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Abstract

The lymphatic system has important roles in body fluid regulation, macromolecular homeostasis, lipid ab-
sorption, and immune function. To accomplish these roles, lymphatics must move fluid and its other contents
(macromolecules, lipids/chylomicra, immune cells) from the interstitium through the lymphatics, across the
nodes, and into the great veins. Thus, the principal task of the lymphatic vascular system is transport. The body
must impart energy to the lymph via pumping mechanisms to propel it along the lymphatic network and use
pumps and valves to generate lymph flow and prevent its backflow. The lymphatic system utilizes both extrinsic
pumps, which rely on the cyclical compression and expansion of lymphatics by surrounding tissue forces, and
intrinsic pumps, which rely on the intrinsic rapid/phasic contractions of lymphatic muscle. The intrinsic lymph
pump function can be modulated by neural, humoral, and physical factors. Generally, increased lymph pressure/
stretch of the muscular lymphatics activates the intrinsic lymph pump, while increased lymph flow /shear in the
muscular lymphatics can either activate or inhibit the intrinsic lymph pump depending on the pattern and
magnitude of the flow. To regulate lymph transport, lymphatic pumping and resistance must be controlled. A
better understanding of these mechanisms could provide the basis for the development of better diagnostic and
treatment modalities for lymphatic dysfunction.

The Lymphatic Transport System larly those in the initial lymphatic vessels where lymph is
formed. Much less recent effort has been placed into the study
of the lymphatic structures at any level beyond the most pe-
ripheral parts of the lymphatic network.

An understanding of the structure and function of the
lymphatic architecture must go hand in hand if we are to de-
velop a true appreciation of the impact of the lymphatic system
in health and disease. When evaluating the lymphatic system it
is crucial to remember that its principal purpose is the transport
of lymph and it is by this regulated transport that ALL of the
body’s homeostatic functions that the lymphatic system par-
ticipates in are served. Lastly but importantly, lymph transport
includes not only the initial formation of lymph in the lym-
phatic capillaries but also the movement of lymph along the
rest of the lymphatic network on its route to the veins.

HE LYMPHATIC SYSTEM MOVES fluid from the interstitial

spaces in the tissue parenchyma into the network of
lymphatic vessels, through a series of lymph nodes into the
postnodal lymph ducts that converge into the thoracic duct
(for the lower half and upper left quadrant of the body) and
right lymphatic duct (for the upper right quadrant of the
body) before eventually emptying their lymph into the great
veins. The unidirectional movement of lymph through this
network is necessary for the transport of fluid, macromole-
cules, lipids, antigens, immune cells, and particulate matter.
Thus, all of the important functions that the lymphatic system
must accomplish to maintain body homeostasis depend on
the controlled transport of lymph from the initial lymphatics
to the great veins. Over the last 10 years, great strides have
been made in the molecular and cellular processes that drive

the formation and/or regeneration of the lymphatic vessels.
This has greatly advanced our understanding of the devel-
opmental and remodeling processes that govern some of the
structural considerations of the lymphatic system, particu-

Hydrodynamics of Lymph Transport

Under steady states, most interstitial fluid pressures are
either near atmospheric (i.e., near zero cm H,O relative pres-
sure) or subatmospheric (-1 to —5cm H,0O, i.e., negative
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relative pressures).! Because of the great difficulty in per-
forming accurate measures of pressure in the initial and early
collecting lymphatics, there are not many measurements of
pressures in the initial lymphatics. There are many more
measures of pressures in the immediate downstream compo-
nents of the lymphatic vascular network, the early lymphatic
collecting vessels. However, in most instances the pressures
measured in these vessels are on average slightly positive.””
Thus it would appear that the predominant fluid pressure
gradient is one that does NOT favor fluid entering the initial
lymphatic. So how does fluid enter the initial lymphatic
structure to form lymph? There have been a few theories that
have come about over the years to account for this process, but
the data to support most of these theories have not been
strong. One longstanding theory with good data to support it
is that although the average prevailing pressure gradient be-
tween the interstitial fluid and the initial lymph opposes fluid
entering the lymphatic, there are cyclical changes in both the
interstitial fluid pressure and the lymph pressure in the initial
lymphatic because of activities in either the tissue in which the
lymphatic exists or the lymphatic itself that will produce a
pressure gradient that transiently favors the formation of
lymph.#"

