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The ability of cells to sense and respond to physical forces has
been recognized for decades, but researchers are only beginning
to appreciate the fundamental importance of mechanical signals in
biology. At the larger scale, there has been increased interest in
the collective organization of cells and their ability to produce
complex, “emergent” behaviors. Often, these complex behaviors
result in tissue-level control mechanisms that manifest as biologi-
cal oscillators, such as observed in fireflies, heartbeats, and circa-
dian rhythms. In many cases, these complex, collective behaviors
are controlled—at least in part—by physical forces imposed on the
tissue or created by the cells. Here, we use mathematical simula-
tions to show that two complementary mechanobiological oscilla-
tors are sufficient to control fluid transport in the lymphatic
system: Ca2+-mediated contractions can be triggered by vessel
stretch, whereas nitric oxide produced in response to the resulting
fluid shear stress causes the lymphatic vessel to relax locally. Our
model predicts that the Ca2+ and NO levels alternate spatiotem-
porally, establishing complementary feedback loops, and that the
resulting phasic contractions drive lymph flow. We show that this
mechanism is self-regulating and robust over a range of fluid pres-
sure environments, allowing the lymphatic vessels to provide
pumping when needed but remain open when flow can be driven
by tissue pressure or gravity. Our simulations accurately reproduce
the responses to pressure challenges and signaling pathway ma-
nipulations observed experimentally, providing an integrated con-
ceptual framework for lymphatic function.
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Flow of fluid within the lymphatic system is central to many
aspects of physiology, including fluid homeostasis and im-

mune function, and poor lymphatic drainage results in significant
morbidity in millions of patients each year (1). Although it is
known that various mechanical and chemical perturbations can
affect lymphatic pumping, there are still no pharmacological
therapies for lymphatic pathologies. A fundamental understanding
of how various signals coordinate lymphatic vessel function is a
necessary first step toward development of treatments to restore
fluid balance and enhance immunosurveillance.
The lymphatic system consists of fluid-absorbing initial lymphatic

vessels that converge to collecting lymphatic vessels, which trans-
port lymph through lymph nodes and back to the blood circulation
(2). The collecting lymphatic vessels actively transport fluid via
contractions of their muscle-invested walls. Unidirectional flow is
achieved by intraluminal valves that limit back flow. Unfortunately,
lymphatic pumping is not always operational, and this can lead to
lymphedema and immune dysfunction (3, 4).
Much is known about the mechanisms responsible for the con-

tractions of the vessel wall. As in blood vessels, the muscle cells that
line lymphatic vessels respond to changes in Ca2+ concentration.
Membrane depolarization results in an influx of Ca2+ to initiate the
contractions, and this process can be modulated by neurotrans-
mitters (5) or inflammatory mediators, which generally alter the
frequency and amplitude of lymphatic pumping (4, 6). Many
studies have also reported that physical distension, either by ap-
plying isometric stretch or by pressurizing the vessel can affect
the phasic contractions (7–10). Interestingly, endothelial (11) and

smooth muscle cells (12) have stretch-activated ion channels that
can initiate Ca2+ mobilization in response to mechanical stresses.
Thus, stretch may constitute an important trigger for the contrac-
tion phase of a pumping cycle.
There are also complementary mechanisms for tempering the

Ca2+-dependent contractions. The most notable is nitric oxide
(NO), a vasodilator that acts at multiple points in the Ca2+-con-
traction pathway to modulate Ca2+ release and uptake, as well as
the enzymes responsible for force production (13). Blocking or
enhancing NO activity can dramatically affect pumping behavior
(4, 14–17). Furthermore, lymphatic endothelial cells produce NO
in response to fluid flow (16, 18, 19). Importantly, NO dynamics
are faster than observed pumping frequencies, so flow-induced NO
production is another potential mechanosignal involved in lym-
phatic regulation (20).

