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The lymphatic system transports lymph from the interstitial space back to the
great veins via a series of orchestrated contractions of chains of lymphangions.
Biomechanical models of lymph transport, validated with ex vivo or in vivo
experimental results, have proved useful in revealing novel insight into lym-
phatic pumping; however, a need remains to characterize the contributions
of vasoregulatory compounds in these modelling tools. Nitric oxide (NO) is
a key mediator of lymphatic pumping. We quantified the active contractile
and passive biaxial biomechanical response of rat tail collecting lymphatics
and changes in the contractile response to the exogenous NO administration
and integrated these findings into a biomechanical model. The passive mech-
anical response was characterized with a three-fibre family model. Nonlinear
regression and non-parametric bootstrapping were used to identify best-fit
material parameters to passive cylindrical biaxial mechanical data, assessing
uniqueness and parameter confidence intervals; this model yielded a good
fit (R2 = 0.90). Exogenous delivery of NO via sodium nitroprusside (SNP) eli-
cited a dose-dependent suppression of contractions; the amplitude of
contractions decreased by 30% and the contraction frequency decreased by
70%. Contractile function was characterized with a modified Rachev–Hayashi
model, introducing a parameter that is related to SNP concentration; the model
provided a good fit (R2 = 0.89) to changes in contractile responses to varying
concentrations of SNP. These results demonstrated the significant role of NO
in lymphatic pumping and provide a predictive biomechanical model to inte-
grate the combined effect of mechanical loading and NO on lymphatic
contractility and mechanical response.
1. Introduction
The lymphatic system is composed of a hierarchical network of lymphatic
vessels to transport lymph from the interstitial space back to the great veins
[1]. The lymphatic network plays a key role in tissues haemostasis, transport
of macromolecules and dietary fat and immune cell surveillance [2]. Once
lymph is formed, the network of lymphatic capillaries (initial lymphatics)
absorb lymph; collecting lymphatic vessels unidirectionally transport lymph
from the initial lymphatics to the great veins [1,3]. The primary lymphatic
valve prevents the leakage of absorbed lymph back to the interstitium [4]. Col-
lecting lymphatic vessels (lymphangions) actively transport lymph via a series
of orchestrated contractions, via specialized lymphatic muscle cell contraction
and secondary lymphatic valves that ensure unidirectional flow of lymph
against an adverse pressure gradient [4,5].

The lymphatic system can adjust its contractile function in response to mech-
anical and biochemical stimuli. Circumferential mechanical stretch due to
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transmural pressure is a modulator of lymphatic contractility;
e.g. the frequency of contractions changes in response to
pressure and the active tension changes with stretch for lym-
phatic vessels [6–8]. We have used the rat tail to show that
collecting lymphatic vessels experience axial prestretch
in vivo and to show that axial stretch is a regulator of lymphatic
contractility in an ex vivo setting [9]. Further, small molecules
such as nitric oxide (NO), histamine and endothelin-1 (ET-1)
can regulate lymphatic contractility [10–15]. Changes in endo-
thelial-derived NO via altered wall shear stress on the
lymphatic endothelium or NO production from iNOS-expres-
sing immune cells surrounding lymphatic vessels have been
reported [10,16–19]. Collecting lymphatic vessels experience
different flow patterns such as no-flow, slow-flow or even ret-
rograde flow due to the phasic contractions of individual
lymphangions, and opening/closing of secondary valves
which likely regulate NO expression and availability [20,21].

The combination of ex vivo and in vivo studies and compu-
tational modelling has emerged as a useful tool to better
understand lymphatic function. Several groups have devel-
oped mathematical models, validated with experimental
observations, to study pumping of collecting lymphatic
vessels [22–33]. These computational models have provided
insight into lymphatic pumping in the context of optimal
working conditions [34,35]. Our group previously developed
a computational model to characterize the passive and active
mechanics of the rat thoracic duct, with material parameters
identified by fitting model parameters to passive and active
(contractile) experimental data from cylindrical biaxial data
via nonlinear regression [24]. Further, an algorithm was
developed to use this framework, coupled with a valve
model, to perform parametric studies of lymphatic growth
and remodelling under altered mechanical loading con-
ditions [25,36]. We have recently used the rat tail to study
the intrinsic pumping function of collecting lymphatic
vessels, in vivo [36,37]. In an in vivo setting, we also showed
that the lymphatic pumping pressure (i.e. the maximum
pressure that can be achieved along a lymphatic chain to
maintain flow) increases along the length of the lymphatic
chain and decreases when exogenous NO is administered;
these results were characterized well using our previously
reported mathematical modelling framework [36].

