased
contraction frequency. Alternatively, hyperosmolarity is known to induce membrane
hyperpolarization of vascular endothelial and smooth muscle cells [58], and reduce
mesenteric lymph flow [59] by means of several mechanisms, including aquaporins [60],
KATP mediated responses [61], Na* pump inhibition [62] and inhibition of VRACs, which
are also involved in isotonic conditions [53,63]. The response of lymphatic vessels,
including the diaphragmatic ones, to osmolarity might be pivotal in shaping the water
and solute transport from the intestine [64] and in determining the bioavailability of drugs
administered subcutaneously [65].

Finally, although likely of minor importance in modulating lymph flow in the
diaphragmatic tissue, whose temperature is steady and similar to that of the thermic core,
it is worth noting that spontaneous diaphragmatic lymphatic contraction frequency is
sensitive to temperature changes—the maximal thermal sensitivity being achieved at a
temperature of =36.7 °C [66,67]. Thermal sensitivity is lower in dermal lymphatics [66]
(=32 °C), suggesting that each vessel population presents a maximal contraction frequency
at the temperature that these vessels are expected to face in the corresponding tissue
district.

4. Diaphragmatic Lymph Kinetics

Once formed in initial lymphatics, diaphragmatic lymph is propelled along the
lymphatic network to reach, mainly, the right lymphatic duct to eventually be emptied
into the venous blood stream. The path followed by the newly formed lymph along the
diaphragmatic lymphatic circuit is highly variable and depends upon factors such as the
specific location of the vessel within the diaphragm (superficial or deep, medial or
peripheral, proximal to pleural or peritoneal side) as well as upon whether the diaphragm
is relaxed or contracted within the respiratory cycle.

During tidal expiration, with an almost relaxed or low-tone diaphragm, lymph flow
is supported by active spontaneous contraction of specific segments of lymphatic loops
[16,42,68] or by cardiogenic swings. The great majority of these loops lay over the most
external portion of the muscular diaphragm where, in the so called “apposition zone”, the
diaphragm faces the inner surface of the caudal chest wall without interposition of
pulmonary tissue. Considering that, during tidal breathing, this area is the least mobile of
the entire respiratory system, the mostly peripheral location of the spontaneously
contracting segments might serve to support lymph propulsion in diaphragmatic regions
not directly exposed to significant local tissue stresses. In these loops, as well as in linear
vessels, fluid kinetics can be particularly complex [15]. Indeed, due to the intraluminal
unidirectional valves which behave like resistive low velocity gates, isolating the entire
loop from or connecting it to the inlet and outlet linear vessels allows the fluid to either
recirculate, oscillate back and forth without further propelling and/or suddenly flow
forward after opening a previously occluded valve. Although their filling/emptying
sequences are still unclear, loops very likely serve as reservoirs, collecting lymph derived
from the pleural/peritoneal cavities to subsequently converge it to linear vessels in the
tendinous medial portion and/or to transverse and collect ducts of the deeper diaphragm.

An important role in lymph formation and kinetics is played by inspiration, which
implies contraction and change in the shape of the diaphragm with a shortening of the
outer muscular fibres and an increased tensile stress of medial tendinous fibres. In an open
chest rodent, the impact of diaphragmatic muscle contraction on lymph flow depended



Biology 2022, 11, 1803

10 of 16

upon the alignment of a specific lymph vessel, with respect to muscle fibres orientation
[15], as well as the depth of the vessel within the diaphragmatic tissue [28].

As far as vessel orientation is concerned, diaphragmatic muscle contraction
simultaneously induces (a) compression of lymphatic vessels very close to and placed in
roughly perpendicular direction with respect to muscle major axis, a phenomenon likely
mirroring an increased transmural pressure across the vessel wall; (b) enlargement,
shortening and an increased tortuosity of lymphatic vessels running parallel to the
diaphragmatic muscle fibres [15]. The depth of the vessel within the diaphragm is also
critical because that diaphragmatic muscle contraction causes an independent reduction
of Pymph in all superficial submesothelial vessels upon their orientation, with respect to
muscle fibres; such Piymph drop likely reflects an enlargement of the vessel diameter when
the contracting underlying muscle shortens anisotropically, pulling on the vessel wall
[23,33]. On the contrary, in deeper vessels, contraction of skeletal muscle fibres causes an
orientation-dependent response; in fact, Piymph decreased in vessels running parallel to the
major muscle fibres axis and increased in vessels oriented perpendicular to the muscle
fibres direction.

In terms of diaphragmatic pleural fluid drainage, this quite complex behaviour likely
guarantees absorption of pleural fluid into submesothelial lacunae, both during
expiration, when the muscle fibres are almost relaxed, and during inspiration, when Piympn
in submesothelial diaphragmatic lymphatics decreases more than in the pleural fluid, thus
increasing the pleural to submesothelial diaphragmatic lymphatics pressure gradients. In
addition, on inspiration, the contracted diaphragmatic muscle fibres shorten, stretching
the medial tendinous fibres, a condition that might squeeze deeper lymphatics, enhancing
lymph propulsion. The propelling phase might be particularly efficient in deeper
lymphatics whose low compliance [28] likely drops further on inspiration due to an
increased elastance of the contracted diaphragmatic tissue [69]. Indeed, it has been shown
[17,23, 33,] that most of lymph flow occurs during activation of the skeletal muscle, while
spontaneous contraction of lymphatic muscle cells supports a modest but continuous
propulsive action during skeletal muscle relaxation, thus guaranteeing a continuous
lymph drainage from peritoneal and pleural cavities during the whole respiratory cycle.

