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Abstract

Background: Heterogeneity of the length—tension relationships in lymph vessels has never been evaluated
systematically.

Methods and Results: In this study we measured the length—tension relationships in lymph vessels from three
different regions of the rat: thoracic duct, cervical, and femoral lymph vessels, and compared the results to our
previous measurements of rat mesenteric lymph vessels. We performed isometric force measurements on activated
and passive lymph vessel segments using a small-vessel wire myograph. We found that all groups of vessels had
relatively broad plateaus in their active tension versus length relationships, suggesting that they are adapted to
generate near-maximal tensions over a relatively wide range of preloads (at least 0.85-1.05 L;). Thoracic duct
exhibited the flattest active tension curve, particularly for peak active tension, in which there was less than a 5%
change in peak active tension from 0.75 to 1.30 of optimal length. Femoral lymph vessels were able to withstand
the highest estimated pressures, followed by mesenteric and cervical vessels and then thoracic duct.
Conclusions: We conclude that lymph vessels effectively adapt their contractile force to the particular hydro-
dynamic conditions (transmural pressures and intraluminal flows) that exist in different regions of the lymphatic

system.

Introduction

HE LYMPHATIC SYSTEM is critical to fluid homeostasis. The

lymphatic capillary network serves as a compartment to
absorb tissue fluid through primary lymphatic valves created
by the overlap of endothelial cells in the walls of initial lym-
phatics."? Lymph accumulates in the initial lymphatics, but
the resulting hydrostatic pressure is insufficiently strong to
maintain effective lymph transport through the collecting
lymphatics and lymph nodes to the thoracic duct and great
veins (for review see, Ref. 3). Effective lymph transport from
peripheral to central vessels requires the contractions of one or
more layers of lymphatic muscle cells in the walls of the col-
lecting lymph vessels. The presence of secondary luminal
valves,> which divide those vessels into chambers—Ilym-
phangions,* serve to minimize the back-flow of lymph.**~”
Therefore, the contractile force of the muscular lymph vessels,

which serve as the transporting lymphatic compartment, is
critical for fluid homeostasis in the majority of mammals, in-
cluding humans.

In lymphatic muscle, as in all muscle, active force devel-
opment depends on the initial muscle cell length (preload) as
well as the load against which the muscle must work after it is
activated (afterload). For lymph vessels, preload is deter-
mined by end-diastolic wall stretch due to the diastolic filling
of the lymphangion;s_n afterload is determined by the mo-
ment-to-moment pressure fluctuations in the downstream
lymphangion and, in a dependent extremity, by the prevail-
ing gravitational hydrostatic load. Lymphangions can be de-
scribed as self-regulating pumps, which are constantly
adjusting their force generation to account for variable com-
binations of different preloads and afterloads.’

In the majority of local lymphatic networks, the existing net
pressure gradient opposes lymph flow most of the time so that
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lymphangions must support effective lymph flow by active
phasic pumping.® In contrast, lymph vessels located above the
level of the chest (particularly in bipedal humans) are exposed
to the opposite situation where gravitational forces support
net lymph flow."> We demonstrated previously that such
variability in local hydrodynamic conditions leads to regional
variability in both pressure- and flow-dependent reactions of
lymphatic vessels.'

Based on our previous work, we proposed that regional
heterogeneity in the sensitivity of lymph vessels to changes in
transmural pressure/stretch reflects differences in the force-
generating ability of the lymphatic muscle cells. To test this
idea, it is important to measure the basic length—tension (L-T)
relationships of lymph vessels from different regions of the
body'® to compare these relationships among the different
vessel types and to analyze them in the context of the
pressure-induced contractile responses of similar vessels ob-
tained under isobaric conditions. To accomplish this goal, we
used a small vessel wire myograph to measure the L-T rela-
tionships of the thoracic duct and collecting lymphatic vessels
from cervical and femoral regions of the rat under isometric
conditions and compared them to the L-T relationship pre-
viously determined for rat mesenteric vessels.

Materials and Methods
Isolated vessel preparation

Male Sprague-Dawley rats (200-300 g) were used for all
experiments. All animal protocols conformed to institutional
and federal guidelines.

