1duosnue Joyiny 1duosnuep Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Author manuscript
Semin Cell Dev Biol. Author manuscript; available in PMC 2016 February 01.

-, HHS Public Access
«

Published in final edited form as:
Semin Cell Dev Biol. 2015 February ; 38: 55-66. doi:10.1016/j.semcdb.2015.01.005.

Emerging trends in the pathophysiology of lymphatic contractile
function

Sanjukta Chakrabortyl, Michael J. Davis*2, and Mariappan Muthuchamy™1

1Department of Medical Physiology, Cardiovascular Research Institute Division of Lymphatic
Biology, Texas A&M Health Science Center College of Medicine

2Department of Medical Pharmacology and Physiology, University of Missouri School of Medicine

Abstract

Lymphatic contractile dysfunction is central to a number of pathologies that affect millions of
people worldwide. Due to its critical role in the process of inflammation, a dysfunctional
lymphatic system also compromises the immune response, further exacerbating a number of
inflammation related diseases. Despite the critical physiological functions accomplished by the
transport of lymph, a complete understanding of the contractile machinery of the lymphatic system
lags far behind that of the blood vasculature. However, there has been a surge of recent research
focusing on different mechanisms that underlie both physiological and pathophysiological aspects
of lymphatic contractile function. This review summarizes those emerging paradigms that shed
some novel insights into the contractile physiology of the lymphatics in normal as well as different
disease states. In addition, this review emphasizes the recent progress made in our understanding
of various contractile parameters and regulatory elements that contribute to the normal functioning
of the lymphatics.
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Introduction to lymphatic contractile function

The lymphatic system is critically involved in the movement of fluid from interstitial spaces
in tissue parenchyma and accomplishes its normal functions through the controlled
movement of lymph [1]. Through its interconnected network of initial lymphatics, collecting
lymphatic vessels and lymph nodes, the lymphatic system moves fluid and its other contents
(macromolecules, lipids/chylomicra, immune cells) from the interstitium against an uphill
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pressure gradient and eventually empties them into the great veins [2]. Lymph transport is
thus a critical part of processes involved with body fluid regulation, macromolecular
homeostasis, lipid absorption, and immune function.

The initial lymphatics, or lymphatic capillaries, are the primary sites of interstitial fluid
exchange and the rate of lymph formation is the principal passive force that influences
lymph flow in every lymphatic bed. Initial lymphatics are composed of a layer of endothelial
cells and completely lack muscle cells. Another important characteristic is that the
endothelial cells are physically tethered to the surrounding tissue structure through
anchoring filaments [2-5]. Capillary lymphatic endothelial cells (LECs) are linked to each
other by discontinuous, buttonlike intercellular junctions that differ from those found in the
rest of the lymphatic network. The presence of these junctions likely make lymphatic
capillaries highly permeable to interstitial fluid and solutes, allowing the entry of
macromolecules such as lipids and even permitting trafficking of immune cells. These oak
leaf-shaped LECs have a unique microarchitecture, as overlapping flaps of adjacent cells
form primary valve structures [6, 7]. This primary valve system is required to prevent fluid
escape from the initial lymphatics back into the interstitial space. These unique structural
characteristics, coupled with the changing physical conditions in active tissues, allow lymph
to be formed when interstitial pressure is higher than the pressure in the lumen of the initial
lymphatic [8-10].

Initial lymphatics converge to form collecting lymphatic vessels, which are similar to blood
vessels in having a basement membrane and continuous endothelial junctions. Collecting
lymphatics contain anatomically distinct, bicuspid luminal valves spaced at intervals of 1 to
several millimeters. These vessels are also covered by one or more muscle layers that
control the transport of lymph by contraction and relaxation of the vessel wall, even in the
face of adverse pressure gradients. The functional unit of the collecting lymphatic system is
called a lymphangion—the segment between two adjacent secondary valves—and these are
arranged in series to propel lymph forward [11-14]. Forward lymph movement is determined
by a combination of two factors: the active, intrinsic contraction/relaxation cycle of the
lymphangion, and passive, external compressive forces. External forces include contractions
of skeletal muscles, respiratory movements, variations in central venous pressure, pulsations
of nearby arteries and gravitational forces [2, 15], all of which can easily collapse or alter
the diameter of the thin-wall, low-pressure collecting vessels. During an active collecting
lymphatic pump cycle, the primary valves in the initial lymphatics are thought to be open to
permit fluid flow into the lymphatic lumen, while the secondary valves inside the collecting
lymphatics remain closed to prevent intraluminal fluid backflow. During external
compression, fluid is transported proximally toward the contractile lymphatics and nodes, at
which time the primary valves close to prevent escape of fluid back into the interstitium
while the secondary valves are open [16].

The intrinsic lymphatic pump acts similar to the heart in its generation of a pressure head to
drive flow. The pumping activity of collecting lymphatics can be investigated using
analogies to the cardiac pump, with alternating periods of diastolic filling and systolic
ejection (see reviews [1, 2, 14, 17]). For the transport of lymph, the intrinsic pump depends
on the contractile machinery in its muscle layer present in larger collecting vessels that
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transport lymph against an adverse pressure gradient [2]. Previous studies from our lab have
shown that the lymphatic muscle is uniquely composed of both smooth and striated muscle
components and recent studies elucidating their contractile behavior have unequivocally
established that this is a new class of muscle that is distinct from smooth and cardiac muscle
types [18-21]. Like vascular smooth muscle, the contractile activity of lymphatic muscle
exhibits basal, myogenic tone and myogenic responses to pressure changes [18], as well as
being modulated by various neuromodulatory, vasoactive and mechanical factors [22-29].
However, unlike most blood vascular smooth muscle, lymphatic muscle exhibits rapid,
phasic contractile activity that drives the intrinsic lymphatic pumping in addition to the
slower, tonic form of contractions also characteristic of blood vascular muscle. The
uniqueness of lymphatic contractile function can be directly attributed to the unique
ultrastructure of lymphatic muscle, which contains both striated and smooth muscle
components [20]. Our studies have demonstrated that differences in both contractile function
and contractile protein composition exist between blood vessels and lymphatics as well as
among lymphatics from different body regions [15, 20]. The uniqueness of lymphatic
muscle is further highlighted by the presence of L-type or ‘long-lasting’, Ca?* channels
(characteristic of smooth muscle cells) and T-type ‘transient’ Ca2* channels (implicated as a
possible pacemaker component in both cardiac and lymphatic tissues) [30].