Anatomically, the initial lymphatics are composed of a
layer of endothelial cells that have apparent transient gaps
between parts of the adjacent endothelial cells. The endothe-
lium of the initial lymphatics are unique in that they have
valves not only across their lumen between the initial lym-
phatic bulb and the early collecting lymphatic plexus but also
within in the walls of the initial lymphatics at these transient
“gap sites” between adjacent lymphatic endothelial cells.
Another unique characteristic is that the lymphatic endo-
thelium is physically tethered into the surrounding tissue
structure through the anchoring filaments."* ' 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 lymph pressure in the
initial lymphatic. This opens the initial lymphatic valves and
fluid enters the initial lymphatics through these valves.'” ™"

As the pressure profile across the initial lymphatic wall
changes because of either tissue or lymphatic activities, to one
that opposes lymph formation, these initial lymphatic valves
close to prevent the movement of fluid back out of the initial
lymphatic. Thus one gets transient lymph formation as a re-
sult of activity that drives the pressure gradient across the
lymphatic wall towards one that favors lymph formation.
Activities known to be important to this process are cyclical
tissue deformations such as skeletal muscle contraction, heart
contraction, gastrointestinal muscle contraction, breathing,
and intrinsic contraction of the initial lymphatic. These same
activities are also known to be responsible for creating local
pressure gradients along the early lymphatic network that
move fluid out of the initial lymphatic into the collecting
vessels.'%!1320 Importantly, when either the intrinsic lym-
phatic contraction or the extrinsic tissue deformation enters a
phase of relaxation or decompression, the initial lymphatic
structure is “pulled open” because of the transmission of
stored tissue energy through the anchoring filaments to the
initial lymphatic wall. This can once again create a situation
where the pressure gradients between the interstitium, the
initial lymphatic, and the downstream collecting lymphatics
transiently favor lymph formation.*!
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An analogous process is repeated along the lymphatic tree,
moving lymph through the lymphatic network. However,
since again the steady state fluid pressures along the lym-
phatic network are not conducive to the passive movement of
fluid down a standing pressure gradient, as was shown de-
cades ago in dogs (Table 1).2! The average lymph pressures in
the more peripheral parts of the lymphatic network have
lower pressures than do the final outflow tracts (thoracic duct
and right lymphatic duct) of the lymphatic network and the
average lymph pressures in the final outflow tracts are lower
than the venous circulation into which they empty. Con-
founding this problem in animals that spend a significant part
of their life in the upright position is the influence of gravi-
tational forces on the lymph pressures.”>** In the average
height, upright human, there is a potential hydrostatic pres-
sure gradient of —150 cm H,O from the feet to the great veins
of the neck. However, because this hydrostatic column of
fluid in the lymphatic network is broken by the presence of the
valves and nodal structures, the effective hydrostatic pressure
gradient that opposes net central lymph flow is much less.
Thus, lymph normally does not “drain” down the lymphatic
network passively as is commonly described. Instead energy
must be imparted to the lymph fluid in some fashion in order
to transport it along the lymphatic network. In lower verte-
brates, the lymphatic system utilizes a number of specialized
“lymphatic hearts” situated in numerous locations within
their bodies to drive lymph flow. Since humans and other
mammals do not have the specialized lymphatic hearts that
lower vertebrates do, we use a series of pumps and valves to
overcome these prevailing pressure gradients and move
lymph along the lymphatic network, through the nodes on to
the great veins in the neck. Without the actions of these
lymphatic pumps and valves, the proper function of the
lymphatic system (i.e., transport) cannot occur. Consequently,
to study the function/dysfunction of the lymphatic system,
one must always consider the functions of the pumps and
valves.