To isolate segments of the thoracic duct, rats were eutha-
nized with pentobarbital sodium (120mg/kg body weight
IP). The animal was positioned on its back, the ventral chest
wall was opened by lateral incision, and the sternum and
approximately half of the ribs were excised. The inferior vena
cava was ligated and cut close to the diaphragm. The lungs
and heart were pulled to the left side of the animal to expose
the thoracic duct between the aorta and vertebral column. The
thoracic duct was then carefully cleared of all surrounding
tissue under a dissecting microscope. Extreme caution was
used at all times to prevent direct contact with the thoracic
duct, thereby reducing the likelihood of damage. The segment
of interest was kept moist for the period of dissection using
physiological saline solution (PSS) containing the following (in
mM): 145.0NaCl, 4.7KCl, 2.0CaCl,, 1.17MgSO,, 1.2NaH,.
PO4, 0.02 EDTA, 5.0 glucose, 2.0 sodium pyruvate, 3.0 3-(N-
morpholino) propanesulfonic acid, and 1g/100ml purified
bovine serum albumin. Sections of thoracic duct ~1cm long
were used for experiments.

To isolate segments of cervical lymph vessels, rats were
anesthetized with pentobarbital (60 mg/kg body weight IP).
The skin was removed from the entire ventral surface of the
neck. Underlying fascia and superficial muscles were dis-
sected in the area near the confluence of the external and
internal jugular veins. Cervical lymph vessels were identi-
fied as comparatively large lymphatic trunks between the
internal and external jugular veins located on the cephalic
side of their confluence, deeper than the level of veins. These
lymph vessels formed a sharp angle with the external jugular
vein and were sometimes found under the external jugular
vein. Sections of cervical lymph vessels ~1cm in length
were dissected and used for experiments. After isolation of
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the vessels, the rat was euthanized with pentobarbital
(120 mg/kg body weight IP.)

For isolation of segments of femoral lymph vessels, anes-
thesia and euthanasia procedures were the same as those used
to obtain the cervical lymph vessels. The skin was removed
from the internal surface of the thigh. Superficial fascia and
muscle layers were quickly removed to provide access to the
area of connections between the femoral artery, the internal
iliac artery, and the artery of the deferent duct. Suitable lymph
vessels were found between these arteries. After careful
cleaning in situ, sections of the femoral lymph vessels ~1cm
long were dissected and used for experiments.

After dissection, the lymph vessel of interest was cut into 2-
mm long segments and transferred to a wire myograph
chamber.

Mounting lymphatic segments

Isometric experiments were performed using a single-
channel wire myograph (Danish Myo, model 310A; ]J.P.
Trading, Aarhus, Denmark). In PSS at room temperature, the
vessel segment was threaded onto a suitable length of stain-
less steel wire (diameter=40 um for thoracic duct; 25 yum for
other lymph vessels) and the wire was secured to one jaw of
the myograph. The second wire was passed gently through
the vessel lumen and then anchored to the other jaw of the
myograph. An adjustable micrometer was used to separate
the jaws and stretch the vessel between the two parallel wires.
A calibrated force transducer (Danish Myo, J.P. Trading)
measured forces between 0 and 40 mN. The force output was
digitized with a PCI-6030e A-D card and interface (National
Instruments, Austin, TX) and displayed using a Pentium 4
computer running a custom program written in LabVIEW
(National Instruments). Data were typically collected at
10 Hz. After each segment was mounted in the myograph, the
bath temperature was raised to 37+0.1°C.

Microscope system

The mounted segment was transferred to the stage of an
inverted microscope (Olympus model CK40-F1000) coupled
to a CCD camera (Hitachi Denshi, model PK-M2U). A video
micrometer (Microcirculation Research Institute, Texas A&M
University, TX) was used to measure inner and outer dia-
meters, and the video was recorded using a digital VCR
(Panasonic, model DMR-E85H). The thickness of the wall was
measured at several sites along the vessel at each level of
preload for later determination of wall stress.