The extra-lymphatic forces that passively influence lymph transport differentially affect
lymph flow depending on the anatomical location of the lymphatic vessel. Most notably,
fluctuations in central venous pressure, respiratory movements and gravitational forces vary
across different regions of the body. Gashev et al., have shown that lymphatic vessels
effectively adapt their contractile force to the particular hydrodynamic conditions
(transmural pressures and intraluminal flows) and local demands placed on them by the
tissue fluid dynamics that exist in different regions of the lymphatic system [15, 31]. Thus,
peripheral lymphatics, including mesenteric and femoral vessels, which have comparatively
high outflow resistance, act as relatively strong pumping vessels; in contrast, cervical
lymphatics and thoracic duct, which are closer to the final outflow of the lymphatic tree,
exhibit attenuated pumping activities with significantly reduced frequency, contraction
amplitude, ejection fraction and fractional pump flow [15, 20, 32]. Thus, it is evident that
the lymphatic function is under the constant influence of various hydrodynamic factors as
pressure/stretch, active and passive lymph pumps, intrinsic and extrinsic flow/shear stress,
modulating its unique contractile machinery to elicit both phasic and tonic contractions that
are key to its role both as conduit and pump.

Stretch-mediated regulation of lymphatic contraction

Lymphatic pumping has been shown to be very sensitive to changes in transmural pressure.
Stretch-dependent modulation of lymphatic contractility is one of the primary determinants
of the adaptation of collecting lymphatics to changes in fluid load [15, 24, 25, 32, 33]. This
characteristic also determines the potential capacity of these vessels to adapt to increased
loads during edemagenic and/or gravitational stress. Figure 1 shows an isolated rat
mesenteric lymphangion and illustrates the original recordings of several fundamental
contractile properties of lymphatic muscle. Preload, which is determined by the stretch of
the lymphatic wall during the diastolic filling phase of the contractile cycle, is a significant
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determinant of lymphatic pump function; multiple studies have shown that lymphatic vessels
are exquisitely sensitive to different changes in filling pressure and accordingly modulate
pump output in a manner similar to the heart [25, 34-37]. As shown in the left panel of
Figure 1B, increases in preload result in increased contraction frequency over a relatively
wide pressure range (0-15 cmH,0). A change in pressure as little as 0.5 cmH,O can lead to
a 2-fold change in contraction frequency [34]. Phasic contraction strength also increases
with increasing preload, but beyond a certain point the contractile machinery begins to fail
and contraction amplitude falls [1, 2, 25, 38]. This inherent limitation may contribute to
contractile dysfunction of collecting vessels observed in chronic lymphedema, where there
is a chronic elevation of fluid output pressure and the collecting vessels appear to be near-
maximally distended [39, 40].

Lymphatic muscle has been shown to undergo an intrinsic increase in contractility when
subjected to an elevated afterload [34]. When output pressure is increased in a step-wise
manner, the isolated lymphangion responds with a constriction, i.e., a time-dependent
decline in end-diastolic diameter; simultaneously there is an initial increase, then time-
dependent decrease in end systolic diameter, reflecting a change in contractility (Figure 1B,
right panel). Simultaneous measurement of intraluminal pressure enabled analysis of the
pressure-volume (P-V) relationship analogous to that of the heart. Elevated afterload evoked
a leftward shift in the end-systolic P-V relationship and a significant increase in dP/dt,
consistent with an increase in contractility, or positive inotropy, in the strict sense in which
those terms are used in the cardiac literature. This increase in contractility is sustained for
several minutes after afterload is returned to its original level [34]. The effect of afterload
also depends on the preload. Scallan et al tested the responses of single, isolated
lymphangions to selective changes in preload and the effects of changing preload on the
response to an imposed afterload [37]. Lymphangions subjected to increased output
pressures that exceeded their ejection limit could strengthen contraction as a compensatory
mechanism. Depending on its regional location or due to postural changes, a lymphatic
vessel might experience a preload change with or without a parallel change in afterload. This
is important, as adaptation to an increased preload is necessary for maintaining a sufficient
output flow [37].

Von der Weid et al., [41] show a tight correlation between the resting membrane potential
(Vm) and stretch-induced increases in contraction frequency. At low levels of isometric
tension, action potentials occur more regularly than in un-stretched vessels. The frequency
of the action potentials is augmented with increases in preload, as is the force generated
during each contraction [41]. The resting Vm values recorded in the wire-myograph-
mounted vessels are markedly more depolarized than those recorded in un-stretched vessels
still embedded in the mesentery. The authors propose that vasoactive substances released by
the lymphatic endothelium contribute to modulation of the contractile activity of the
lymphatic muscle, as well as to its resting Vm. This rhythmic contractile activity (i.e.
lymphatic pumping) increases in rate with an increase in luminal pressure and relies on
activation of voltage-dependent Ca%* channels (VDCCs). The stretch-induced increase in
force of lymphatic vessel contractions is significantly attenuated by both L-type and T-type
VDCC blockers. It is proposed that activation of T-type VDCCs depolarizes Vm, regulating
the frequency of lymphatic contractions via opening of L-type VDCCs, which allow Ca%*
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entry to determine the strength of contractions [30]. This entire mechanism can be modified
by external stimuli. In line with the vasodilatory/relaxing actions typically observed in other
smooth muscles, nitric oxide (NO) and prostanoids, such as prostaglandin E2 and
prostacyclin, cause the lymphatic muscle to hyperpolarize and the pumping frequency to
slow [42].