The Secondary Lymphatic Valve System

Once again, because the typical pressure gradients oppose
central flow along the lymphatic network, to keep flow in the
right direction, unidirectional valves are present.**! These
important structures are a hallmark of the lymphatic network
and their proper function depends upon some unique prop-
erties of the lymphatic. **?©**?%323% The function of the
lymphatic valves is thought to be driven by the pressures and
flow of fluid across them, given their unique structure.

TaBLE 1. HypRODYNAMICS OF LYMPH TRANSPORT ALONG
THE LYMPHATIC NETWORK. MEAN PRESSURES IN DIFFERENT
LymPHATIC/VASCULAR COMPARTMENTS IN THE DoG

Pressure

Compartment Tissue (cm H,0)
Upstream network sites ~ Femoral lymphatic 0.7
Cardiac lymphatic 3.8
Mesenteric lymphatic 4.7
Lymphatic outflow tracts Thoracic duct 6.6
Right lymphatic duct 2.8
Venous destination Jugular vein 7.6
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However, there is also some evidence for a possible role of
specialized lymphatic muscle in the closure of these struc-
tures in some lymphatics.>* The critical role of these unique
valves in lymph transport is highlighted in the development
of lymphedema seen as a result of genetic mutations of the
FOXC2 gene in mice and humans. FOXC2 is a genetic de-
terminant of valves and loss of its normal function leads
to lymphatic valvular failure and the development of
lymphedema.*>~7

The motion of a secondary lymphatic valve in an isolated
rat mesenteric lymphatic throughout the intrinsic lymphatic
contraction cycle can be seen in Fig. 1 and the supplemental

FIG. 1. Micrographs of an isolated rat mesenteric lym-
phatic at different stages of the intrinsic contractile cycle. The
images depict a pre-valvular end of the lymphangion at the
top of the image, the valve leaflets, and the post-valvular
sinus of the next lymphangion. The valve leaflets are high-
lighted in black to show their position and orientation.
(A) the end of diastole, (B) the vessel near the end (~ 0.2s
before the end of lymphatic systole), (C) the end of systole,
(D) the middle of the subsequent diastole. See accompanying
supplemental movie to show live action of the intrinsic
pump and the valve leaflets. (Supplemental video online at
www.liebertpub.com.)
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video. The images show the vessel at the site of a lymphatic
valve with the input (more peripheral section) oriented at the
top of the images, the valve structure cut across the two
leaflets (left and right highlighted in black) and the next
downstream lymphatic sinus. Panels A-D depict the changes
in the lymphatic structure due to the constriction of the Iym-
phatic muscle during lymphatic pumping over an approxi-
mate 3-sec interval. As seen in panel A, the lymphatic is at
rest (lymphatic diastole), the diameter of the lymphatic is
~ 105um at the arrow and the upper sections of the valve
leaflets are sharply angled downward; the leaflets are par-
tially open. Panel Bis 1.1 sec later and demonstrate the strong,
rapid phasic contraction (lymphatic systole); the diameter at
the arrow is now ~60um and the valve leaflets are still
sharply angled downward and are open. Panel C is 0.78 sec
later near the end of lymphatic systole; the diameter is similar
in size to that in Panel B but the upper segments of the valve
leaflets are “ballooned backwards” effectively closing the
valve. Panel D represents the lymphatic 1.0sec later when
the lymphatic is once again in lymphatic diastole and the
valve leaflets are reopening.