Experimental protocols

Each vessel was equilibrated for ~1h in PSS, with the so-
lution being changed once during the equilibration period.
Starting from a completely unloaded state, the circumferential
length was slowly increased in a stepwise manner by manual
adjustment of the distance between the jaws. After a stable
level of force was achieved for ~2 min, the vessel was maxi-
mally activated with 110~° M Substance P in K®PSS where
equimolar KCI was substituted for NaCl in PSS (KePSS). The
time course of active force development was then recorded for
5-10min. After washing in PSS twice, the vessels were re-
turned to a completely unloaded state, and the force trans-
ducer was re-zeroed. After ~5min, the passive length was
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increased and the activation protocol repeated. This proce-
dure was repeated until no further increase in active force
(Fmax) was recorded. The passive and total length-force re-
lations were then determined.

Statistical differences were determined by two-way ANOVA
or paired Student’s f-test and considered significant at
p<0.05.

Results

Table 1 summarizes the passive and active mechanical
properties of the three lymph vessel types; 12 vessels were
studied from each region.

Figure 1 summarizes the length—tension (L-T) relationships
for lymph vessels from the three different regions. To facilitate
comparisons with our previously published data on the L-T
relationship for rat mesenteric lymph vessels using the same
method, we have re-plotted the mean data from the mesenteric
vessels in panels G and H (from Ref. 11). The diameter of
mesenteric lymph vessels at optimal preload was 149.1+
41 um.n Panels A, C, E, and G show tension as a function of
initial length for the peak of force development after the vessel
was activated with SP in KePSS; force typically peaked about

TaBLE 1. MECHANICAL CHARACTERISTICS
OF RAT LYMPH VESSELS

Thoracic Duct  Cervical Femoral

Diameter, Do (um) 404.5£10.1 236.1+£9.5 203.0£10.7

Number 12 12 12

Thickness of the wall  10.8+£0.9 8.1£0.6 7.8+0.5
of vessels (um)

Volume of the wall 13,383 9,859 8,235
of vessels (um?)

Passive tension at L, 0.13£0.01 0.13+£0.01 0.15+0.01
(mN/mm)

Maximal peak active  0.59+0.03 0.37£0.03 0.39+0.03
tension (mN/mm)

Maximal plateau 0.36+0.03 0.15+0.03 0.51+0.01
active tension
(mN/mm)

Passive pressure at 6.4+0.2 11.1£0.2 15.6+£0.9
Ry (cm H,O)

Maximal peak 363129 354+19 39.4+24
active pressure
(cm HO)

Maximal plateau 17.1+1.3 129+1.7 148+1.1
active pressure
(cm H,O)

Passive stress at 0.11+£0.01  0.07£0.01 0.20£0.01
Ro (10° N/m?)

Maximal peak 0.63+£0.07 0.50£0.07 0.51+0.05
active stress
(10° N/m?)

Maximal plateau 0.38+0.05 0.21+0.05 0.20£0.02

active stress
(10° N/m?)