Valve function and lymphatic contraction

Normally the net pressure gradient from the lymphatic capillaries to the venous
compartment does not favor the passive flow of lymph centrally. As mentioned previously,
the movement of lymph along the lymphatic network relies on forces that are generated both
extrinsically and intrinsically to the lymphatic system [2, 14]. The secondary valves play key
roles in the action of both forces to: 1) minimize lymph backflow when the pressure
gradients are not conducive to central lymph flow; and 2) reduce the gravitational influence
on lymph pressure by breaking up the hydrostatic column of lymph. In a standing
gravitational column, the valves allow the sequential buildup of intraluminal pressure
through successive lymphangions to help overcome opposing pressure gradients, as long as
the diastolic pressure in any given lymphangion does not exceed its optimal preload [43].
Dysfunctional or malformed lymphatic valves serve to exacerbate fluid accumulation in
interstitium and are closely associated with lymphatic malfunction in certain genetic
conditions [44, 45].

A series of recent studies have provided new insights into the contractile and valve
properties of collecting lymphatic vessels [34, 37, 46, 47]. Although there is some evidence
for the possible role of specialized lymphatic muscle cells in the closure of secondary valves
in some (bovine) lymphatics [1, 48], it is thought that most secondary lymphatic valves
behave similar to cardiac valves, closing passively when output (downstream) pressure is
elevated [49]. Unlike cardiac valves, lymphatic vessel distension profoundly affects the
ability of the lymphatic valves to open and close [46]. When a vessel has only a low degree
of distention (i.e. operates at a low baseline pressure), the adverse pressure gradient required
for valve closure is only a fraction of a cmH,O; however, the pressure gradient required for
closing increases ~20-fold, to a several cmH,0, when the vessel nears maximal distention.
This relationship would obviously become an important determinant of valve efficiency in
edema states where intraluminal pressures and diastolic diameters are chronically elevated.
The anatomical basis of this phenomenon is unknown but is likely related to stiffening of
collagen and other ECM fibers in the valve leaflets as the vessel distends [46]. Because of
the higher adverse pressure gradient required for closing at a near-maximal vessel diameter,
active force generation by lymphatic muscle cells can indirectly affect valve gating. Both
intrinsic (myogenic) and agonist-induced tone can thereby make it easier for valves to close
when the vessel is pumping against an elevated afterload [46].

In addition to basal tone, collecting lymphatic vessels undergo a relatively powerful
constriction when exposed to an adverse pressure gradient. To investigate the response of
collecting lymphatics to elevated downstream pressure, Scallan et al. used vessels containing
one valve (a partial lymphangion) or two valves (complete lymphangion) that were isolated
from the rat mesentery and tied to two glass cannulae capable of independent pressure
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control. Downstream pressure was selectively raised to various levels, either stepwise or
ramp-wise, while holding upstream pressure constant [47]. With increased output pressure,
contractile activity of the downstream, post-valve vessel segment increased. Interestingly,
the pre-valve segment constricted in response to the increased output pressure even though
the output valve prevented backward transmission of pressure (as evident in Figure 1B, right
panel). This constriction was composed of two components: a pressure-dependent,
myogenic component and a frequency-dependent component [18, 47, 50]. The myogenic
component derived from the fact that when output pressure is elevated, mean diastolic
pressure in the segment between the valves increased as the vessel continued spontaneous
contractions—and that rise in pressure stimulated a slight myogenic constriction. The
frequency component derived from the fact that the rise in output pressure stimulated the
output segment (downstream from the output valve) to contract at a higher frequency, which
paced the entire lymphangion, presumably via electrical transmission through gap junctions
across the valve region. Whether this signal traveled via the muscle layer or the endothelium
or both was not determined [47, 51]. The higher frequency resulted in less time for filling in
diastole (negative lusitropy) and therefore a time-averaged lowering of diastolic diameter.
The combination of these two mechanisms resulted in a substantial constriction that
preserved the ability of valves to close at relatively low adverse pressure gradients. It is thus
evident from these findings that the lymphatic myogenic constriction has significant
mechanistic similarity to the arteriolar myogenic constriction. Further, it is clear that the
lymphatic constriction in response to elevated afterload protects the lymphatic vasculature
from an elevation in pressure both by modulating the contractile strength of the pump and by
preserving normal valve gating of individual collecting lymphatics, the absence of which
would contribute to edema.

NO-mediated regulatory mechanisms of lymphatic vessel function

The role of NO in modulating lymphatic contractile function and lymph flow has been
intensively studied [32, 52-56]. Under normal conditions, there are multiple sources of NO
that could influence collecting lymphatic vessel contraction [54, 57-59]: 1) production from
eNOS in LECs, due either to shear-stress or pharmacological stimulation; 2) production
from iNOS in immune cells or lymphatic muscle cells; 3) production from nNOS in the
parenchyma or perivascular lymphatic nerves. In some tissues there is also a possibility of
countercurrent exchange of NO from adjacent arteries or veins. The role of iNOS will be
discussed in a subsequent section on inflammation. The role of nNOS in regulation of
lymphatic contraction is an unexplored topic. The following section will focus on NO
production from eNOS in lymphatic endothelium.

As in the blood vasculature, NO can be produced from eNOS in the lymphatic endothelial
cell layer in response to shear stress or flow. Activation of the NO/cyclic GMP (cGMP)
pathway causes blood vascular smooth muscle cell relaxation through multiple cGMP-
dependent protein kinases (PKG) [60-65]. Gasheva et al., have shown that the cGMP/PKG
inhibitor eliminated the intrinsic flow-dependent/NO-dependent relaxation of lymphatic
vessel and that its high sensitivity to flow/shear is dependent upon the cGMP/PKG
regulatory pathway [66]. As shown schematically in Figure 2A, the intrinsic, spontaneous
pumping activity of the collecting lymphatics produces pulsatile changes in both flow and
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shear stress [67] during the contraction cycle that can potentially generate NO. Bohlen et al
find that within 1-3s after the initiation of lymphatic contraction a transient rise in NO levels
occurs near the vessel wall [68]. Both the valvular and tubular sections of the lymphatics
increase their generation of NO during each phasic contraction (with the concomitant rise in
flow/shear stress) and the NO generated is cumulative as contraction frequency increases.
Measurements of NO with microelectrodes reveal that the highest concentration of NO
occurs in the valve-bulb region with lower concentrations in the tubular portions of rat
mesenteric lymphatics [68, 69]. Immunohistochemical analysis confirms a higher expression
of eNOS in the bulb compared to tubular regions, possibly due to the increased density of
endothelial cells in the leaflets. It is therefore likely that the high-shear force of lymph
flowing through the open valve leaflets contributes to elevated NO levels near the valve. The
ability of NO to modulate an ongoing contraction is thought to be predominantly a localized
event that is coordinated along the lymphatic vessel primarily by the flow of lymph to
regionally increase shear forces and any vasoactive NO-dependent mediators in the lymph
or tissue [70]. Valves appear to generate most of the NO in the bulb region, which in turn
relaxes the contractile components of the bulb; the valves not only govern the physical
movement of lymph along the lymphatic vessel but also have a regulatory role in
influencing the pumping rate and force of contraction of the overall lymphatic structure
through the effects of NO.