Given the complexity and regional heterogeneity of the
lymphatic system [1,6,38], accurate characterization of specific
lymphatic beds is crucial to integrate findings across different
experimental models. Further, while our previous model pro-
vided a framework for integrating changes in contractile
function, functional dependencies between model parameters
and vasoregulatory molecules (e.g. NO, or ET-1) have not
been experimentally validated. Thus, the purpose of this
paper is to characterize pressure-dependent and NO-depen-
dent modulation of rat tail lymphatic contractility via ex vivo
experiments and to quantify mathematical modelling par-
ameters to accurately capture these experimental
observations. Sodium nitroprusside (SNP), an exogenous NO
donor, was delivered in a dose-dependent manner to rat tail
collecting lymphatics ex vivo, under controlled pressure and
axial stretch, and vessel contractility was quantified. Passive
cylindrical biaxial mechanical testing was performed to quan-
tify the passive biomechanical response. Motivated by our
previous multiphoton observation of collagen fibres in rat
tail lymphatic vessels [9], a three-fibre family constitutive
model (longitudinally and diagonally organized collagen
fibres) was used to estimate the passive mechanical response.
A modified Rachev–Hayashi model was used to characterize
the active contractile function of rat tail lymphatic vessels
and their respective changes due to the administration of
SNP doses. Taken together, this paper presents findings at
the interface of lymphatic physiology and biomechanical mod-
elling to experimentally quantify and mathematically
characterize the biomechanical behaviour and contractile func-
tion of rat tail collecting lymphatic vessels in response to both
mechanical (i.e. pressure and stretch) and biochemical (i.e.
exogenous NO) stimuli.
2. Material and methods
2.1. Vessel isolation and cannulation procedure
All animal experiments were approved by the Georgia Institute
of Technology Institutional Animal Care and Use Committee
(IACUC) and were performed in accordance with the principles
outlined in the National Institutes of Health Guide for the
Care and Use of Laboratory Animals. Segments of collecting
lymphatic vessels (containing approx. 1–2 valves) from male
Sprague Dawley rats (300–350 g) were isolated, immediately
placed in Dulbecco’s phosphate-buffered saline (DPBS, Corning),
and the surrounding fat and connective tissues were carefully
removed. Once vessels were cleaned, vessels were mounted on
opposing cannulae in a custom-designed vessel chamber [24].
A custom LabVIEW program was used to control transmural
pressure via a syringe pump (Harvard Apparatus, Inc.) and
pressure sensors (1psi SSC series, Honeywell, Inc.). Linear actua-
tors and XYZ stages (Newport Precision Instruments, LTA series,
and M-461 series) were used to precisely control axial stretch,
lz ¼ ‘=L, where ‘ is the loaded length and L is the unloaded
length of the isolated vessel between the two mounting sutures.
Using an inverted microscope (2.5× magnification) and a digital
camera (Allied Vision Technologies, Marlin F-033B), the active
and passive response of vessels to controlled transmural press-
ures and axial stretches were captured and saved for further
analysis. Axial force was measured using a 50 mN force transdu-
cer (Aurora Scientific, Model 400A). Each vessel was harvested
from a different animal.

2.2. Exogenous NO and contractile function
Vessels were equilibrated for 60 min to establish stable contrac-
tions, while bathed in Dulbecco’s modified Eagle’s medium/
nutrient mixture F-12 (DMEM/F-12), supplemented with penicil-
lin–streptomycin (1 : 100, pH = 7.4 at 37°C) at constant
transmural pressure (3 mm Hg) and axial stretch (λz = 1.10).
SNP doses (10−7, 10−6, 10−5, 10−4 M) were then administrated
in 5 min increments at each dose (n = 4). After SNP studies, the
bathing solution was exchanged with a Ca2+-free PBS solution
(Corning® phosphate-buffered saline, 1X without calcium and
magnesium, PH 7.4 ± 0.1) containing 3 mM EDTA to assess the
passive vessel diameter [24,39]. All experiments were performed
at constant pressure (3 mm Hg) and λz = 1.10. A custom-written
LabView program was used for post-processing of images
recorded during the protocol to generate diameter tracings
versus time. From these diameter tracings, end-systolic diameter
(ESD), end-diastolic diameter (EDD) and contraction frequency
(FREQ) were measured and contractile amplitude (AMP), ejec-
tion fraction (EF), fractional pump flow (FPF), were calculated as