Model Formulation
We hypothesized that Ca2+ and NO cooperate to control lym-
phatic transport via mechanobiological feedback loops: during a
lymphatic contraction cycle, increased shear causes local endo-
thelial NOS (eNOS) activation, and the subsequent production
of NO results in blunting and/or reversal of the Ca2+-dependent
contraction. As the vessel relaxes, NO degrades rapidly and its
production drops due to the reduced fluid velocity in the now
larger-diameter vessel. Meanwhile membrane potentials and
resting calcium levels are restored in preparation for another
contraction. The next contraction can be triggered by any signal
able to initiate the Ca2+ mobilization, including opening of stretch-
activated channels, neurotransmitters, or Ca2+ flux through gap
junctions of neighboring cells (Fig. 1A).
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To test whether this scheme is sufficient to produce the com-
plex behaviors observed for lymphatic vessels in experiments, we
created a multiscale, mechanistic mathematical model. The un-
derlying assumptions of the model are based on well-documented
experimental findings as follows: (i) Lymphatic contractions are
mediated by Ca2+ influx in the lymphatic muscle cell cytosol, which
culminates in myosin light chain phosphorylation and induction of
the myosin–actin cross-bridges (6, 21–23) (Supporting Information).
(ii) The lymphatic muscle contractile force increases with cytosolic
Ca2+ concentration (with saturating kinetics); the maximum pos-
sible force decreases with the radius (to reproduce the known
length–force relationship) (22–26). (iii) Ca2+ accumulates in the
cytosol at a constant, slow rate (i.e., influx through T-type channels)
(23, 27, 28) and is depleted via ion pumps (23, 29). (iv) Pressurizing
or stretching the vessel can enhance Ca2+ influx (stretch-activated
channels) (5, 7, 30). (v) Accumulation of cytosolic Ca2+ in excess of
a threshold concentration induces a rapid influx of Ca2+ (repro-
ducing influx into L-type channels and Ca2+-induced Ca2+ release)
(5, 6, 23, 28, 30, 31). (vi) Ca2+ diffuses through gap junctions to
adjacent lymphatic muscle cells (32–34). (vii) NO can deplete
cytosolic Ca2+ and decrease its rate of accumulation (35–37).
(viii) NO is produced by endothelium when shear stress exceeds a
threshold value (16, 38–40). (ix) NO diffuses and advects, and has a
half-life on the order of 1 s (20). (x) The vessel contains intra-
luminal valves that inhibit backflow and also act as sources of NO
(16, 38, 41).
We solve the lymph flow field using the lattice Boltzmannmethod

(42). Moving boundaries are implemented by exchanging mo-
mentumat each boundary nodewith the fluid (43), and themovement
of each boundary node is calculated locally by Verlet integration.
The Ca2+ dynamics are calculated by solving a system of dif-

ferential equations, based on the local vessel radius and NO con-
centration. NO is produced in the vessel boundary and at the valves
by lymphatic endothelial cells. NO acts upon nearby lymphatic
muscle cells that wrap around the vessel and are responsible for the
contractions (in low NO concentrations) and dilations (in high NO
concentrations). Details of the model formulation are described in
Supporting Information.

Results
In the simulations, an initial perturbation causes the vessel to
produce self-sustained, cyclic contractions (Fig. 1 B and C). The

walls move with a characteristic frequency determined by the
Ca2+ and NO kinetics, the fluid pressure, and the wall mechanics
(Supporting Information and Movie S1). The mechanobiological
feedback causes complementary oscillations in Ca2+ and NO
concentrations. Experimentally, oscillations in Ca2+ were iden-
tified decades ago (44), whereas the corresponding variation in
NO concentration was reported more recently (16, 38). These
studies found that the NO concentration varies spatially along
the vessel, but also temporally during the contraction cycle, as
predicted by the simulations (Fig. 1B and Movies S1–S4).
There are many experimental approaches to test the proposed

theory of lymphatic control. The most relevant experiments are
those that challenge the system with physiological perturbations that
an actual lymphatic vessel would experience in vivo and determine
whether the response of the model is appropriate. Therefore, we first
tested whether the model can reproduce the results of experiments
in mice under baseline conditions and with inflammation. Under
normal conditions, phasic contractions in vivo can adopt various
amplitudes and frequencies: low-frequency, high-amplitude “strong”
pumping, and higher-frequency, lower-amplitude “weak” pumping
are typical (Fig. 2A) (4). However, when mice were treated with
oxazolone to induce inflammation (4), strong and weak pumping
were observed, but a third behavior also appeared—highly dilated
vessels with little vasomotion (Fig. 2B). This behavior was likely due
to elevated tissue pressure driving flow through the vessel.
In the simulations, we were able to reproduce these behaviors