A closer look at the lymphatic valve structure can be seen in
Figure 2 and the supplemental video. These images were
obtained in an isolated pressurized rat mesenteric lymphatic
that was loaded with the intravital cellular fluorescent dye
Cell Tracker Green. This dye will load into the cytoplasm of all
living cells within the tissue. It was then imaged at a trans-
mural pressure of 3cm H,O in calcium-free solution to stop
the phasic contractions with a confocal /multiphoton micro-
scope three-dimensionally at ~0.2 um intervals in the z axis
and reconstructed in different orientations depicted in Panels
A-D to display lymphatic structure. Panel A shows the vessel
from the side with the more peripheral (input end) to the right.
Panel B shows the lymphatic segment rotated 90 degrees with
the input end facing the viewer; note the smooth transition to
the lymphatic endothelial lined valve leaflets and the valvular
opening into the sinus segment of the next lymphangion. The
difference in cross-sectional areas of the end of the input
segment, the outlet of the valve leaflets, and the beginning of
the next lymphangion sinus is very dramatic (~ a 6-fold
difference) and it is likely to play an important role in the
hydrodynamics along the vessel. Panels C and D depict the
segment rotated so as to show the opening of the output (next
lymphangion sinus) and the backside of the valve leaflets also
covered by lymphatic endothelial cells. Note the shape and
structure of the valve leaflets with the slicker thicker trailing
edges of the arch-shaped leaflets coming together to insert
into the lymphatic wall (highlighted in the white rectangles).
It is not known whether the cells that connect the insertion
points of the valve leaflets into the muscular lymphatic wall
are muscle or endothelial cells. The backside of the lymphatic
leaflets appear to be the parts of the structure that bulge in-
ward to oppose each other and form the seal of the valve at the
end of the intrinsic lymphatic systole. In summary, the lym-
phatic valves are a hallmark of all lymphatic vessels that serve
a number of important functions: They minimize lymph
backflow when the pressure gradients are not conducive to
central lymph flow. They help reduce the gravitational in-
fluence on lymph pressure by breaking up the hydrostatic
lymph column. They also allow the sequential buildup
(lymphangion by lymphangion) of lymph pressure to help
overcome any opposing pressure gradients in a stepwise
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FIG. 2. Three-dimensional reconstruction of a stack of confocal images of an isolated rat mesenteric lymphatic loaded with
the vital cell dye Cell-Tracker Green pressurized to 3 cm H,O in calcium-free solution. Confocal images were taken at 0.2 yum
intervals on a Leica confocal/multiphoton microscope in the z-axis and reconstructed in various orientations to show the
vessel and valve leaflet microstructure. (A) the outside of the lymphatic surface with the inlet oriented towards the right and
the outlet towards the left. (B) the vessel rotated to demonstrate the structure of the valve leaflets looking down the lumen of
the lymphatic in the direction of net flow. (C) and (D) show the reconstruction rotated to depict the lumenal outflow end of the
valve leaflets with their insertion points into the vessel wall. Note the unusual shaped, arched trailing edge of the valve
leaflets, the leaflet insertion site (white box), and the relative size of the opening. (Supplemental video online at www.

liebertpub.com.)

fashion. Lastly, they may be an anatomical site of fluid shear-
sensation and therefore could play important roles in the
production nitric oxide and the regulation of lymphatic
contractions.

The Lymphatic Pumps

The lymphatic system uses lymph pumps (extrinsic and
intrinsic) to provide the energy necessary to overcome the
steady state opposing pressure gradients and propel lymph
along the lymphatic network.>*?>3%*3 Different motive
forces, in conjunction with lymphatic valves, move lymph
centrally. These motive forces can be categorized into two
types dependent upon their source of energy; 1) the “intrinsic”
lymph pump relies on the intrinsic rapid/phasic contractions
of the lymphatic muscle to generate the needed forces, and 2)
the “extrinsic” lymph pump that relies on the cyclical com-
pression and expansion of lymphatics by surrounding ex-
trinsic tissue forces to generate the pressures gradients to
move lymph centrally. The extrinsic pumps are thought to
predominate in the lymphatics of the heart, skeletal muscle,
thorax, and the gut wall, while the intrinsic pumps are es-
sential for lymph flow in most other lymphatic beds.