AMP ¼ (EDD� ESD), ð2:1Þ

EF ¼ EDD2 � ESD2

EDD2 ð2:2Þ
and FPF ¼ EF� FREQ: ð2:3Þ
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Further, to obtain the SNP dose–response curve, changes in
the above parameters and a change in lymphatic tone (tone)
were calculated as follows:

change in tone ¼ EDD� EDDbasal

EDDcalcium-free
, ð2:4Þ

change in AMP ¼ AMP�AMPbasal

AMPbasal
, ð2:5Þ

change in EF ¼ EF� EFbasal
EFbasal

ð2:6Þ

and change in FPF ¼ FPF� FPFbasal
FPFbasal

: ð2:7Þ

where EDDcalcium-free indicates the EDD when the vessel is placed
in a calcium-free bath at the same pressure. The subscript
‘basal’ represents the parameters for each vessel before the
administration of SNP.

2.3. Cylindrical biaxial mechanical testing
A second set of vessels (n = 5) were isolated, cleaned, mounted
on our custom vessel chamber, allowed to equilibrate and
placed in Ca2+-free PBS solution for passive cylindrical biaxial
mechanical testing [24,39]. All vessels were preconditioned by
three inflation–deflation cycles from 0 to 10 mm Hg at λz = 1.10.
Three inflation–deflation cycles from 0 to 10 mm Hg were
conducted at each axial stretch λz = 1.10, 1.20 and 1.30.

2.4. Constitutive modelling
We modelled the passive rat tail collecting lymphatic vessels as
long, straight, thin-walled cylinders in the framework of finite
elasticity and incorporated the active (contractile) stress as

s ¼ spas þ sact, ð2:8Þ
where s is the ‘total’ Cauchy stress tensor, spas is the passive con-
tribution to the Cauchy stress borne by the passive structural
elements of the vessel wall (e.g. collagen, elastin, the passive con-
tribution of lymphatic muscle cells) and sact is the active
contribution of the Cauchy stress that arises due to lymphatic
muscle cell contraction. In this theoretical framework,
equilibrium requires that

suu ¼Pr
h

and szz ¼ f
ph(2rþ h)

,

9>>=
>>; ð2:9Þ

where suu and szz are circumferential and axial components of
the total Cauchy stress, respectively, P is the transmural pressure,
r is the luminal radius, h is the wall thickness and f is the
measured axial force. In the framework of finite elasticity, passive
Cauchy stress is

spas ¼ �pIþ F
@W(C)
@C

FT , ð2:10Þ

where p is a Lagrange multiplier that enforces incompressibility, I
is the identity tensor, F is the deformation gradient, C ¼ FT � F is
the right Cauchy–Green strain tensor and W(C) is a scalar-
valued function representing the stored energy for elastic defor-
mations. For inflation and extension of a materially symmetric
thin-walled tube, [F] ¼ diag(lr,lu,lZ), where the three stretch
ratios are lr ¼ h=H, lu ¼ r=R, and lz ¼ ‘=L and (h, r, ℓ) and (H,
R, L) are thickness, radius, and length for loaded, and unloaded
vessel, respectively. We observed that collagen fibres in the rat
tail lymphatic vessels are distributed preferentially in the axial
direction [9]; thus, we chose a three-family stored energy function

W ¼ c(IC � 3)þ
X
i¼1,2,3

ci1
4ci2

{exp[ci2((l
k)

2 � 1)
2
]� 1}, ð2:11Þ
where c, ci1 and ci2 are the material parameters, IC is the first
invariant of the right Cauchy–Green strain tensor
(IC ¼ tr(C), C ¼ diagðl2r ,l2u,l2z )), (li)2 is the stretch of the ith fibre
family ðli ¼ Cuusin2ðaiÞ þ Czzcos2ðaiÞÞ, where ai is the fibre
angle (see [40,41] for details). For this three-fibre family model,
we let a1 ¼ 0� (axial direction) and a2 ¼ �a3 ; a (two symmetric
diagonal fibre families), where a is a structural parameter, solved
via nonlinear regression along with c, ci1 and ci2. Further, to ensure
material symmetry, we let c21 ¼ c31 and c22 ¼ c32.