5. Role of Diaphragmatic Lymphatic in Pleural-Peritoneal Drainage under
Physiological and Pathophysiological Conditions

Indirect estimates on various mammalian species suggest that physiologically
normal pleural lymph flow amounts to 75% of the total pleural fluid turnover (about 0.2
mL/(kg-h) [70-72] or about 0.15 mL/(kg-h), 40% of which takes place through the pleural
diaphragmatic network [73,74]. Hence, using the measurements of total diaphragmatic
lymph flow available in sheep, ranging between 0.01 and 0.07 mL/(kg-h) [75,76] , drainage
through the pleural diaphragmatic lymphatics would account for =7 to 50% of the total
diaphragmatic lymph flow; the remaining 50% would be derived from fluid drainage
from the peritoneal cavity. A completely unveiled concern is whether (a) the pleural and
peritoneal cavities may or may not be connected by passages through the diaphragm and
(b) if a potential transdiaphragmatic path could play any role in physiological and/or
pathological conditions.

The confocal images presented in Figure 3 seem to provide evidence of a direct and
structured pleural-peritoneal connection through the deep and central diaphragmatic
lymphatic vessels, suggesting a freely accessible transdiaphragmatic lymphatic route
[personal communication, Gordon Conference 2012].
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Figure 3. Panels (A,B). Low magnification confocal images of LYVE 1 stained mouse diaphragm.
The pleural and peritoneal sides of the diaphragm (top and the bottom of panels (A)i-v) may be
connected by pleuro-peritoneal lymphatic vessels (asterisks). A different mouse cross section is
shown in the image sequence (B)i-iv whose details are enlarged in panels (C)i-iv. Bar: 150 pm. Bar:
100 pm.

An important issue to be addressed is whether, in spite of the observed morphology,
fluid and solutes may actually cross the diaphragm under normal or pathophysiological
conditions using such a pleuro-peritoneal route [77]. In physiological conditions,
subdiaphragmatic peritoneal fluid pressure is higher than supradiaphragmatic pleural
fluid pressure [20,78], suggesting that a favourable peritoneal to pleural
transdiaphragmatic pressure gradient does exist during the whole respiratory cycle.

However, a series of experiments aimed at detecting the transdiaphragmatic
distribution of fluorescent dextrans, injected in either the pleural or peritoneal cavity [77],
showed that, in physiological conditions, diaphragmatic lymphatics drain fluid and
solutes from both the pleural and peritoneal cavities, preventing any migration of
dextrans between the two cavities in the meantime. Indeed, independently of the injection
site (pleural or peritoneal cavity), none of the injected dextrans crossed the whole
diaphragm and only <0.5% reached the deeper central collectors; the great majority of
dextrans remained in the lymphatics facing the diaphragmatic cavity of injection. When
ascites was induced by an injection of saline enriched with high molecular weight
dextrans [78], despite the increased transdiaphragmatic pressure gradient and a more
homogenous dextran invasion in the diaphragmatic lymphatic network, only a negligible
amount (0.17%) of the tracer reached the subpleural diaphragmatic lymphatic network.
Similarly, experimentally induced intrapleural effusion was not followed by a transfer of
dextrans to the peritoneal submesothelial lymphatic structures. Hence, data indicate that,
in small and moderate pleural or peritoneal effusions, an increased fluid and solute
drainage is achieved not only through a passive increase of the driving pressure gradients,
but also though a more consistent recruitment of the tendinous lymphatics.
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Such results suggest that (a) diaphragmatic lymph flows down the pressure
gradients arising between the pleural or peritoneal cavities and the lumen of
diaphragmatic lymphatics draining from the respective serosal cavity [79]. Such gradients
significantly exceed the transdiaphragmatic pressure gradients. In fact, Piymph is very low
in diaphragmatic lymphatics facing the pleural (about -10 mmHg [13,24]) and the
peritoneal (-5 mmHg [25]) cavities, respectively. For this reason, fluid and solutes do not
seem to cross the diaphragm, but are rather driven towards the deeper collecting
lymphatics at the centre of the diaphragm to be subsequently drained out of the
diaphragmatic network; (b) such an efficient compartmentalization requires that
unidirectional intraluminal valves still display their normal opening/closing behaviour
and are able to efficiently direct the drained fluid through the network and into the deeper
vessels from which the lymph leaves the diaphragm.