by imposing the physiologically appropriate pressure conditions
and baseline diameters. For axial pressures, negative gradients
drive flow through the vessel while positive gradients oppose the
flow. Applying a moderate axial driving pressure (−10) repro-
duced weak pumping seen under physiological conditions in the
mouse (Fig. 2C, red line). Introducing an opposing pressure gra-
dient (+20) increased the contraction amplitude, similar to the
strong pumping case in vivo (Fig. 2C, blue line). To simulate in-
flammation, the baseline diameter was increased to provide an
overall decrease in tone, and then various pressure conditions were
applied (Fig. 2D). An opposing pressure gradient (+40) produced
large-amplitude pumping as before (blue line), and smaller am-
plitude pumping was seen with no pressure gradient (red line).
Pressure-driven flow (−14) resulted in an open, noncontractile
vessel due to high NO production (Fig. 2D, black line). This case
simulated leakage of fluid from blood vessels and transmission of
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Fig. 1. Dynamics of lymphatic pumping. (A) Conceptual scheme, showing two different snapshots of cyclic lymphatic pumping. Flow direction is from Bottom
Left to Top Right. Nitric oxide relaxes the vessel wall, increasing vessel diameter and pulling fluid from upstream. As the lymphangion fills, the upstream valve
is open, and the downstream valve is closed. When the lymphangion is filled, flow and shear stress decrease, and NO is degraded; a subsequent contraction
can be initiated through Ca2+ influx via stretch-, voltage-, or ion-activated channels. The contraction closes the upstream valve and opens the downstream
valve, increases wall shear stress, and induces NO production locally, thus starting the cycle again (NO: orange; cytosolic Ca2+: red). Depending on the bio-
chemical and fluid environment, this basic mechanism can be tuned to produce various frequencies and amplitudes. (B) Snapshot of the simulated system. The
vessel boundary is indicated by the green line. Instantaneous Ca2+ and NO concentrations are shown in the Top and Bottom color maps, respectively. The flow
field is represented by the black arrows, and the current wall velocity is shown in the gray/white double arrows. Valves are located at each end, and at center.
(C) Pumping dynamics predicted by the model. At t = 0, flow is initiated by a mechanical perturbation. The system quickly stabilizes and subsequent pumping
is self-sustained.
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pressure to the initial lymphatic vessels—common conditions in
inflammation—which help to drive the flow. Note that it was not
necessary to reformulate the model or adjust multiple parameters to
produce these various behaviors. They emerged naturally due to the
mechanobiological feedback in the various pressure environments.
Another approach to test the model is to pharmacologically or

genetically disrupt the Ca2+–NO oscillator and see whether the
predictions of the theory match experimental observations. Many
experiments have shown that blocking NO production has dramatic
effects on contractions. This has been done using pharmacological
inhibitors (45) and genetically modified mice (4, 45), and by de-
nuding the endothelium to remove the source of NO (46, 47). In
experiments with eNOS-deficient mice, contractions are inhibited
when the lymphatics are studied in situ (4), but the vessel can be
induced to pump by pressurizing the lumen in ex vivo preparations
(46, 47). Thus, there is apparently a deficiency introduced by the
lack of NO that can be restored by pressurizing the lumen. In our
simulations, we can deactivate NO to investigate this question.
Without NO production, phasic contractions are inhibited and can
only occur at moderate transwall pressures, which are capable of
providing the stretch-activated Ca2+ spikes (Fig. 3A, green). With
lower pressures, insufficient stretch activation occurs (red). At
higher pressures, the stretch channels are always activated, result-
ing in stasis (purple). Thus, it is possible for the Ca2+ oscillations to
occur without NO steering if the fluid pressure and wall mechanics
are balanced.
To further examine the role of NO in controlling the phasic

contractions, we reactivated it in the model. In these simulations,
there is consistent pumping over a wide range of transwall
pressures, as well as a decrease in vessel tone (larger diameter)
due to cooperation between the pressure-induced stretch and