In addition to phasic production of NO in association with the lymphatic contraction cycle,
sustained forward flow through the lymphangion can result in NO production from the
lymphatic endothelium [32, 57]. This condition is predicted to occur in the intestinal
lymphatic system after an absorptive load, which may temporarily create a downhill
pressure gradient through the collecting vessels. Isolated, pressurized lymphatic vessels have
been widely used to assess the effects of imposed (forward) flow on lymphatic contractile
properties. The advantage of these methods is that the effect of flow can potentially be
assessed with minimal change in intraluminal pressure (recall that a 0.5 cmH,0 change in
pressure can lead to a 2-fold change in contraction frequency), which would otherwise
confound interpretation of any change in contractile parameters. Forward flow is imposed by
simultaneously raising the pressure in the input cannulating pipette while lowering the
output pressure by an equal amount, using cannulating pipettes with balanced resistances
[71]. In mesenteric lymphatics as well as lymphatics from other regions in the rat, increases
in the axial pressure gradient result in concomitant reductions in spontaneous contraction
frequency and amplitude [15, 32]. These effects on contractile parameters are graded with
the degree of imposed flow, and the reduction in both frequency and amplitude result in an
even greater reduction in calculated fractional pump flow (FPF), which is the product of
frequency and amplitude. Suppression of NO synthase (NOS) with Nw-nitro-L-arginine
methyl ester (L-NAME) or L-N©-monomethy! Arginine (L-NMMA) increases the
frequency of contraction under basal conditions (i.e. phasic flows associated with phasic
contractions) and blocks the fall in contraction frequency, amplitude and FPF associated
with imposed flow [32, 57, 72].

In rat thoracic duct, the NO production associated with phasic contractions does not appear
to concomitantly lower both contraction frequency and amplitude [57]. During the systolic
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phase of a contraction, NO production near the valve area [68] acts on the muscle layer,
lowering contraction frequency and tone, which together allow for increased filling of the
lymphangion [57]. The increased filling can produce a larger contraction amplitude through
the preload mechanism previously described, and this is analogous to positive lusitropy in
cardiac muscle. In the rat thoracic duct, any inhibitory effect of NO on contraction
amplitude is apparently more than compensated by positive lusitropy so that the calculated
FPF can be maintained constant or even increased slightly. Whether this same effect
(increased contraction amplitude in response to phasic flow) is a general principle that
applies to collecting lymphatics in other regions is a topic of debate. As depicted in Figure
2B, it is a widely held opinion that the relatively high concentrations of NO evoked by
agonists [53, 56, 73-75] or by continuous unidirectional flow inhibit both contraction
frequency and amplitude [32, 56], whereas lower (basal) levels of NO are thought to
decrease frequency but increase contraction strength / amplitude [57-59, 68, 70, 76];
however, the latter observation has only been made in rat thoracic duct under conditions
where significant pressure changes were unlikely to occur [57].

Two recent studies in mice are relevant to this topic. Liao et al [59] measured reduced
lymphatic contraction strength and increased lymphatic diameter of popliteal lymphatic
vessels, studied in situ, in both eNOS™~ mice and in WT mice after the latter were subjected
to sustained NOS inhibition (3 days of L-NMMA infusion). In contrast to observations after
temporary NO inhibition in isolated lymphatic vessels from rats [15, 32, 68], both groups of
NO-deficient mouse popliteal lymphatics exhibited larger lymphatic diameters compared
with control animals. However, calculated lymph output in popliteal vessels from eNOS™~
and WT mice £ L-NMMA treatment were not significantly different, suggesting that
increases in lymphatic diameter and contraction frequency may have resulted from systemic
compensation for the reduced strength of contraction in order to maintain fluid balance. In
contrast, Scallan & Davis [74] studied isolated popliteal lymphatic vessels from eNOS™~
mice and WT mice during acute NO inhibition, and found that in both cases NO deficiency
resulted in increases in contraction strength and modest increases in frequency. Basal NO
production depressed contraction amplitude but not frequency, with higher concentrations of
NO then inhibiting both amplitude and frequency. The authors proposed that NO
production, whether basal or stimulated, depresses murine collecting lymphatic contractile
activity, although this conclusion may only apply to lymphatics that are peripherally located.
If this pattern holds for other types of collecting lymphatics, then a possible role for basal
NO in collecting lymphatics might be to set contractile amplitude at a level that can be
increased or decreased to modulate lymph flow [74]. To address the discrepancy in the
disparate results from in situ and in vitro mouse popliteal lymphatics, Scallan et al proposed
that the elevated frequency, decreased contraction amplitude and increased diameter in
response to eNOS ablation in situ [59], might be explained by an increased diastolic
lymphatic pressure / preload that leads to an increase in end-diastolic diameter and
frequency while reducing contraction amplitude in proportion to the pressure change [34,
37, 74].

It is apparent from the discussion above that in vivo and ex vivo methods can lead to
disparate conclusions about the effects of shear-stress-mediated NO production on
lymphatic contraction. The ex vivo study of isolated lymphatic vessels allows for control of
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pressure and/or flow, but alters the normal environment of the vessel, e.g. by interrupting
axial and radial tethering forces and removing sources/sinks for NO production/action. The
extent to which those factors contribute to lymphatic function, relative to the intrinsic
sensitivity of the lymphatic wall to pressure and shear stress, is a complicated issue that will
require both in vivo and ex vivo methods in tandem to fully understand.