Based on these premises, potential pleuro-peritoneal leaks might indeed occur in
conditions which imply pathophysiological alterations of the closing/opening capacity of
intraluminal valves. Such conditions might be associated with very large pleural effusion
and/or ascites when lymphatic structures might become overdistended, impeding the
valve leaflets to efficiently close and thus, compromising the whole diaphragmatic
lymphatic function. These considerations might explain the clinically relevant pleural
effusions observed in patients undergoing peritoneal dialysis [80-87]. In these cases,
diaphragmatic lymphatics likely lose their ability to sustain subatmospheric pressures in
their lumen and the transdiaphragmatic pleuro-peritoneal pressure gradient becomes
prevailing in driving fluid and solute fluxes. Furthermore, it has been shown that
inflammation triggers a significant diaphragmatic lymphangiogenesis [8,9], suggesting an
active proliferating response of lymphatic vasculature in order to overcome a likely
impaired or insufficient function.

Hence, although the complexity of a diaphragmatic lymphatic network has been
increasingly revealed in the last decades by the continuous development of
immunohistochemical and imaging techniques, many aspects of the mechanisms
sustaining lymphatic drainage are still unclear and further research is needed on topics
such as: (a) the actual correspondence between imaging/morphological evidences and
functional dynamic behavior or, as an example, between observed increased
lymphangiogenesis and measured increased lymph flow; (b) the interplay between tissue
forces and active contraction in sustaining lymph flow; (c) the mechanisms through which
lymph vessels “sense” the need for an increased lymph flow and trigger an increased
draining function, either through lymphangiogenesis and/or through increased
contraction frequency and stroke volume.

Clarifying these points will not only deepen our knowledge on the lymphatic
vascular system in general, but will allow clinicians to better understand, and likely
exploit, the role of the diaphragmatic lymphatic system in processes such as dialysis,
tumor metastasis, infection, immunity and nutrition.

6. Conclusions

The lymphatic network of the mammalian diaphragm is morphologically designed
to maximally exploit the anatomic and mechanical properties of the surrounding tissue to
maintain the physiological fluid homeostasis in the pleural and peritoneal serosal cavity.
Despite the thinness of the diaphragmatic tissue, particularly in its tendinous central area,
the three-dimensional structure of the diaphragmatic lymphatic network modifies on the
pleural with respect to the peritoneal side, and within the same diaphragmatic side, and
on the muscular with respect to the tendinous regions of the diaphragm. Diaphragmatic
lymphatic function is propelled and driven by a complex combination of spontaneously
contracting lymphatic segments at the peripheral diaphragmatic rim and passive conduits
exposed to swinging mechanical tissue stresses associated to cardiac and, more so,
respiratory activity. Unlike what is observed in most other tissues, the impact of external
tissue forces, in particular related to respiratory diaphragmatic contraction/relaxation
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cycles, prevails over the active, spontaneous contraction of lymphatic muscle in sustaining
lymph flow. However, the latter seems to play a pivotal role in organizing the entire
diaphragmatic lymph flow and in modulating its entity in the face of changes in osmotic
or thermic tissue environment, thereby witnessing an unexpected complexity of the
lymphatic vascular system.

Author Contributions: Conceptualization, D.N.; methodology, D.N.; software, D.N.; validation,
D.N,, D.N,; formal analysis, D.N.; investigation, D.N.; resources, D.N.; data curation, D.N.;
writing —original draft preparation, D.N.; writing—review and editing, D.N.; visualization, D.N.;
supervision, D.N.; project administration, D.N.; funding acquisition, D.N. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The animal study protocols in researchers performed by the
author were approved by the Institutional Review Board of University of Insubria and by the Italian
Health Minister (protocols n° 24/2017-UT dated 12/20/2017 and n° 578/2020-PR dated 06/08/ 2020).

Informed Consent Statement: Not applicable.

Data Availability Statement: All referenced data and reported results can be found in a publicly
accessible repository.

Acknowledgments: The author is deeply in dept to David Zawieja and Wei Wang of the
Department of Systems Biology & Translational Medicine, Texas A&M Health Science Center
College of Medicine, Temple, TX 76504, USA, for providing the confocal images shown in the text.

Conflicts of Interest: The author declares no conflict of interest.

References

1.  von Recklinghausen, F. Fur Fittresorption. Virckow’s Arch. 1863, 26, 172-208.

2. Mariassy, A.T.; Wheeldon, E.B. The Pleura: A Combined Light Microscopic, Scanning, and Transmission Electron Microscopic
Study in the Sheep. I. Normal Pleura. Exp. Lung Res. 1983, 4, 293-314. https://doi.org/10.3109/01902148309055016.

3. Wang, N.S. Anatomy of the Pleura. Clin. Chest Med. 1998, 19, 229-240. https://doi.org/10.1016/s0272-5231(05)70074-5.

4. Wang, N.S. The Preformed Stomas Connecting the Pleural Cavity and the Lymphatics in the Parietal Pleura. Am. Rev. Respir.
Dis. 1975, 111, 12-20. https://doi.org/10.1164/arrd.1975.111.1.12.

5. Negrini, D.; Mukenge, S.; del Fabbro, M.; Gonano, C.; Miserocchi, G. Distribution of Diaphragmatic Lymphatic Stomata. ]. Appl.
Physiol. 1991, 70, 1544-1549. https://doi.org/10.1152/JAPPL.1991.70.4.1544.

6.  Grimaldi, A.; Moriondo, A.; Sciacca, L.; Guidali, M.L.; Tettamanti, G.; Negrini, D. Functional Arrangement of Rat Diaphragmatic
Initial Lymphatic Network. Am. ]. Physiol. Heart Circ. Physiol. 2006, 291, H876-H885. https://doi.org/10.1152/ajpheart.01276.2005.