Lymphatic Contractility and the Intrinsic Lymph Pump

The collecting, transport, and some initial lymphatics pos-
sess layers of smooth muscle cells in their outer walls to

generate and control the movement of lymph along the lym-
phatic network. The functional units within the muscular
lymphatic vessels, called lymphangions, are arranged in se-
ries and separated by highly competent valves.**** This
muscle layer is responsible for the regulation of lymphatic
diameter and thus its compliance and resistance to generate
and control lymph flow. Lymphatics that are not in a tissue
that undergoes regular periodic changes in tissue pressure
typically demonstrate phasic pumping contractions that
generate the pressures that transiently drive lymph flow
through the lymphatic network. Therefore, to regulate lymph
transport function, the lymphatic contractions that drive
pumping (strong, fast, brief contractions) and that alter flow-
resistance (moderate, slow, long-lasting contractions) must
both be controlled. Since in essence the lymphatics must work
as both pumps and conduits, they have characteristics of both
hearts and blood vessels.*>™*® To achieve these divergent
functions, local, neural, and humoral factors can modulate
flow by altering the outflow resistance via tonic contrac-
tion/relaxation of the lymphatic muscle. Neural and humoral
agents such as a-adrenergic agonists, prostanoids, natri-
uretic factors, bradykinin, substance P, and others modulate
lymphatic tone, flow resistance, and thus lymphatic func-
tion.***”7% In addition, local physical factors such as stretch/
pressure and shear/flow can also modulate lymphatic tone
and function. It has been shown that lymphatics pos-
sess myogenic activity and that tonic contraction strength is
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modulated by stretch both in its magnitude and its temporal
pattern.®*>?73%7476 Tn all the lymphatic vessels we have
studied in the rat, an increase in transmural pressure (i.e.,
increased stretch) results in a decrease in the strength of the
tonic contraction when compared to the passive diameter.*”

The intrinsic lymph pump generates lymph flow via the
coordinated rapid strong contractions fashions and of lym-
phatic muscle cells.*>”>77-8 This type of contraction results in
a rapid reduction of the lymphatic diameter, a decrease in
lymphatic compliance, an increase in the local lymph pres-
sure, closure of the upstream valve, opening of the down-
stream valve, and the ejection of lymph into the next
downstream lymphangion. The phasic contractions are initi-
ated by electrical pacemaker activity. While it is not yet clear
exactly what type of cell the pacemaker is, it is located within
the muscle layer of the lymphatic wall.*'™* While the elec-
trophysiological properties of lymphatic muscle are key cel-
lular regulators of the lymphatic contractile function, that
subject is not the focus of this report but has recently been
reviewed elsewhere.*” The intrinsic lymph pump can be an-
alyzed using a cardiac cycle analogy®® where the phasic
contractile cycle is divided into lymphatic diastolic and sys-
tolic periods. Lymphatic pumping function can then be
evaluated using the phasic contraction frequency, ejection
fraction, stroke volume, and lymph pump flow as can be seen
in the lymphatic diameter tracing from a rat mesenteric
lymphatic in Figure 3.”** Extending the cardiac pump anal-
ogy, the intrinsic lymph pump can be modulated via inotro-
pic (i.e., changes in the strength of contraction) and/or
chronotropic (i.e., mediated by changes in the contrac-
tion frequency) fashions and physical, neural, and humoral
influences, #6:25:39,50,56,63,65,67,90-98