NO-mediated relaxation (Fig. 3B). Thus, NO signaling allows con-
tractions to occur over a wider range of transmural pressures, es-
tablishing a more robust transport system.
Interestingly, the performance of the system is affected by the

kinetics of the shear-induced signaling species. If this signal has a
short lifetime, lymphangion filling is insufficient, whereas with
longer lifetimes, pumping frequency slows (Fig. 3C). The actual
lifetime of NO depends on local oxygen concentration, but is
in the range of 0.1–1 s (20), corresponding to the optimum in
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Fig. 3. Ca2+ and NO cooperate to optimize lymph transport (simulations).
(A) Simulations without NO activity. At low transwall pressure ΔPjwall, vessel
stretch is insufficient to induce Ca2+ contractions (red). High pressures stop
contractions (purple). At moderate pressures, Ca2+ can mediate pumping
without NO (green). The axial pressure gradient was zero for all three sim-
ulations. (B) Modulation of the Ca2+ mechanism by NO. The simulations in A
were repeated, but with shear-induced NO present. The system pumps at all
three pressures. (C) Signaling species kinetics is important. To achieve effi-
cient transport, the shear-induced steering molecule should have a half-life
on the order of 0.01–1 s. (D) The changes in frequency with pressure are
inversely proportional to the amplitude due to the longer distance a
boundary point has to travel. Low transwall pressures result in smaller di-
astolic diameters, and correspondingly smaller amplitude. High transwall
pressures, on the other hand, limit the systolic diameter, also reducing am-
plitudes. The light blue, gold, and dark blue data points correspond to the
traces in B. (E) Diastolic and systolic diameters (squares)—and the contrac-
tion amplitude (gray bars)—are affected by transwall pressure ΔPjwall. For
high pressures, both approach the same limit, determined by the mechanical
properties of the wall. For low pressures, the vessel cannot fully relax, be-
cause the pressure does not provide sufficient opening force. At moderate
pressures, the fluid can dilate the vessel, but the lymphatic muscle cells can
overcome the fluid pressure; amplitude is maximized in this regime. (F) NO
improves flow at high and low transwall pressures. Simulations were per-
formed with no axial pressure gradient. With low transwall pressure, no
pumping occurs without NO (circles). At high pressure, contraction ampli-
tude is limited, and again, flow is negligible. At intermediate pressures,
stretch-induced contractions and Ca2+ oscillations can drive flow. Note that
the range of pressures where Ca2+ can operate independently is relatively
narrow. With NO, flow rates are more consistent over the range of pressures.
The colored data points correspond to the respective traces in A and B.
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our simulations (Fig. 3C). Note that other endothelial-derived
relaxation factors, such as histamine (48), generally have much
longer lifetimes and would not be able to drive the oscillations.
We next investigated further the relationship between transwall

pressure and pumping performance. Because it is possible to pre-
cisely control vascular pressure in ex vivo lymphatic studies, there is
a rich literature investigating the effect of transwall pressure on
vessel contractions (8, 28, 49–54). In these experiments, there is a
monotonic increase in pumping frequency with pressure, but a
peak in amplitude at a moderate pressures (28, 49, 50). In agree-
ment with these observations, our simulations (with NO active)
show an increase in frequency with pressure from a minimum at
ΔPjW ∼ 6 (Fig. 3D). We also reproduce the peak in amplitude that
is observed in experiments, but previously unexplained. According
to our simulations, this is due to a rapid increase in diastolic di-
ameter with pressure while the systolic diameter lags behind (Fig.
3E). The system is able to perform without NO, but only over a
small window of transwall pressures (Fig. 3F).
In addition to transwall pressures, lymphatic vessels can also

experience intraluminal pressure gradients along the vessel axis
that can affect flow. In experimental studies conducted by con-
trolling flow through cannulated ex vivo lymphatic preparations,
contractions are affected by axial pressure gradients that either
drive flow through the vessel (negative gradient) or force the vessel
to pump against pressure (positive gradient) (52, 55–60). In these
experiments, imposed flow tends to inhibit contractions, and our
simulations reproduce this behavior, predicting decreasing ampli-
tude with increasingly negative (helping) axial pressures (Fig. 4A).
At sufficiently high imposed flow, contractions are completely
inhibited as NO quenches the Ca2+-induced contractions (Fig. 4A,
δP/δx less than approximately −12). Without the contractions,
which increase flow resistance, there is a linear increase in flow rate
with increasingly negative axial pressures (Fig. 4B, with NO).
The advantage of a computational model is that we can