7. Negrini, D.; del Fabbro, M.; Gonano, C.; Mukenge, S.; Miserocchi, G. Distribution of Diaphragmatic Lymphatic Lacunae. |. Appl.
Physiol. 1992, 72, 1166-1172. https://doi.org/10.1152/JAPPL.1992.72.3.1166.

8.  Ngamsnae, P.; Okazaki, T.; Ren, Y.; Xia, Y.; Hashimoto, H.; Ikeda, R.; Honkura, Y.; Katori, Y.; Izumi, S.I. Anatomy and Pathology
of Lymphatic Vessels under Physiological and Inflammatory Conditions in the Mouse Diaphragm. Microvasc. Res. 2023, 145,
104438. https://doi.org/10.1016/].MVR.2022.104438.

9. Matsuda, H;; Ito, Y.; Hosono, K; Tsuru, S.; Inoue, T.; Nakamoto, S.; Kurashige, C.; Hirashima, M.; Narumiya, S.; Okamoto, H,;
et al. Roles of Thromboxane Receptor Signaling in Enhancement of Lipopolysaccharide-Induced Lymphangiogenesis and
Lymphatic ~ Drainage  Function in  Diaphragm.  Arter.  Thromb.  Vasc.  Biol. 2021, 41,  1390-1407.
https://doi.org/10.1161/ATVBAHA.120.315507.

10. Ju', J; Trzewik, J.; Mallipattu, S.K.; Artmann, G.M.; Delano, F.A.; Schmid-Scho nbein, G.W.; Scho nbein, S. Evidence for a
Second Valve System in Lymphatics: Endothelial Microvalves. FASEB J. 2001, 15, 1711-1717.

11. Benoit, ].N.; Zawieja, D.C.; Goodman, A.H.; Granger, H.]. Characterization of Intact Mesenteric Lymphatic Pump and Its
Responsiveness to Acute Edemagenic Stress. Am. J. Physiol. 1989, 257, H2059-H2069.
https://doi.org/10.1152/ajpheart.1989.257.6. H2059.

12.  Zawieja, D.C.; Davis, K.L.; Schuster, R.; Hinds, W.M.; Granger, H.J. Distribution, Propagation, and Coordination of Contractile
Activity in Lymphatics. Am. ]. Physiol. 1993, 264, H1283-H1291. https://doi.org/10.1152/ajpheart.1993.264.4.H1283.

13.  Negrini, D.; del Fabbro, M. Subatmospheric Pressure in the Rabbit Pleural Lymphatic Network. . Physiol. 1999, 520, 761-769.
https://doi.org/10.1111/].1469-7793.1999.00761.X.

14. Negrini, D.; Moriondo, A. Lymphatic Anatomy and Biomechanics. ] Physiol. 2011, 589, 2927-2934.
https://doi.org/10.1113/jphysiol.2011.206672.

15. Moriondo, A.; Bianchin, F.; Marcozzi, C.; Negrini, D. Kinetics of Fluid Flux in the Rat Diaphragmatic Submesothelial Lymphatic

Lacunae. Am. J. Physiol. Heart Circ. Physiol. 2008, 295, H1182-H1190. https://doi.org/10.1152/AJPHEART.00369.2008.



Biology 2022, 11, 1803 14 of 16

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Moriondo, A.; Solari, E.; Marcozzi, C.; Negrini, D. Spontaneous Activity in Peripheral Diaphragmatic Lymphatic Loops. Am. J.
Physiol. Heart Circ. Physiol. 2013, 305, H987-H995. https://doi.org/10.1152/AJPHEART.00418.2013.

Moriondo, A.; Solari, E.; Marcozzi, C.; Negrini, D. Lymph Flow Pattern in Pleural Diaphragmatic Lymphatics during Intrinsic
and  Extrinsic  Isotonic  Contraction. Am. ] Physiol. Heart  Circ. Physiol. 2016, 310, H60-H70.
https://doi.org/10.1152/AJPHEART.00640.2015.

Miserocchi, G.; Negrini, D. Contribution of Starling and Lymphatic Flows to Pleural Liquid Exchanges in Anesthetized Rabbits.
J. Appl. Physiol. 1986, 61, 325-330. https://doi.org/10.1152/JAPPL.1986.61.1.325.

Negrini, D.; Miserocchi, G. Size-Related Differences in Parietal Extrapleural and Pleural Liquid Pressure Distribution. J. Appl.
Physiol. 1989, 67, 1967-1972. https://doi.org/10.1152/JAPPL.1989.67.5.1967.

Miserocchi, G.; Mariani, E.; Negrini, D. Role of the Diaphragm in Setting Liquid Pressure in Serous Cavities. Respir. Physiol.
1982, 50, 381-392. https://doi.org/10.1016/0034-5687(82)90030-5.