Modulation of myosin light chain 20 (MLC,,) as a determinant of lymphatic

contractile strength

MLC,q phosphorylation plays a central role in smooth muscle contraction. The regulatory
mechanisms of MLCyq phosphorylation by myosin light chain kinase (MLCK) and myosin
light chain phosphatase (MLCP) pathways have been well documented in several smooth
muscle cell types [77-80]. Studies from our group have shown that regulation and changes in
levels of MLCyq are critical determinants of tonic lymphatic contraction [19, 21, 84, 85].

The molecular mechanisms regulating tonic and phasic contractions of lymphatic muscle are
basically unknown. Wang et al have shown that tonic contraction strength and phasic
contraction amplitude of the lymphatics can be differentially regulated; an increase in
transmural pressure decreases MLCyq phosphorylation and tonic contraction, while phasic
contraction frequency and amplitude are increased. The MLCK inhibitor, ML-7, did not
alter phasic contraction amplitude of mesenteric lymphatics, but decreased tone, indicating
an MLCK-dependent mechanism for tonic contraction and the existence of other pathways
for the regulation of phasic contractions [21]. Nepiyushchikh et al performed the first study
to directly quantify levels of MLC-P and MLC-2P in pressurized rat thoracic duct and
cervical lymphatics using urea glycerol gel electrophoresis [85]. Thoracic ducts exhibited a
significant decrease in tone in response to elevated pressure that correlated with a decrease
in MLC-2P, whereas, in cervical lymphatics, a trend towards decreasing tone was observed
under the same conditions, along with a small but significant decrease in MLC-2P [85].

Two important signaling pathways involved in modulating the Ca2* sensitivity of the
smooth muscle contractile apparatus and affect MLCyq in response to agonist stimulation are
Rho-associated kinase (ROCK) and protein kinase C (PKC) [80, 86]. We have recently
shown that activation of PKC signaling with phorbol ester such as Phorbol 12,13-dibutyrate
(PDBu) induces strong contractions and increases the Ca2* sensitivity of the contractile
apparatus in lymphatic muscle. The initial rapid increase in tension development was
associated with MLC,q phosphorylation, although sustained contraction in permeabilized
lymphatic vessels was not associated with changes in MLCyq. [19]. Dissociation of
contractile force and MLC,q phosphorylation after the sustained activation of PKC may be
due to enhanced cooperativity between phosphorylated and unphosphorylated cross-bridges,
i.e., the sustained contraction and slowed rate of relaxation may reflect attachment and force
production by strongly bound, unphosphorylated myosin cross-bridges [19]. It has been
shown that RhoA/ROCK-mediated Ca?*-sensitizing mechanism directly affects mesenteric
lymphatic tone and application of the ROCK inhibitor Y-27632 causes a loss of tone in
isolated rat iliac collecting lymphatic vessels and in the rat thoracic duct [87-89]. Further,
Kurtz et al. have shown that ROCK1 and ROCK2 increase Ca2* sensitivity, leading to
enhanced tone in isolated collecting lymphatic vessels [90]. As clearly demonstrated by our
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previous findings, changes in lymphatic tone directly correlates to changes in MLCyq
phosphorylation. As summarized in Figure 3, it is clearly evident that a complex molecular
mechanism exists in lymphatic muscle that mediates the regulation of phosphorylation of
MLCyq and subsequent determination of the contractile response.

Regulation of lymphatic contractile function during inflammation

As the lymphatics are critically involved in the immune response and act as conduits of
immune cells, they are central to a number of inflammation-related pathologies [17, 91-93].
The contradiction between the expansion of the lymphatic network and the reduction of
lymphatic drainage in some models of inflammation may be explained by the dysregulation
of collecting lymphatic vessel function. Inflammation generally enhances the flow of lymph
[94] and enhances interstitial fluid volume due to enhanced microvascular permeability [24].
As discussed above, this volume load induces a stretch on the lymphatic vessel wall, which
would generally tend to enhance contractile frequency and/or strength. The paradoxical
reduction of lymphatic drainage is most likely explained by the production of the various
neuromediators associated with immune and inflammatory responses, such as substance P
(SP), calcitonin gene related peptide (CGRP), neuropeptide Y, vasoactive intestinal
polypeptide (VIP) and prostaglandins; all have been reported to strongly affect lymphatic
vessel contractile function (reviewed in [17, 95]).

SP, a proinflammatory neuropeptide, significantly induces tonic contraction in mesenteric
lymphatics that is attenuated by inhibition of MLCyg phosphorylation [21, 85, 96]. In
addition, SP is able to activate both contractile and inflammatory pathways in lymphatic
muscle cells primarily by mediating the phosphorylation of MLC5q as well as activation of
the proinflammatory p38/ERK pathways [97]. Inhibition of ERK1/2 decreased levels of p-
MLC,q after SP activation, in a PKC dependent manner (Figure 3). SP is known to mediate
its effects through the neurokinin receptors. We found that in rat mesenteric lymphatic
muscle cells NK1R and NK3R are expressed and both are necessary for SP-mediated
signaling (Figure 3). We hypothesize that different concentrations of SP found during
inflammatory conditions could activate both contractile and inflammatory pathways, which
exhibit crosstalk with each other, and that a graded release of SP under such conditions
would maintain a fine balance between modulation of contractile function and progression
of inflammation [97].