Values are means+SEM. Values of tension, pressure, and stress
were calculated from the basal force reading on the myograph. The
optimal internal circumference (Lo) at which vessels generated
maximal active force (Fmax) was calculated from the distance
between the wires plus wire diameter, with the assumption of
elliptical geometry. Dy, and R, corresponding to the optimal
diameter and radius were respectively measured at L.
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15-30sec after addition of activating solution. Panels B, D, F,
and H show tension as a function of initial length for the plateau
phase of force development after the vessel was activated; these
measurements were typically made 90-120 sec after activation.
In each panel, the curve represented by open squares describes
the relationship between passive wall tension and length, in
which tension=force/(2 ¢ segment length). The internal cir-
cumference of the vessel (L) was calculated as the wire cir-
cumference plus 2 times the wire diameter plus 2 times the
distance between the inner edges of the wire.'"'* L was nor-
malized to the optimal internal circumference (L,) at which
vessels generated maximal active force (Fyax). The curve re-
presented by filled squares describes the total length-tension
relationship. The difference between the two curves (dashed
lines) represents the active tension developed at each preload.
A few interesting differences between the vessels were
notable. Peak active tension was comparable between cervi-
cal, femoral, and mesenteric lymph vessels; however, peak
active tension for thoracic duct was ~55% greater than for the
other vessels. The plateau active tensions were comparable
between cervical and femoral lymph vessels, plateau active
tension in thoracic duct was ~50% higher, and plateau active
tension in mesenteric lymph vessels was intermediate be-
tween thoracic duct and the other vessels. All vessels had
relatively broad plateaus in their active tension versus length
relationships, suggesting that they could generate near-
maximal tensions over a wide range of preloads (0.85-
1.05Lg). Thoracic duct exhibited the flattest active tension
curve, particularly for peak active tension (<5% change in
peak active tension from 0.75 to 1.30 L;), whereas the corre-
sponding curve was steepest for mesenteric lymph vessels.
The length—tension relationships of the passive and acti-
vated vessels were used to calculate the pressures at which
each vessel would produce maximal active tension. Circular
geometry was assumed, which is probably a valid assump-
tion at normalized lengths >0.6 given the calculated pressure
ranges associated with active force development. Figure 2
summarizes the calculated distending pressures for the three
vessel types as a function of normalized diameter (D/Dy),
where D and Dy were calculated from L and L. Here, pressure
is the equivalent intraluminal pressure required to sustain an
isometric contraction in a cannulated, pressurized vessel of
the same normalized diameter.'"* The equivalent pressure
under isometric conditions was calculated using the Laplace
equation: pressure=tension/(internal circumference/2en).
Maximal active pressure was calculated by subtracting the
passive curve (open squares) from the total curve (filled
squares). This represents an estimate of the pressure required
to maintain a pressurized vessel isometric during maximal
activation with 1#10°° M SP in KePSS. The active pressure—
diameter relationships of all three types of vessels were non-
linear and convex to the diameter axis. Femoral lymph vessels
were able to withstand the highest pressures, followed by
mesenteric and cervical vessels, and then thoracic duct.
Figure 3 compares wall stress as a function of initial length
for the four lymph vessels. Again, previously published mean
data from mesenteric lymph vessels'' are shown in panels G
and H for comparison. To compare the mechanical properties
of vessels with remarkably different sizes (see Table 1), the
contractile force was normalized to the smooth muscle mass, as
reflected by the medial wall thickness.'>'® Wall thickness data
were obtained from direct dimensional measurements during
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FIG. 1. Length—tension relationships for lymph vessels from four different regions. o, Tension in passive vessels; u, tension
in activated vessels (total tension). The active tension (dashed line) was obtained by subtracting the passive curve from the
total tension curve. L/L,, length normalized to optimal internal circumference. Error bars,+SEM. Data from mesenteric
lymph vessels is re-plotted from Ref. 11 for comparison.
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FIG. 2. Calculated pressure as a function of normalized diameter for lymph vessels from four different regions. o,
Calculated pressure in passive vessels; =, calculated pressure in activated vessels (total pressure). D/D, is normalized
diameter, where D, is the diameter associated with maximal active force. The dashed line indicates the pressure calculated
from active tension. Error bars,+ SEM. Data from mesenteric lymph vessels is re-plotted from Ref. 11 for comparison.
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FIG.3. Wallstress as a function of normalized internal radius for lymph vessels from four different regions. o, Wall stress in
passive vessels; m, wall stress in activated vessels (total stress). R/R,, is the normalized internal radius, where R, is the radius
associated with maximal active force. Active stress (dashed line) was obtained by subtracting the passive curve from the
activated curve. Error bars, + SEM. Data from mesenteric lymph vessels is re-plotted from Ref. 11 for comparison.

the experiments, and wall stress was computed by dividing
wall tension by wall thickness of the media layer at each point
on the length—tension curve. For mesenteric lymph vessels, the
wall thickness averaged 6.0+0.7 pum.* Wall stress was then
plotted as a function of the normalized radius, R/Ry, where R
and R, were the internal radii calculated from L and L,. Max-
imal active wall stress was estimated by subtracting the passive
curve (open squares) from the total curve (closed squares).

For all three vessel types, the optimal preloads correspond-
ing to the maximal active stresses were shifted slightly to the
right in comparison to the optimal preloads for the respective
maximal active tensions (Fig. 1). Maximal active stresses at the
peaks of contraction were all within ~20% for the four lymph
vessel types. There was more variability in the values of max-
imal active stress for the plateau phase of contraction, with
cervical and femoral vessels being lowest, and thoracic duct
and mesenteric lymph vessels being about 80% higher.