Moriondo, A.; Mukenge, S.; Negrini, D. Transmural Pressure in Rat Initial Subpleural Lymphatics during Spontaneous or
Mechanical Ventilation. Am. J. Physiol. Heart Circ. Physiol. 2005, 289, H263-H269. https://doi.org/10.1152/AJPHEART.00060.2005.
Negrini, D.; del Fabbro, M.; Venturoli, D. Fluid Exchanges across the Parietal Peritoneal and Pleural Mesothelia. J. Appl. Physiol.
1993, 74, 1779-1784. https://doi.org/10.1152/JAPPL.1993.74.4.1779.

Solari, E.; Marcozzi, C.; Negrini, D.; Moriondo, A. Lymphatic Vessels and Their Surroundings: How Local Physical Factors
Affect Lymph Flow. Biology 2020, 9, 463. https://doi.org/10.3390/BIOLOGY9120463.

Negrini, D.; Moriondo, A.; Mukenge, S. Transmural Pressure during Cardiogenic Oscillations in Rodent Diaphragmatic
Lymphatic Vessels. Lymphat. Res. Biol. 2004, 2, 69-81. https://doi.org/10.1089/LRB.2004.2.69.

Miserocchi, G.; Negrini, D.; Mukenge, S.; Turconi, P.; del Fabbro, M. Liquid Drainage through the Peritoneal Diaphragmatic
Surface. |. Appl. Physiol. 1989, 66, 1579-1585. https://doi.org/10.1152/JAPPL.1989.66.4.1579.

Mawhinney, H.].D.; Roddie, I.C. Spontaneous Activity in Isolated Bovine Mesenteric Lymphatics. ]. Physiol. 1973, 229, 339-348.
https://doi.org/10.1113/jphysiol.1973.sp010141.

Ohhashi, T.; Azuma, T.; Sakaguchi, M. Active and Passive Mechanical Characteristics of Bovine Mesenteric Lymphatics. Am. J.
Physiol. 1980, 239, H88-H95. https://doi.org/10.1152/ajpheart.1980.239.1. H8S.

Moriondo, A.; Boschetti, F.; Bianchin, F.; Lattanzio, S.; Marcozzi, C.; Negrini, D. Tissue Contribution to the Mechanical Features
of Diaphragmatic Initial Lymphatics. ]. Physiol. 2010, 588, 3957-3969. https://doi.org/10.1113/JPHYSIOL.2010.196204.

Hargens, A.R.; Zweifach, B.W. Contractile Stimuli in Collecting Lymph Vessels. Am. ]. Physiol. 1977, 233, H57-H65.
https://doi.org/10.1152/ajpheart.1977.233.1. H57.

Gasheva, O.Y.; Gashev, A.A.; Zawieja, D.C. Cyclic Guanosine Monophosphate and the Dependent Protein Kinase Regulate
Lymphatic Contractility in Rat Thoracic Duct. J. Physiol. C 2013, 591, 4549-4565. https://doi.org/10.1113/jphysiol.2013.258681.
Gashev, A.A.; Davis, M.J.; Delp, M.D.; Zawieja, D.C. Regional Variations of Contractile Activity in Isolated Rat Lymphatics.
Microcirculation 2004, 11, 477-492. https://doi.org/10.1080/10739680490476033.

Zhang, R.-Z.; Gashev, A.A.; Zawieja, D.C.; Davis, M.]. Length-Tension Relationships of Small Arteries, Veins, and Lymphatics
from the Rat Mesenteric Microcirculation. Am. ]. Physiol. Heart Circ. Physiol. 2007, 292, H1943-H1952.
https://doi.org/10.1152/ajpheart.01000.2005.

Moriondo, A.; Solari, E.; Marcozzi, C.; Negrini, D. Diaphragmatic Lymphatic Vessel Behavior during Local Skeletal Muscle
Contraction. Am. . Physiol. Heart Circ. Physiol. 2015, 308, H193-H205. https://doi.org/10.1152/AJPHEART.00701.2014.
Zweifach, B.W.; Prather, ].W. Micromanipulation of Pressure in Terminal Lymphatics in the Mesentery. Am. J. Physiol. 1975,
228, 1326-1335. https://doi.org/10.1152/ajplegacy.1975.228.5.1326.

Mchale, N.G.; Roddie, I.C. The Effect of Transmural Pressure on Pumping Activity in Isolated Bovine Lymphatic Vessels. J.
Physiol. 1976, 261, 255-269.

Allen, J.M.; McHale, N.G.; Rooney, B.M. Effect of Norepinephrine on Contractility of Isolated Mesenteric Lymphatics. Am. ].
Physiol. 1983, 244, H479-H486. https://doi.org/10.1152/ajpheart.1983.244.4.H479.

Kirkpatrick, C.T.; McHale, N.G. Electrical and Mechanical Activity of Isolated Lymphatic Vessels [Proceedings]. |. Physiol. 1977,
272, 33P-34P.

van Helden, D.F. Pacemaker Potentials in Lymphatic Smooth Muscle of the Guinea-Pig Mesentery. ]. Physiol. 1993, 471, 465
479. https://doi.org/10.1113/jphysiol.1993.sp019910.

von der Weid, P.Y.; Crowe, M.].; van Helden, D.F. Endothelium-Dependent Modulation of Pacemaking in Lymphatic Vessels
of the Guinea-Pig Mesentery. J. Physiol. 1996, 493 Pt 2, 563-575. https://doi.org/10.1113/jphysiol.1996.sp021404.