As mentioned previously, nitric oxide (NO) is produced by LECs in response to shear stress
and various agonists and is an important modulator of lymphatic contractile function [32, 57,
70, 72, 98]. However, NO is also produced by immune cells surrounding collecting
lymphatic vessels and in adjacent spaces of the interstitium [59]. However, studies
addressing the effects of these immune cells on lymphatic contractility are limited. Liao et al
[59] have shown that under inflammatory conditions, inducible NOS (iNOS)-expressing
CD11b*Gr-1* cells attenuate lymphatic contraction in mouse popliteal lymphatics in situ.
During inflammation, excessive amounts of NO produced by iNOS in infiltrated bone
marrow-derived cells (BMDCs) overwhelm the spatial and temporal NO gradients produced
by eNOS (see discussion above), thus inhibiting contraction. Furthermore, iNOS-derived
NO may cause chronic relaxation of perilymphatic SMCs, increasing vessel diameter,
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reducing inotropy, and thus reducing contraction strength [59]. Ablation of NO in eNOS™-
animals caused a reduction in contractility, whereas paradoxically, under inflammatory
conditions, removing NO produced by iNOS in BMDCs increased contraction strength. This
lends credence to the hypothesis that the temporal and spatial gradients of NO, in addition to
the total amount produced, are critical to its ultimate function [99, 100]. The suppression of
NOS, while lymph vessels are activated, disrupts the contraction/relaxation cycle in favor of
excessive contraction. The resultant NO generation by the activated lymph vessel is essential
to diastolic filling and, thereby, the maintenance of elevated lymph pump flow [101]. A
computational flow and mass transfer model using physiologic geometries obtained from
confocal images of a rat mesenteric lymphatic vessel recently offered some interesting
insights in the possible characteristics of NO transport in the lymphatic flow regime.
Simulations revealed areas of flow stagnation adjacent to the valve leaflets, suggesting the
high concentrations observed experimentally in that region are due to minimal convection.
Additionally it was shown that high NO concentrations adjacent to the valve leaflets are
most likely due to flow-mediated processes rather than differential production by shear-
sensitive LECs [102]. These data suggest that lymphatic contractility, flow of lymph and
inflammatory mechanisms are closely tied together in determining a specific contractile
response.

Changes in the surrounding immune cell population also modulate the availability of key
cytokines and chemokines critical to maintenance of normal lymphatic function. For
example, dietary endotoxins such as LPS modulate the recruitment of immune cells such as
neutrophils, monocytes and macrophages associated with mesenteric lymphatic vessels or in
adjacent regions and are associated with significant impairment of lymphatic contractile
function and pump flow ([103] unpublished data). Further, Chatterjee et al., [104] have
shown that mesenteric lymphatic vessels have a population of mast cells that are closely
associated with but outside of the lymphatic vessel wall. A higher degree of preactivated
mast cells was found associated with the aged lymphatic vessels and could attribute to the
development of aging-associated impairment of function of mesenteric lymphatic vessels by
promoting an aging-associated chronic inflammatory environment in the mesenteric
lymphatic bed [104]. These mast cells (or other closely associated immune cells) could
release a host of agents able to potentially alter the electrophysiological activities of the
lymphatic vessel. Interestingly, Chatterjee et al., detected expression of the histamine-
producing enzyme HDC, not only in mast cells but also in the walls of lymphatic vessels
[104, 105]. Histamine itself was detected in lymphatic endothelium as well as within
lymphatic vessels, where it was found to be more concentrated in the lymphatic valve
regions [106]. In contrast to the extensive literature on endothelial-dependent dilators other
than NO in the regulation of tone in the blood vasculature, there are only sparse literature
reports indicating the potential existence of such mechanisms regulating lymphatic
contractility and tone in a shear-dependent manner. Low doses of externally added histamine
increase frequency and amplitude of lymphatic contractions while higher doses of externally
added histamine relax lymphatic vessels [107, 108]. Such findings appear to be highly
supportive of the idea that NO and histamine produce relaxation of lymphatic muscle
through the same molecular targets [74, 106]. Mediators like histamine could in turn affect
other local inflammatory mediators that modulate lymphatic contractility [106, 109].
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In collecting lymphatics, alterations in lymphatic function associated with edema and
inflammation are well known, but the integrity of the lymphatic endothelial barrier during
inflammation is not. It has been shown recently that endothelial permeability was increased
following treatment with pro-inflammatory cytokines (TNF-a, IL-6, IL-1B, IFN-y and LPS)
[110]. This effect depended on the production of NO and was associated with changes in
levels of p-MLCyq. Changes in lymphatic permeability are associated with large changes in
fluid preload that have been shown to significantly affect contractile function. In mouse
models of lymphedema, as well as clinical lymphedema specimens, lymphatic stasis results
in a CD4 T-cell inflammation and T-helper 2 (Th2) differentiation. Avraham et al., show
that CD4 inflammation is a critical regulator of tissue fibrosis and lymphatic dysfunction in
lymphedema and that inhibition of Th2 differentiation markedly improves lymphatic
function independent of lymphangiogenic cytokine expression [111]. Further, an acute
administration of LPS-induced inflammation results in cessation of propulsive flow in
mesenteric lymphatics. Similar effects are also observed by various cytokines induced in the
lymphatics by LPS, such as IL-6, TNF-a, and IL-1f that have been shown to decrease
systemic lymphatic propulsion [112]. Taken together, these studies directly indicate that
inflammatory changes in the surrounding microenvironment significantly affect the
lymphatic contractile behavior and subsequent flow of lymph.

Pathologies with underlying lymphatic contractile dysfunction

Metabolic syndrome, obesity and atherosclerosis

Recently, we have shown that metabolic syndrome (MetSyn), which is characterized by
chronic subclinical inflammation, induces a remodeling of collecting lymphatics, thereby
effectively reducing their potential load capabilities and impairing the intrinsic contractility
required for proper lymph flow [113]. Architectural remodeling of the blood
microvasculature has long been associated with various chronic inflammatory conditions
[91, 114, 115]. Recently, much attention has been directed at lymphatic capillary and
collecting vessel function during acute inflammation as these play critical roles in the
resolution of edema within the inflamed region [116, 117]. Lymphatics from MetSyn rats
had significant negative chronotropy at all pressures, effectively reducing the intrinsic flow-
generating capacity of these vessels by ~50%. Prenodal lymphatic collecting vessels in
MetSyn rats were significantly smaller in diameter than their control counterparts under
pressurized conditions. Mesenteric lymphatics from MetSyn rats exhibited a two-fold
reduction in their total force production and their myofilaments were significantly less
sensitive to Ca2* compared with control myofilaments [113]. We propose that the
lymphatics form a critical bridge between MetSyn-induced physiological changes in the
mesenteric bed, the surrounding adipose and inflammatory response [84, 113]. Our data also
showed elevated levels of the lipid metabolism regulator genes, PPARa and SREBP1c,
along with the inflammatory cytokine TNFa, in MetSyn animals, corroborating the onset of
an inflammatory phenotype. Both smooth and skeletal muscle weakness have been
demonstrated in muscle tissue from insulin-resistant models where circulating cytokines are
thought to play a critical role [118]. Through aberrant chylomicron production, MetSyn
alters the mechanical characteristics of lymph via changes in viscosity and osmolarity,
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creating a permissive state for an increased inflammatory profile of the postprandial
mesenteric lymph.