challenge the system with a variety of physiological conditions
and observe the performance, which is best measured by the
output flow rate of the vessel. With NO, the flow is relatively
constant, even as the opposing pressure gradient increases (Fig.
4B; squares, pressure gradient > 0). The normalized flow rateQ* =
Q/Q0 drops from Q* = 1.0 at δP/δx = 0 to Q* = 0.72 at δP/δx = 10
to Q* = 0.50 at δP/δx = 20. As the pressure gradient becomes
negative (driving flow), NO damps the contractions, relaxing the
vessel and allowing pressure-driven flow (squares, axial pressure
gradient less than −10). Without NO, the performance of the
lymphatic contraction is highly dependent on the transwall
pressure. For a transwall pressure of 9 (Fig. 4B, circles), Ca2+

oscillations alone can drive the pumping due to stretch-induced
Ca2+ fluctuations. At this transwall pressure, the performance is
slightly better (Q* = 1.60 at δP/δx = 0) than the case with active
NO signaling, as NO inhibits the Ca2+-dependent contractions.
However, without NO, the vessel continues to pump even when
negative pressure is available to drive the flow, and this increases
resistance, lowering the output (at δP/δx = 20, Q* = 2.66 without
NO vs. Q* = 7.58 with NO). Increasing the transwall pressure
slightly from Pjwall = 9 to Pjwall = 10 results in consistently lower
flow rates compared with the case with NO production (tri-
angles), and there is only a small window of transwall pressures
in which the Ca2+ can mediate pumping independent of NO
(Fig. 3F). With no axial pressure gradient, NO-independent
pumping can occur for moderate transwall pressures. At lower
transwall pressures, there is insufficient stretch activation of Ca2+,
whereas at higher transwall pressures, the contractions cannot
overcome the fluid pressure. In these regimes, the NO dynamics
can control the pumping, leading to a nonzero flow rate over a
large range (squares).
We emphasize that there were no changes made to the model

formulation to reproduce the experimental findings described
above. Except for the activation/deactivation of NO, only the

boundary conditions that dictate the fluid pressure environment
(and in the case of inflammation, the baseline diameter)
were changed to match the data. Thus, all these behaviors
emerge naturally from the nonlinear dynamics of the Ca2+–NO
mechanism.
A previously unexplained experimental observation concerns

the apparent direction of propagation of the lymphatic con-
tractions along the vessel. Zawieja et al. (61, 62) reported that
the majority of the contraction waves are either static or in
the direction opposite to the flow. This counterintuitive finding
suggested that lymphatic contractions do not operate via con-
ventional peristalsis but are coordinated by mechanisms that can
travel upstream. However, researchers have yet to identify such
signals. Indeed, blocking the prime candidates—gap junctions—
reduces the pumping by ∼30% but does not stop the cyclic
contractions (28). To investigate this anomaly, we performed
larger simulations with eight lymphangions to more easily ob-
serve the direction of propagation. We found that the direction
depends on whether NO or Ca2+ is dominating the system. When
NO dominates, we observe retrograde propagation of the con-
traction wave. In contrast, when Ca2+ dominates, the contrac-
tions propagate in the forward direction (Fig. 4C and Movies S5
and S6). This behavior is likely due to the ability of the vessel to