Telinius, N.; Majgaard, J.; Kim, S.; Katballe, N.; Pahle, E.; Nielsen, J.; Hjortdal, V.; Aalkjaer, C.; Boedtkjer, D.B. Voltage-Gated
Sodium Channels Contribute to Action Potentials and Spontaneous Contractility in Isolated Human Lymphatic Vessels. J.
Physiol. 2015, 593, 3109-3122. https://doi.org/10.1113/JP270166.

McCloskey, K.D.; Toland, HM.; Hollywood, M.A.; Thornbury, K.D.; McHale, N.G. Hyperpolarisation-Activated Inward
Current in Isolated Sheep Mesenteric Lymphatic Smooth Muscle. ] Physiol. 1999, 521 Pt 1, 201-211.
https://doi.org/10.1111/j.1469-7793.1999.00201.x.

Negrini, D.; Marcozzi, C.; Solari, E.; Bossi, E.; Cinquetti, R.; Reguzzoni, M.; Moriondo, A. Hyperpolarization-Activated Cyclic
Nucleotide-Gated Channels in Peripheral Diaphragmatic Lymphatics. Am. |. Physiol. Heart Circ. Physiol. 2016, 311, H892-H903.
https://doi.org/10.1152/AJPHEART.00193.2016.



Biology 2022, 11, 1803 15 of 16

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Brown, H.F.; DiFrancesco, D.; Noble, S.]. How Does Adrenaline Accelerate the Heart? Nature 1979, 280, 235-236.
https://doi.org/10.1038/280235a0.

DiFrancesco, D. A Study of the Ionic Nature of the Pace-Maker Current in Calf Purkinje Fibres. J. Physiol. 1981, 314, 377-393.
https://doi.org/10.1113/jphysiol.1981.sp013714.

DiFrancesco, D. A New Interpretation of the Pace-Maker Current in Calf Purkinje Fibres. ]. Physiol. 1981, 314, 359-376.
https://doi.org/10.1113/jphysiol.1981.sp013713.

DiFrancesco, D. Pacemaker Mechanisms in Cardiac Tissue. Annu. Rev. Physiol. 1993, 55, 455-472.
https://doi.org/10.1146/annurev.ph.55.030193.002323.

DiFrancesco, D. The Role of the Funny Current in Pacemaker Activity. Circ. Res. 2010, 106, 434-446.
https://doi.org/10.1161/CIRCRESAHA.109.208041.

Gashev, A.A,; Davis, M.].; Zawieja, D.C. Inhibition of the Active Lymph Pump by Flow in Rat Mesenteric Lymphatics and
Thoracic Duct. J. Physiol. 2002, 540, 1023-1037. https://doi.org/10.1113/jphysiol.2001.016642.

Solari, E.; Marcozzi, C.; Bartolini, B.; Viola, M.; Negrini, D.; Moriondo, A. Acute Exposure of Collecting Lymphatic Vessels to
Low-Density Lipoproteins Increases Both Contraction Frequency and Lymph Flow: An In Vivo Mechanical Insight. Lymphat.
Res. Biol. 2020, 18, 146-155. https://doi.org/10.1089/LRB.2019.0040.

Zawieja, S.D.; Castorena-Gonzalez, J.A.; Scallan, J.P.; Davis, M.]. Differences in L-Type Ca?* Channel Activity Partially Underlie
the Regional Dichotomy in Pumping Behavior by Murine Peripheral and Visceral Lymphatic Vessels. Am. |. Physiol. Heart Circ.
Physiol. 2018, 314, H991-H1010. https://doi.org/10.1152/ajpheart.00499.2017.

Solari, E.; Marcozzi, C.; Negrini, D.; Moriondo, A. Fluid Osmolarity Acutely and Differentially Modulates Lymphatic Vessels
Intrinsic Contractions and Lymph Flow. Front. Physiol. 2018, 9, 871. https://doi.org/10.3389/FPHYS.2018.00871.

Eggermont, J.; Trouet, D.; Carton, I.; Nilius, B. Cellular Function and Control of Volume-Regulated Anion Channels. Cell
Biochem. Biophys. 2001, 35, 263-274. https://doi.org/10.1385/CBB:35:3:263.

Voets, T.; Droogmans, G.; Nilius, B. Membrane Currents and the Resting Membrane Potential in Cultured Bovine Pulmonary
Artery Endothelial Cells. J. Physiol. 1996, 497, 95-107. https://doi.org/10.1113/jphysiol.1996.sp021752.

Wang, G.-X.; Hatton, W.]J.; Wang, G.L.; Zhong, J.; Yamboliev, I.; Duan, D.; Hume, J.R. Functional Effects of Novel Anti-CIC-3
Antibodies on Native Volume-Sensitive Osmolyte and Anion Channels in Cardiac and Smooth Muscle Cells. Am. ]. Physiol.-
Heart Circ. Physiol. 2003, 285, H1453-H1463. https://doi.org/10.1152/ajpheart.00244.2003.

Boedtkjer, E.; Matchkov, V.V.; Boedtkjer, D.M.B.; Aalkjaer, C. Negative News: Cl- and HCO3- in the Vascular Wall. Physiology
2016, 31, 370-383. https://doi.org/10.1152/physiol.00001.2016.