Therefore we speculate that the inflammatory conditions and mechanical stresses in MetSyn
contribute to the remodeling of the mesenteric lymphatics and the reduction of vessel
diameter. Consistent with these studies, Blum et al. have shown that adipose tissue
expansion in mice fed a high fat diet leads to functional impairment of collecting lymphatics
[119]. Lymphatic impairment in obese mice is substantially aggravated by lymphatic injury
and lymphedema, leading to increased fat deposition, fibrosis and chronic inflammatory
reactions [120]. Obesity has also been shown to significantly remodel lymph node
architecture and impair dendritic cell migration to the node [121].

Lymphatic vessels have also emerged as active players in reverse cholesterol transport. In
apoE or LDL receptor knockout mice, which develop hypercholesterolemia, skin lymphatic
vessels exhibit structural defects that severely compromise their function. These
observations suggest that the accumulation of cholesterol in arteries and skin from hyper-
cholesterolemic mice result from poor lymphatic drainage [122]. Restoration of lymphatic
drainage in these mice significantly improves cholesterol clearance. Conversely, obstruction
of lymphatic vessels in wild-type mice significantly impairs this function [122, 123].

Lymphedema

Insufficient lymphatic function causes interstitial accumulation of fluid, leading to chronic
swelling of the limbs, or lymphedema. In addition to swelling, the protein-rich interstitial
fluid induces an inflammatory reaction, leading to fibrosis and accumulation of adipose and
connective tissue. This will consequently cause impaired immune responses and wound
healing, which will increase the susceptibility of the patient to secondary infections [124,
125]. Sustained swelling due to fluid accumulation leads to lymphatic hyperplasia and up-
regulation of vascular endothelial growth factor, VEGF-C, which may exacerbate the edema
because the hyperplastic vessels are poorly functional [126]. Zampell et al. have
demonstrated that the loss of TLR function results in worsening of the lymphedema,
decreases interstitial fluid flow, increases fat deposition, inhibits macrophage infiltration and
increases tissue fibrosis [127]. Lymphatic fluid stasis has been shown to further aggravate
the inflammatory response by activation of endogenous danger signals that activate
deleterious inflammatory reactions [128]. Indeed, patients with lymphedema are prone to
developing chronic bacterial, fungal, and viral infection in the stagnant lymph of the
edematous limb. This is possibly due to an inefficient clearance of the pathogen via the
lymph in addition to impaired adaptive immunity [129]. The same mechanisms also
contribute to diseases such as filariasis, which is the leading cause of secondary
lymphedema worldwide. Filarial lymphedema is associated with characteristic alterations of
the lymphatic system, including the dilation of lymphatics with extensive collateral
formation, loss of functional valves, and retrograde lymph flow (reviewed in [130]).

Inflammatory Bowel Disease

The lymphatic system plays a significant role in the onset and progression of inflammatory
bowel disease (IBD) [131]. Patients suffering from IBD are characterized by interstitial
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edema and dilated intestinal initial lymphatics or lacteals [132-134]. Edema serves to
aggravate the condition as poor drainage leads to impaired transport of immune cells and
other inflammatory agents and in turn promotes infection and delays the immune response
[134]. In a 2,4,6-Trinitrobenzenesulfonic acid (TNBS) model of guinea pig ileitis, the ability
of mesenteric lymphatics to undergo phasic contractions was strongly impaired and the
vessels were significantly dilated [135]. The inhibition of spontaneous contractions was
markedly reversed in vivo and in vitro upon application of indomethacin or a combination of
COX-1 and COX-2 selective inhibitors. These findings suggest a role for prostanoids in
inflammation-induced lymphatic contractile dysfunction [134].

Lymphatic vessel function in aging

Aging-associated diminution in lymphatic vessel function and lymph flow has been
demonstrated by a number of recent studies [136, 137]. In thoracic duct segments from older
rats, lower lymphatic tone together with decreased lymphatic contraction amplitude may be
considered an indicator of age-related weakening of muscle cells and their diminished
ability to generate enough force to maintain the level of tone and contractile force
appropriate to the lymphatic preload [138, 139]. The ability of the aged thoracic duct to
adapt its pumping to different levels of extrinsic lymph flow is also severely altered. In fact
the eNOS-mediated imposed flow-dependent regulatory mechanism was completely
depleted in 24-month-old thoracic duct segments [137]. Aging-associated weakening of the
lymphatic pump has also been observed in mesenteric lymphatic vessels and it is proposed
that aging remarkably weakens mesenteric lymphatic vessel contractility, which would
predispose this lymphatic network to lower total lymph flows under resting conditions and
limit its ability to respond to edemagenic challenges in the elderly [138, 139]. Aging has
also been shown to significantly affect the muscle investiture of collecting lymphatics [140].
Evaluation of muscle cell density in mesenteric lymphatics in reference to the position of
lymphatic valve in different zones of the lymphangion within various age groups, showed
that zones located immediately upstream of lymphatic valves possess the lowest density of
lymphatic muscle cells. Most of the high muscle cell density zones were found downstream
to the lymphatic valve, and this was not affected by aging. However, the pre-valve and valve
zones showed significant aging-associated decreases in muscle cell density. Changes in the
distribution of these cells may thus have an important functional impact on the biomechanics
of the lymphatic valve gating and/or the electrical coupling between lymphangions, such
that aged lymphatic vessels may have limited adaptive reserves [140].

Conclusions and future challenges

It is thus clearly evident that a number of factors regulate the contractile functions of
lymphatic vessels and determine their physiological impact. These factors may be
components of the surrounding microenvironment or induced within the endothelial or
muscle layer of the lymphatic vessel wall in response to a pathological condition or
inflammatory stimuli. The last decade has seen major strides in delineating different aspects
of lymphatic contractile dysfunction in normal and pathological conditions. Although we
now have a significant understanding of the different characteristics of basic contractile
parameters, much remains to be explored to clearly define the molecular mechanisms that

Semin Cell Dev Biol. Author manuscript; available in PMC 2016 February 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chakraborty et al.