Our laboratory group has focused much of our efforts an-
alyzing the physical effects of stretch and shear on the intrinsic
lymph pump and other contractile mechanisms. Elevated
lymph pressure acting via an increase in the stretch of
the lymphatic vessel is a classic activator of the lymph pump.
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FIG. 3. The typical temporal tracing of the diameter of an
isolated lymphatic throughout the intrinsic lymphatic con-
traction cycle. Lymphatic pumping parameters are defined
in a fashion similar to that in the heart. EDD, end diastolic
diameter (um); ESD, end systolic diameter (um); contraction
frequency (CF) = contractions/minute; stroke volume (SV) =
end diastolic volume — end systolic volume; ejection fraction
(EF) =SV /end diastolic volume; lymph pump flow (LPF)=
CFxSF; fractional pump flow (fractional volumes pumped
per minute) = CFxEF.
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Stretch of the lymphatic increases the lymphatic contraction
frequency and initially increases the phasic contraction
strength.é'ZS'44 However, further increases in pressure/stretch
eventually produces a fall in the phasic contraction strength
(inotropy), presumably as the ability to increase active con-
tractile force begins to fail. This effect on inotropy is differ-
entially expressed in lymphatics from different tissues *” and
presumably is dependent on the typical tissue characteristics
in that species and region. Although lymphatics from differ-
ent species and tissues will achieve their maximum ability for
intrinsic pumping at somewhat different pressures, they are
all comparatively low, between 3 and 20 cm H,O. The influ-
ence of pressure/stretch on the intrinsic lymph pump in rat
mesenteric lymphatics, a more upstream peripheral lym-
phatic and rat thoracic duct, the final outflow tract of the
lymphatic network, can be seen in Fig. 4 and the supple-
mental videos. For the rat thoracic duct, the peak intrinsic
pump productivity was observed at a transmural pressure of
~3 cm H,O, with no significant differences in pumping over a
range of transmural pressures of 2—4 cm. Transmural pres-
sures beyond ~2-4cm H,O produced a weakening of the
intrinsic pump. For the rat mesenteric lymphatics, maximum
pumping occurred at a pressure of 5cm H,O, with no sig-
nificant differences in pumping over the range of transmural
pressures of 2-7cm. Inotropy of the rat mesenteric lymph
pump declined at transmural pressures greater than 5-7 cm
H,0. These data indicate that optimal pumping in more pe-
ripheral lymphatics occurs at somewhat higher transmural
pressures, presumably a reflection of the greater outflow re-
sistance against which they must pump. For example, in these
two lymphatics, the highest fractional pump flow was seen in
the mesenteric lymphatics (6-8 volumes/min) at the optimal
pressure levels and the lowest fractional pump flow (~ 2
volumes,/min) was found in the thoracic duct.

Somewhat less well-studied in lymphatics are the effects of
the other dominant physical factor—flow /shear. The magni-
tude and pattern of lymph flow is the result of numerous
factors, lymph formation, extrinsic and intrinsic pumping, etc.
Lymph flow will create shear forces that act on the lymphatic
wall. These shear forces may alter lymphatic contractility in a
fashion similar to those well-defined actions in blood ves-
sels.”” ! Tsolated bovine mesenteric lymphatics exposed to
an imposed axial pressure gradient exhibited an inhibition of
the intrinsic phasic lymph pump even at the low axial pres-
sure gradients of ~3cm H,O, with further increases in the
axial pressure gradient producing a complete inhibition of
active pumping.102 However, the transmural pressure was
not maintained constant in these experiments as the axial
positive was increased, confounding the action of the physical
forces. We have shown that increased lymph flow /shear in
the muscular lymphatics can modulate intrinsic lymphatic
pumping in a more controlled experimental protocol.”" We
used isolated and perfused lymphatics from different regions
of the body from the rat. In these experiments, we altered the
imposed axial flow while maintaining a constant transmural
pressure by changing the input and output pressures simul-
taneously to the same degree but in opposite directions. The
imposed flow produced a strong inhibition of the active
lymph pump in mesenteric lymphatics and especially
the thoracic duct.” These effects are shown in Table 2 and the
accompanying supplemental videos. Shear due to the im-
posed flow gradient caused a loss of basal tonic contraction
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FIG. 4. The effects of transmural pressure (stretch) on lymphatic pumping functions in isolated rat mesenteric lymphatics
and rat thoracic ducts. (A) shows an example of a lymphatic diameter temporal tracing during increasing transmural pressure
in 30s intervals (left to right). Note the consistent increase in diameter and contraction frequency as pressure is elevated.
(B) depicts the effect of stretch on intrinsic contraction frequency (cpm) in mesenteric and thoracic lymphatics. Note the
increased sensitivity to stretch in the mesenteric compared to thoracic duct. (C) demonstrates the changes in ejection fraction
(EF) in this group of lymphatics. Note the slight rise and plateau in EF with a subsequent decline above 5cm H,O in rat
mesenteric lymphatics. (D) shows the effects of pressure on the fractional pump flow as a combination of frequency and EF.
Note the rise in FPF in mesenteric lymphatics until 5cm H,O in mesenteric lymphatics, whereas the thoracic duct is a
significantly weaker pump that shows a slight increase in FPF from 1-3cm H,O but then a decline above 3cm H,O.