Davis, J.P.L. The Effects of Na+-K+-Cl- Co-Transport and Cl--HCO3-Exchange Blockade on the Membrane Potential and
Intracellular Chloride Levels of Rat Arterial Smooth Muscle, in Vitro. Exp. Physiol. 1992, 77, 857-862.
https://doi.org/10.1113/expphysiol.1992.sp003652.

Chipperfield, A.R.; Harper, A.A. Chloride in Smooth Muscle. Prog. Biophys. Mol. Biol. 2000, 74, 175-221.
https://doi.org/10.1016/S0079-6107(00)00024-9.

Zakaria, E.R.;; Hunt, CM,; Li, N.; Harris, P.D.; Garrison, R.N. Disparity in Osmolarity-Induced Vascular Reactivity. ]. Am. Soc.
Nephrol. 2005, 16, 2931-2940. https://doi.org/10.1681/ASN.2004090764.

Levine, S.E.; Granger, D.N.; Brace, R.A.; Taylor, A.E. Effect of Hyperosmolality on Vascular Resistance and Lymph Flow in the
Cat Ileum. Am. |. Physiol. Heart Circ. Physiol. 1978, 3, H14-H20. https://doi.org/10.1152/ajpheart.1978.234.1.h14.

Zakaria, E.R. asheid; Althani, A.; Fawzi, A.A.; Fituri, O.M. Hyperosmolality-Mediated Peritoneal Microvascular Vasodilation
Is Linked to Aquaporin Function. Adv. Perit. Dial. 2014, 30, 63-74.

Zakaria, E.R. asheid; Althani, A.; Fawzi, A.A.; Fituri, O.M. Molecular Mechanisms of Peritoneal Dialysis-Induced Microvascular
Vasodilation. Adv. Perit. Dial. 2014, 30, 98-109.

Toda, N.; Ayajiki, K.; Toda, H.; Hatano, Y.; Okamura, T. Mechanism Underlying Mannitol-Induced Relaxation in Isolated
Monkey Cerebral Arteries. Am. J. Physiol. Heart Circ. Physiol. 1992, 262, H897-H902.
https://doi.org/10.1152/ajpheart.1992.262.3.h897.

de Clerck, I.; Guyssens, B.; Pannier, J.L.; van de Voorde, J. Hyperosmolarity Causes BKCa-Dependent Vasodilatations in Rat
Skeletal Muscle Arteries. Med. Sci. Sports Exerc. 2005, 37, 1697-1703. https://doi.org/10.1249/01.mss.0000176446.13607.b0.

Lee, J.S. Role of Lymphatic System in Water and Solute Transport from Rat Intestine in Vitro. Q. J. Exp. Physiol. Cogn. Med. Sci.
1969, 54, 311-321. https://doi.org/10.1113/expphysiol.1969.sp002029.

Fathallah, A.M.; Turner, M.R.; Mager, D.E.; Balu-Iyer, S.V. Effects of Hypertonic Buffer Composition on Lymph Node Uptake
and Bioavailability of Rituximab, after Subcutaneous Administration. Biopharm. Drug Dispos. 2015, 36, 115-125.
https://doi.org/10.1002/bdd.1925.

Solari, E.; Marcozzi, C.; Negrini, D.; Moriondo, A. Temperature-Dependent Modulation of Regional Lymphatic Contraction
Frequency and Flow. Am. ]. Physiol. Heart Circ. Physiol. 2017, 313, H879-H889. https://doi.org/10.1152/AJPHEART.00267.2017.
Solari, E.; Marcozzi, C.; Bistoletti, M.; Baj, A.; Giaroni, C.; Negrini, D.; Moriondo, A. TRPV4 Channels’ Dominant Role in the
Temperature Modulation of Intrinsic Contractility and Lymph Flow of Rat Diaphragmatic Lymphatics. Am. J. Physiol. Heart
Circ. Physiol. 2020, 319, H507-H518. https://doi.org/10.1152/AJPHEART.00175.2020.

Moriondo, A.; Marcozzi, C.; Bianchin, F.; Passi, A.; Boschetti, F.; Lattanzio, S.; Severgnini, P.; Pelosi, P.; Negrini, D. Impact of
Respiratory Pattern on Lung Mechanics and Interstitial Proteoglycans in Spontaneously Breathing Anaesthetized Healthy Rats.
Acta Physiol. 2011, 203, 331-341. https://doi.org/10.1111/j.1748-1716.2011.02317 x.



Biology 2022, 11, 1803 16 of 16

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Boriek, A.M.; Hwang, W.; Trinh, L.; Rodarte, J.R. Shape and Tension Distribution of the Active Canine Diaphragm. Am. J.
Physiol. Regul. Integr. Comp. Physiol. 2005, 288, R1021-R1027. https://doi.org/10.1152/ajpregu.00499.2003.

Miniati, M.; Parker, J.C.; Pistolesi, M.; Cartledge, ].T.; Martin, D.J.; Giuntini, C.; Taylor, A.E. Reabsorption Kinetics of Albumin
from Pleural Space of Dogs. Am. J. Physiol. 1988, 255, H375-H385. https://doi.org/10.1152/ajpheart.1988.255.2. H375.