Page 15

underlie the lymphatic dysfunction associated with inflammatory pathologies. A large
number of studies have addressed the role of lymphatics in development, endothelial
inflammation, transport of immune cells, and the subsequent effects of cytokines and the
surrounding microenvironment in mediating the progression and resolution of inflammation
and growth of new lymphatic vessels. Most of those studies have focused on the initial
lymphatics that serve as the entry point of interstitial fluid. However, only a few groups
worldwide are focused on delineating the contractile physiology of the collecting lymphatics
that is central to the function of the entire system. Further research in this area is critical as
insufficient lymphatic drainage or fluid stasis is the key underlying feature of several
debilitating diseases. A better understanding of the signaling pathways and regulatory
mechanisms can yield better therapeutic intervention strategies for mitigating the effects of
incomplete lymphatic drainage by improving lymphatic contraction and lymph flow. In spite
of a surge of recent research in this area, the precise molecular mechanisms that regulate
tonic and phasic contractions of the lymphatics are still not clearly defined. Recent studies
also underscore the role of nitric oxide and various other inflammatory mediators in the
vicinity of the lymphatics in regulating the nature and strength of lymphatic contractility.
However, it is not clear the extent to which inflammatory mediators directly influence
lymphatic contractile function and how lymphatic contraction and lymph flow may in turn
influence the immune response. A sequential dissection of these various mechanisms is
necessary for targeting lymphatic dysfunction.
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Figure 1. Original recordings from rat isolated mesenteric lymphangions illustrating several
fundamental contractile properties of lymphatic muscle

A) Nomenclature used throughout to describe the components of an individual
lymphangion. P, and P are the pressures set by the input and output cannulating pipettes,
respectively. The typical diameter tracking site is just upstream from the output valve. The
shadow at the upper left is a servo-nulling micropipette used to puncture the wall and
measure pressure in the central segment, which is the lymphangion proper (trace not shown).
Calibration bar is 80 um. B) Examples of the responses of two different rat mesenteric
lymphatics to preload elevation at constant afterload (left panel) or afterload elevation at
constant preload (right panel). EDD is end diastolic diameter and ESD is end systolic
diameter; contraction amplitude is the difference between the two. When preload is elevated
by raising input pressure, frequency increases, EDD increases and contraction amplitude is
reduced. However, a progressive, secondary recovery in contraction amplitude occurs over
the time course of 1-2 minutes (a), due to a decrease in ESD, reflecting an increase in
contractility. When Pin is stepped rapidly from a high to low value, a rate-sensitive
inhibition of contraction frequency occurs (b); note that the interval between the end of the
step and the next contraction increases with the magnitude of the Pj, step. When afterload is
elevated by selectively raising output pressure (right panel), frequency increases and EDD
decreases (c), in part due to a myogenic mechanism (see text).
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Figure 2. Schematic representation of NO mediated regulation of lymphatic contractility
A. A section of a collecting vessel lymphangion showing increased NO production from the

endothelial cells of a lymphatic vessel during phasic contractions and high shear stress.
Increased levels of NO are noted near the valve and tubular regions of the lymphatic, with
highest concentrations in the valve bulb region. The increased NO affects the contractile
machinery near the valve region that in turn plays an important role in regulating the flow of
lymph and force of the contraction. The arrows indicate the direction of lymph flow. The
shaded regions depict the difference in the levels of shear stress across the lymphangion,
with the darker regions corresponding to high while lighter regions correspond to lower
shear stress. B. During low levels of lymph inflow in the collecting lymphatics (low
extrinsic flows), the intrinsic pump is hypothesized to dominate with periodic NO release
due to the phasic flow/shear patterns of the lymph pump to maintain efficient lymph
transport. It is a disputed hypothesis that basal NO may reduce only contraction amplitude
and not frequency. When the levels of lymph formation and inflow to the collecting
lymphatics are significantly increased by agonists (high extrinsic flows), the influences of
extrinsic forces dominate, leading to an increased NO production that in turn inhibits the
intrinsic pumping and basal tone of the lymphatic vessels to optimize the conduit function of
the vessel.
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Figure 3. Schematic representation of regulation of MLCyq pathways in lymphatic muscle cells
Regulation of lymphatic muscle contraction occurs primarily through phosphorylation of the

20-kDa regulatory myosin light chain (MLC5q), which is regulated by the relative activities
of MLC kinase (MLCK) and MLC phosphatase (MLCP). Increased levels of cytosolic Ca?*
presumably initiate lymphatic muscle contraction by binding to the universal intracellular
Ca?* receptor protein, calmodulin (CaM). This complex activates the catalytic subunit of
myosin light-chain kinase (MLCK). In turn, MLCK phosphorylates MLC,g, leading to
contraction. MLCyq phosphorylation is reversed by MLC phosphatase (MLCP) that results
in muscle relaxation. Phosphorylation of the MLCP subunit MYPTL1 inactivates it, leading
to sustained muscle contraction. Two important signaling pathways involved in modulating
the Ca?* sensitivity of the smooth muscle contractile apparatus in response to agonist
stimulation are Rho-associated kinase (ROCK) and protein kinase C (PKC). Agonist
stimulation activates the G-protein coupled receptors that activate the small GTPase RhoA
and its downstream effector Rho-kinase (ROCK). This pathway, as well as phorbol esters,
also activates PKC. Both ROCK and PKC may potentially increase MLCyq phosphorylation
by activation of MLCP and subsequent inhibition of its activity. Application of ROCK
inhibitor Y-27632 results in a loss of tonic contraction. On the other hand, PKC may also
directly activate ERK1/2 to initiate MLCyq phosphorylation. The PKC inhibitor GF109203x
has been shown to abrogate this PKC-mediated ERK activation in lymphatic muscle. In a
parallel pathway, Substance P (SP) binding to neurokinin receptors NK1R and/or NK3R
activates ERK1/2. Activation of p-ERK increases MLC20 phosphorylation, which is
diminished upon inhibition of ERK1/2 with PD-98059. SP-mediated downstream signaling
is blocked by the neurokinin receptor inhibitor NK1R (L703606) and/or NK3R (SB222200).
Inhibition of MLCK activity by ML-7 decreases levels of phosphorylated forms of MLCyy,
and leads to a subsequent decrease in tonic contraction.
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