(Supplemental video online at www.liebertpub.com.)

strength, reductions in the contraction frequency, amplitude
of the phasic lymphatic contractions, ejection fraction, and
fractional pump flow. The inhibition in the intrinsic pumping
by imposed flow was significantly greater in the thoracic duct
when compared to the mesenteric lymphatic. In the thoracic
duct, an imposed flow gradient of 3-5cm H,O caused es-
sentially complete cessation of the pumping activity. We hy-
pothesize that this enhanced shear-sensitivity of the thoracic
duct is due to its location in the lymphatic network—the final
outflow path, where other pumps upstream (intrinsic and
extrinsic) can drive lymph flow. We know that the inhibition

TaBLE 2. EFrFecTs OF IMPOSED FLOW ON THE LympPH Pump

ML flow

TD flow

Parameters ML control (7cm H,O) TD control (5cm H,0)
SD (um) 63+7 8948 456427  562+24%
DD (um) 9+6 102+6 548 +24 567 +23
CF (min—1) 9.0+16 31+14* 46+06 0.1+0.1%
EF 0.59+0.05 0.224+0.05* 0.31+0.03 0.02 +0.02*
FPF (s-1) 514+1.0 1.0+£05* 14+0.2 0.01+0.01*

of the intrinsic lymph pump by a relatively high steady state
flow is dependent on the lymphatic endothelium, since re-
moval of the endothelium eliminates this effect. We have also
shown that this effect in these tissues is predominantly due to
the production of nitric oxide (NO) since blockade of NO
synthase (NOS) almost completely blocked this effect.”!
However, one complication in these experiments was the
issue of what level of imposed flow /shear should be used in
these isolated vessel? Since at the time there were no measures
of the lymph flow in these vessels in siti, we had to estimate
the pressure gradient to apply based on our previous mea-
sures of the lymph pressure gradients associated with the
intrinsic contractions. Later we developed and implemented
methods whereby we could measure lymph flow in situ in the
rat mesenteric lymphatics using hi-speed video lymphocyte-
tracking techniques.'®% By measuring lymphocyte velocity
and lymphatic diameter throughout the lymphatic contractile
cycle, we could better estimate the flow and shear profiles that
these lymphatics are exposed to under normal and patho-
physiological conditions. An example of the lymphocyte ve-
locity and diameter profiles seen during intrinsic lymph
pumping in situ in the rat mesenteric lymphatics can be seen
in Fig. 5. The mean diameter of these lymphatics was
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FIG. 5. Traces of lymph velocity and diameter over time
throughout 3.5 contractile cycles from an in situ experiment
measuring lymph flow using lymphocyte-tracking tech-
niques. Note the phase delay between the diameter changes
and velocity, the periodic velocities, and the small but sig-
nificant backflow that occurs before valve closure.

~ 105 um with phasic contractions amplitude of ~30%—40%.
The lymphocyte density varied ~300-35,000 cells/uL with a
flux ~100-8000 cells/minute. Based on simple Poiseuille flow
models, the average lymph velocity was ~0.9mm/s with
transient peaks up to 10-fold higher 2-9mm/s. The lymph
velocity is ~180° out of phase with the phasic diameter
changes with periods of flow reversal preceding each valve
closure. The average calculated lymph flow is ~14 uL /hour
with average lymph shear stress of ~0.4-0.6 dynes/cm2 and
with shear stress peaks of 3-10 dynes/cm?. Overall, this is a
much more complex flow /shear pattern than what is typically
exhibited in similar sized arterioles, with the lymphatic hav-
ing greatly reduced averaged flow/shear but with much
greater degree of change in flow/shear both in its magnitude
and direction. Comparing these measured in situ values to
what one would expect using the imposed axial pressure
gradients in the isolated lymphatic experiments gives very
similar peak velocities.'"” However, one significant difference
in the flow generated by an imposed axial pressure gradient in

93

the isolated lymphatic experiments is that it is a much more of
a steady flow/shear profile when compared to those mea-
sured in situ. How these flow/shear-induced effects may
change when the magnitude and profile of flow /shear is al-
tered is the focus of our current studies.