Negrini, D.; Ballard, S.T.; Benoit, ].N. Contribution of Lymphatic Myogenic Activity and Respiratory Movements to Pleural
Lymph Flow. . Appl. Physiol. 1994, 76, 2267-2274. https://doi.org/10.1152/JAPPL.1994.76.6.2267.

Negrini, D.; Tenstad, O.; Passi, A.; Wiig, H. Differential Degradation of Matrix Proteoglycans and Edema Development in Rabbit
Lung. Am. J. Physiol. Lung. Cell. Mol. Physiol. 2006, 290, L470-L477. https://doi.org/10.1152/AJPLUNG.00310.2005.

Miserocchi, G.; Negrini, D.; Para, A.F.; Pistolesi, M.; Miniati, M.; Bellina, R.; Giuntini, C. Kinetics of the Intrapleural Distribution
of a Radioactive Bolus. Respir. Physiol. 1986, 65, 13-27. https://doi.org/10.1016/0034-5687(86)90003-4.

Demling, R.H.; Gunther, R. Effect of Diaphragmatic Lymphatic Contamination on Caudal Mediastinal Node Lymph Flow in
Unanesthetized Sheep. Lymphology 1982, 15, 163-167.

Drake, R.; Adair, T.; Traber, D.; Gabel, ]J. Contamination of Caudal Mediastinal Node Efferent Lymph in Sheep. Am. J. Physiol.
1981, 241, H354-H357. https://doi.org/10.1152/ajpheart.1981.241.3.H354.

Negrini, D.; Gonano, C.; del Fabbro, M.; Miserocchi, G. Transperitoneal Fludi Dynamics in Rabbit Liver. J. Appl. Physiol. 1990,
69, 625-629. https://doi.org/10.1152/JAPPL.1990.69.2.625.

Lai-Fook, S.J.; Houtz, P.K.; Jones, P.D. Transdiaphragmatic Transport of Tracer Albumin from Peritoneal to Pleural Liquid
Measured in Rats. J. Appl. Physiol. 2005, 99, 2212-2221. https://doi.org/10.1152/japplphysiol.00731.2005.

Moriondo, A.; Grimaldi, A.; Sciacca, L.; Guidali, M.L.; Marcozzi, C.; Negrini, D. Regional Recruitment of Rat Diaphragmatic
Lymphatics in Response to Increased Pleural or Peritoneal Fluid Load. ]. Physiol. 2007, 579, 835-847.
https://doi.org/10.1113/JPHYSIOL.2006.127126.

Solari, E.; Marcozzi, C.; Ottaviani, C.; Negrini, D.; Moriondo, A. Draining the Pleural Space: Lymphatic Vessels Facing the Most
Challenging Task. Biology 2022, 11, 419. https://doi.org/10.3390/biology11030419.

Kang, T.W.; Kim, C.K. Pleuroperitoneal Communication of Peritoneal Dialysis Demonstrated by Multidetector-Row CT
Peritoneography. Abdom. Imaging 2009, 34, 780-782. https://doi.org/10.1007/s00261-008-9468-5.

Chavannes, M.; Sharma, A.P.; Singh, R.N.; Reid, R.H.; Filler, G. Diagnosis by Peritoneal Scintigraphy of Peritoneal Dialysis-
Associated Hydrothorax in an Infant. Perit. Dial. Int. 34, 140-143. https://doi.org/10.3747/pdi.2012.00077.

Edwards, S.R.; Unger, A.M. Acute Hydrothorax— A New Complication of Peritoneal Dialysis. JAMA 1967, 199, 853-855.
Nomoto, Y.; Suga, T.; Nakajima, K.; Sakai, H.; Osawa, G.; Ota, K.; Kawaguchi, Y.; Sakai, T.; Sakai, S.; Shibata, M. Acute
Hydrothorax in Continuous Ambulatory Peritoneal Dialysis--a Collaborative Study of 161 Centers. Am. . Nephrol. 1989, 9, 363—
367. https://doi.org/10.1159/000167997.

Alhasan, K.A. Recurrent Hydrothorax in a Child on Peritoneal Dialysis: A Case Report and Review of the Literature. Clin. Case
Rep. 2019, 7, 149-151. https://doi.org/10.1002/ccr3.1936.

Kennedy, C.; McCarthy, C.; Alken, S.; McWilliams, J.; Morgan, R.K.; Denton, M.; Conlon, P.J.; Magee, C. Pleuroperitoneal Leak
Complicating Peritoneal Dialysis: A Case Series. Int. ]. Nephrol. 2011, 2011, 526753. https://doi.org/10.4061/2011/526753.

Chow, KM.; Szeto, C; Kam, P, Li, T. Management Options for Hydrothorax Complicating Peritoneal Dialysis.
https://doi.org/10.1046/j.1525-139X.2003.16080.x.

Chow, K.M; Szeto, C.C.; Wong, T.Y.-H.; Li, P.K.-T. Hydrothorax Complicating Peritoneal Dialysis: Diagnostic Value of Glucose
Concentration in Pleural Fluid Aspirate. Perit. Dial. Int. 2002, 22, 525-528.