A

C D

B

Fig. 4. Influence of axial pressure gradients and overall performance (sim-
ulations). (A) Systolic and diastolic diameters are affected by axial pressure
gradient. ΔPjwall = 9 for these simulations. Although the diastolic diameter
varies little, the systolic diameter adapts to the imposed pressure. At large
negative (driving) pressures, NO inhibits contractions. Otherwise, NO co-
ordinates the contractions to drive flow. The gray bars show the corre-
sponding amplitudes. (B) Flow rates are improved by NO steering. With
ΔPjwall = 9, flow is slightly better without NO production with opposing
(positive) and neutral pressure gradients compared with the case with NO
(circles vs. squares, positive pressure gradient). With negative pressure gra-
dients (driven flow), shear-induced NO relaxes the vessel, reducing flow re-
sistance (squares, negative pressure gradients). In this regime without NO
(ΔPjwall = 9), the vessel continues to contract even when pressure-driven flow
is present, and this increases flow resistance. The simulations without NO at
ΔPjwall = 9 represent the optimum case: Slightly increasing the transwall
pressure to 10 results in consistently less output over the range of axial
pressures (triangles). The colored data points correspond to the respective
simulations in Fig. 3 A and B. (C) Contraction wave propagation. To quantify
the direction of propagation of the contractions, we calculated the cross-
correlation function of the radius over time at two nearby points in the
vessel wall. With shear-induced NO, there is a backward propagation of the
contractions (red, negative time shift); without NO, the contractions prop-
agate forward (black, positive time shift). (D) Behavior map of transport in a
collecting lymphatic vessel. The performance of the system is summarized as
a function of axial (x axis) and transwall (y axis) pressure gradients.
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“pull” fluid from upstream when the NO mechanism actively
dilates the vessel, whereas when Ca2+ dominates, the fluid is
predominately “pushed” downstream by the Ca2+-induced
contractions.

Discussion
The transduction of mechanical signals is prevalent in biology,
and research in this area is accelerating (63–67). The mechano-
biological control mechanisms described here result in a robust
transport system that adapts to varying fluid environments to op-
timize lymph transport while minimizing metabolic costs (Fig. 4D).
It automatically reacts to changes in tissue fluid pressures, adjusting
vasomotion as needed for lymph clearance. Mechanobiological
feedback also makes lymphatics energy-efficient, contracting only
when needed.
Although it accurately reproduces the robust and versatile ac-

tivity of lymphatic vessels, our model does not encompass all of the
regulatory control of lymphatic vessel function, and there are likely
additional mechanisms that can control vessel tone, independent of
the pumping mechanism (68–70). Nevertheless, the model suggests
that shear-driven NO feedback enables lymph transport over a
range of transwall and axial pressure gradient conditions not pos-
sible in the absence of NO signaling. Thus, any malfunction in the
endothelial mechanosensory machinery or downstream pathways
that produce NO could result in impaired lymphatic transport.
Similarly, excess production of NO by tissue cells can obfuscate the
NO oscillations and interfere with the pumping (4). Modulation of
these components in the clinic may lead to better therapies for
lymphedema and weakened immune responses.
The biological feedback mechanism described here is an im-

portant example of emergent behavior and biological oscillation.
Following simple, local mechanisms, a collection of cells in the
vessel wall can produce amazingly complex, coordinated, and
appropriate behavior. The identification of the oscillating system

driven by NO and Ca2+ dynamics provides a unified theory able
to explain many key features of lymphatic physiology: how lym-
phatic vessels respond appropriately to changes in pressure
gradients and transwall pressures, how underproduction or
overproduction of NO can interfere with pumping, and even why
the propagation of wall contractions can oppose the flow di-
rection. In the context of this theory, no additional chemical or
electrical signals are necessary—the mechanobiological signals
of fluid shear stress and mechanical stretch provide sufficient
feedback to coordinate the contractions. From the perspective of
control theory, the oscillator constitutes a closed-loop system,
capable of interesting and diverse behaviors. In the simulations,
and in experiments, removing the NO mechanism effectively
disrupts the loop and reduces the system to one dependent only
on Ca2+ dynamics. Further analysis of this control system should
reveal additional strategies for shifting its output to either in-
crease or decrease lymph flow for therapeutic purposes. It re-
mains to be seen whether this mechanism is present in other
aspects of vascular biology, but its robust nature suggests that it
may play a role in other systems requiring variable demand for
fluid transport such as vasomotion in the blood vasculature or
during development of the cardiovascular system, before neu-
ronal control is established.

Methods
All procedures were performed following the guidelines of the Institutional
Animal Care and Use Committee of the Massachusetts General Hospital.
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