Additionally, the direction and magnitude of the pump
modulation is dependent on the pattern and magnitude of the
flow/shear as well as the sensitivity of the particular lym-
phatic region. We conducted a series of studies in rat thoracic
duct using the blockade of eNOS with LNAME in isolated
thoracic duct segments that were not exposed to any imposed
axial pressure gradiem’cs.90 Thus, the only flow through these
isolated lymphatics came about because of the intrinsic
pumping activity. Blockade of NO in the thoracic duct in-
creased the contraction frequency as we had seen earlier. The
NO blockade also increased basal tone by 30%-50%, which
altered lymphatic diastolic compliance and thus decreased
lusitropy. This resulted in a decrease in the phasic contraction
amplitude and ejection fraction. This implies that there is in-
herent NO activity in these vessels due to the flow generated
by the intrinsic pumping and the inherent sensitivity of the
vessel to shear. The phasic relatively low-level shear patterns
generated by the intrinsic pump modulates intrinsic lymph
pumping and increases the efficiency of the pump via NO-
dependent mechanisms in distinction to the imposed steady
flows.”® Thus it appears that there are substantial differences
between the effects on the NO generated via a relatively high
steady-state imposed flow versus the lower magnitude, os-
cillatory patterns of NO generated by flow via the intrinsic
lymph pump. We propose that the imposed flow-dependent
inhibition of the active lymph pump is a physiological
mechanism that saves energy by decreasing or stopping in-
trinsic pumping when the lymphatics do not need to gener-
ate lymph flow because some other mechanism upstream is
doing so. Inhibition of the intrinsic lymph pump under these
conditions will also reduce lymph outflow resistance as a re-
sult of the net increase in average lymphatic diameter that
occurs when strong phasic contractions are inhibited. This
decrease in outflow resistance would ease the removal of fluid
from the tissue producing the high lymph flows, thus facili-
tating the resolution of edema with a reduced energy cost.
Thus, the influence of flow /shear on lymphatic pumping and
contractile activity is complex and heavily intertwined in the
accompanying changes in lymph pressure/stretch. Together,
changes in these physical factors are critical regulators of
lymphatic function. However, our understanding of these
processes, as well as those of other neural and humoral pro-
cesses, depends on our knowledge of BOTH the activities
of the lymphatic endothelial cells and muscle cells and how
these interactions generate/regulate lymphatic muscle con-
tractions and thus function.

Conclusions

Impairment of lymph flow can result in a wide range of
pathologies, including lymphedema, depressed immune
function, impaired lipid metabolism, etc. Globally, lymphe-
dema is on the World Health Organization’s top ten list of
debilitating diseases to conquer, with hundreds of millions
patients affected by the lymphedema caused by parasitic
lymphatic filariasis. In the United States, the most common
lymphatic disease diagnosed is secondary lymphedema
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resulting from mastectomy, congestive heart failure, or re-
constructive surgery, with millions of patients suffering from
secondary lymphedema after surgical node resection alone.'%
Most importantly, there are likely many other pathologies in
which lymphatic dysfunction has important roles that have
not yet been defined. Furthermore, our understanding of the
relative roles of lymphatic structure versus function in lym-
phatic dysfunction is still minimal. Thus, although studies
have provided some information on lymphatic pumping ac-
tivity, the basic physical, cellular, and molecular regulation of
lymphatic muscle contraction is still not well understood. In
particular, our understanding of the molecular processes that
regulate the tonic and phasic lymphatic muscle contractions is
incomplete. A better understanding of these processes would
provide the basis for the development of better diagnostic and
treatment modalities for lymphatic disease.
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