Discussion

We proposed previously that regional differences in the
sensitivity of lymph vessels to increases in transmural pressure
or stretch reflect differences in the ability of lymphatic muscle
to regulate force development according to local hydrody-
namic conditions. The basic length-tension relationships of
vessels from the four different lymphatic regions shown in
Figure 1 are consistent with this hypothesis. In this regard, at
least three aspects of our findings are notable. 1) All groups of
vessels had relatively broad plateaus in their active tension
versus length relationships, suggesting that they are adapted to
generate near-maximal tensions over a relatively wide range of

preloads (at least 0.85-1.05 Ly). This would allow the vessels to
adapt or maintain their contractile properties in the face of
highly variable local combinations of transmural pressures and
intraluminal flows that are known to occur in the lymphatic
system.'”'® 2) The thoracic duct exhibited the flattest active
tension curve, particularly for peak active tension, in which
there was less than a 5% change in peak active tension from
0.75 to 1.3L,. This finding supports earlier conclusions of a
relatively greater conductive function for this major lymphatic
trunk in the body compared to other parts of the lymphatic
system, allowing the thoracic duct to remain relatively insen-
sitive to changes in pressure and more likely to be regulated
primarily by changes in flow.'® Changes in the tone of the duct
are important to regulate its ability to lower local resistance
during periods of high flow;® therefore comparatively similar
values of active tension at different preloads may establish
conditions for a similar contractile response to a wide range of
changes in filling of the duct. This characteristic of the thoracic
duct may also minimize myogenic constriction'” at times when
flow is high enough to move lymph passively through it;
otherwise contractile activation would increase its resistance to
flow.*'® 3) Femoral lymph vessels were able to withstand the
highest pressures, followed by mesenteric and cervical vessels,
and then thoracic duct. We propose that this hierarchy reflects
the existence of periods of higher transmural pressures and
resistances to flow in femoral lymphatic network, which im-
poses greater demands to the contractile ability of the femoral
lymph vessels. At the other end of the spectrum is the thoracic
duct with its lower resistance to flow.

To make comparisons between the isometric measure-
ments made in the present study and isobaric measurements
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of the optimal pressure range for pumping made in a previous
study,'® we calculated the maximal pressures the four types of
vessels would be able to withstand under conditions when the
lymphatic muscle was maximally activated (Fig. 2). Femoral
lymph vessels were able to withstand the highest estimated
pressures (~45cm H;0), followed by mesenteric (~40cm
H,0) and cervical vessels (~35cm H>0), and then thoracic
duct (~35cm H,0). It is probably not coincidental that this
rank order probably reflects the relative levels of hydrostatic
pressure normally experienced by these vessels. Mesenteric
vessels would experience relatively higher pressures in the
portal circulation and femoral vessels would be more subject
to gravitational loads incurred with changes in body position.
Femoral and mesenteric lymph vessels also have higher out-
flow resistances because they are located further upstream in
their respective lymphatic vascular networks than cervical
lymph vessels or thoracic duct.

Finally, we can speculate that the same relative relationships
would hold for lymph vessels in bipeds or other mammals
whose extremities are routinely subjected to gravitational
loads. Indeed, the maximal active tensions and pressures in
lymph vessels from dependent extremities would be predicted
to be even greater than those in rat femoral lymph vessels. The
rat is a quadruped that experiences hydrostatic loads (due to
gravity) of only a few cm H,O in the various body positions
encountered during normal activities. In bipeds, potentially
much greater hydrostatic loads are presumably ameliorated by
the secondary, intraluminal valve system (if the valves are
functional), but relatively high hydrostatic pressures have
nevertheless been recorded in lymph vessels in both normal
and diseased human extremities when a limb is placed in a
dependent position.'****! Lymph vessels in dependent ex-
tremities probably must be able generate relatively robust
levels of active tension in the muscle layer to prevent the over-
distention that would otherwise lead to weakening of the wall
and eventually to chronic inflammatory processes.

In conclusion, these are the first comparative measure-
ments and analyses of the basic length-tension relationships
in lymph vessels from four different regions—thoracic duct,
cervical, mesenteric and femoral lymph vessels. We surmise
that lymph vessels effectively adapt their contractile force to
the particular hydrodynamic conditions (transmural pres-
sures and intraluminal flows) that exist in different regions of
the lymphatic system.
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