To model the active contractile force generated by lymphatic
muscle cells, we modify a model proposed by Caulk et al. [24] to
incorporate the effect of SNP doses on the contractile force gen-
eration. We let the active contractile response contribute to the
circumferential Cauchy stress; i.e. ½sact� ¼ diag(0,sact

uu ,0), where

sact
uu ¼ f (SNP)Tactlu 1� lM � lu

lM � l0

� �2
" #

ð2:12Þ

and

f (SNP) ¼ bSNP þ 1� bSNP

1þ 10(logðSNPÞ�logðIC50ÞÞ)

� �
ð2:13Þ

where Tact is a scaling parameter, lu is the circumferential stretch,
lM and l0 are the stretches at which the active force is maximum
and minimum, respectively, parameter bSNP is the maximum
dilation to SNP, IC50 (inhibitory concentration, 50%) is the dose
associated with 50% of the maximal dilation. The parameters
λM and λ0 were prescribed as the maximum stretch achieved
during the passive testing (λM = 1.85) and the minimum circum-
ferential stretch (λ0 = 0.85) during the active testing. Tact changes
from a minimum value (basal value) at the end diastole
ðTdia ¼ Tact,min ¼ f ðPÞ ¼ a �PÞ to a maximum value at the end
systole ðTsys ¼ Tact,max ¼ Tdia þ T0Þ during contractions, where a
is a parameter.

2.5. Parameter estimation and bootstrapping
Since the lymphatic system shows regional heterogeneity it is
crucial to have robust parameter estimation to identify biomecha-
nical properties that yield unique parameter sets with known
confidence intervals for each parameter [6,42]. To determine
best-fit parameters, nonlinear regression using function lsqnonlin
in MATLAB 2018b (MathWorks, Inc.) was used to identify the
material and structural parameters (c, c11, c

1
2, c

2
1, c

2
2 and a) that

minimized the following objective function

error ¼
Pn

i¼1 [(log jsth
u j � log jsexp

u j)2 þ (log jsth
z j � log jsexp

z j)2]Pn
i¼1 [(log jsexp

u j � log j�sexp
u j)2 þ (log jsexp

z j � log j�sexp
z j)2]

,

where the superscript th indicates a theoretical (model predicted)
value, the superscript exp denotes an experimental value and
overbar indicates the mean values across all data points for a
given vessel. Since the objective function is the residual sum of
squares to the total sum of squares, the coefficient of determi-
nation for each specimen is R2 = 1− error. Data were
transformed to a log-space as this is beneficial to provide a
good fit for both low and high values of circumferential and
axial stresses.

We used a non-parametric bootstrapping technique to assess
the uniqueness of the fitted parameter sets and estimate the con-
fidence interval of nonlinear regression. The details of the
bootstrap technique for parameter estimation can be found in
[43–45]. In brief, to apply the bootstrap technique to biaxial
data, resampling with replacement was used to generate boot-
strap replicants that have the same number of observations as
the original data; each datum has the same probability to be
chosen. To estimate 95% confidence intervals, we used the
bias-corrected and accelerated percentile method (the BCa inter-
vals) which is a second-order accurate interval that corrects for
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bias and skewness of bootstrap estimates. Bootstrap replicants
greater than or equal to 1000 typically provide an accurate esti-
mate [43]. The function bootci in Matlab 2018b (MathWorks,
Inc.) was used to generate 2000 bootstrap sample sets; for each
set model parameters were determined via nonlinear regression
and the average and 95% confidence intervals of the 2000 sets
of parameters were determined. The mathematical details of
the BCa correction can be found in [46,47].

2.6. Statistics
To determine the statistical significance between control and
experimental groups, a one-way ANOVA in conjunction with
Tukey’s post hoc correction was used to make multiple com-
parisons. Prism 5 (GraphPad Software) was used to perform
all statistical analyses with statistical significance defined as
p < 0.05 and results were reported as means (±s.e.m.).
3. Results
3.1. Passive and active biomechanical properties
The three-fibre family constitutive model yielded a good fit
(R2 = 0.90 ± 0.03) for the rat tail lymphatic vessels (figure 1
and table 1, using the geometric parameters in table 2). Sup-
porting the previous experimental observation, our
modelling results indicate that a three-fibre family model
was sufficient to provide a good fit of biaxial data [9]. Based
on the estimated parameters, the axial fibre family and two
symmetric diagonal fibre families significantly contribute to
the load-bearing function of lymphatic vessels; however, the
isotropic term (namely, c(IC � 3)) had a much smaller contri-
bution; i.e. c11 � c and c21 � c (figure 2a and table 1). The
confidence intervals for the fitted material parameters suggest
that these parameter sets are unique and repeatable (figure 2b).
Note that we also considered a four-fibre family model, fol-
lowing previous studies [24,40], adding a fourth fibre-family
circumferential direction; however, the addition of a fourth
fibre family did not improve the descriptive capability of the
constitutive model and yielded multiple distinct parameter
sets and much larger confidence intervals, suggesting non-
uniqueness of the four-fibre family model for characterizing
these tissues (results not shown).
3.2. Effect of transmural pressure on lymphatic
contractility

As has been shown in other tissue beds, rat tail lymphatics
exhibit a functional contractile response to changes in
pressure. The amplitude of contraction decreased from 90.7
± 13.6 µm to 29.9 ± 2.3 µm as the pressure increased from 2
to 6 mm Hg (figure 3a). Similarly, the ejection fraction
decreased 67% (from 44.6% ± 5.6% to 14.7 ± 1.7%) as pressure
increased from 2 to 6 mm Hg (figure 3b, n = 5). By contrast,
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Figure 2. Material properties based on the fitted experimental biaxial data from rat tail lymphatic vessels (n = 5) using a three-fibre constitutive model including best-fit
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along with the best-fit values (blue line) and the BCa confidence intervals for each parameter (red dashed lines) based on the specimen 1 in table 1 (b).

Table 2. Structural parameters associated with the unloaded geometry for rat tail lymphatic vessels presented in table 1. The diameter, thickness and length
were estimated based on images obtained using an inverted microscope 2.5×–10× and analysed using the LabView and ImageJ.

specimen length (mm) diameter (µm) thickness (µm) thickness/diameter ratio

1 2.76 252 19 0.08

2 3.40 231 11 0.05

3 2.64 252 25 0.10

4 2.65 315 24 0.08

5 2.03 206 20 0.10

average 2.70 251 19.9 0.08

s.e. 0.48 40.4 5.6 0.02
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although not statistically significant, the mean frequency of
contractions nominally increased by 40% (from 7.4 ±
1.8 min−1 to 13.3 ± 3.9 min−1, figure 3c) as the pressure
increased from 2 to 6 mm Hg. Consequently, the fractional
pump flow decreased 47% (from 5.1 ± 0.6 min−1 to 2.7 ±
0.6 min−1 figure 3d ).

3.3. Exogenous NO inhibits lymphatic contractility in a
dose-dependent manner

A representative isolated lymphatic vessel from rat tail, along
with the respective diameter tracing in response to the
administration of SNP doses (10−7, 10−6, 10−5, 10−4 M) to the
bath are shown in figure 4a. The contractile activity of the iso-
lated vessels in response to the administration of SNP doses
was quantified (figures 4 and 5). The mean lymphatic tone
decreased by 36.6% (from 6.8 ± 1.5% to 4.6 ± 1.6%, no statistical
significance) equivalent to approximately 8 μm increase in the
diastolic diameter (figures 4b and 5b). The frequency of con-
tractions decreased almost 60% (from 11.6 ± 3.1 min−1 to 4.5
± 1.2 min−1, no statistical significance) at the highest dose;
however, the maximum reduction occurred from 10−7 (M) to
10−8 (M), (figures 4c and 5c). Similar trends were observed
for the ejection fraction and amplitude of contraction, however,
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the maximum reduction was around 30%. The ejection fraction
decreased 31.4% (from 0.52 ± 0.03 to 0.36 ± 0.03) (figures 4d
and 5d) equivalent to approximately 32 um decrease in the
contraction amplitude (figure 5e). Consequently, the fractional
pump flow decreased with increase in the SNP concentration
up to approximately 70% from 5.7 ± 1.3 (min−1) to 1.7 ± 0.5
(min−1) (figures 4e and 5f ).
3.4. Constitutive modelling of active contractile function
and its response to NO

As shown by Caulk et al. [24], diastolic tension increase with
increased pressure and hence the diastolic value for Tact is a
function of pressure. We used the average tone (tone = 7.6%
at 3 mm Hg, figure 4b) to fit a linear relationship between
the diastolic Tact and transmural pressure
(Tdia ¼ a � P, where a ¼ 0:87 ðkPa=mmHgÞ, and P (mm Hg)
is basal pressure). Similarly, the average ejection fractions
(44.6% at 2 mm Hg, 34% at 4 mm Hg, 14.7% at 6 mmHg,
figure 3c) were used to obtain systolic Tact
ðTsys¼a � Pþb; where a¼0:87 (kPa=mmHg); b ¼ 1:65 ðkPaÞÞ.
Modelling results including systolic, diastolic and passive diam-
eter–pressure curves, along with respective experimental data,
are shown in figure 6a. In addition, a nonlinear regression
ðFREQðmin�1Þ ¼ yð1� exp(� tPÞ, where y ¼ 15:51 and
t ¼ 0:3493; R2 ¼ 0:53Þ was used to fit the frequency data
(figure 6b). Pressure–diameter curves showed that increased
axial stretch from10%to30%resulted in reducedsystolicdiameter
and consequently the ejection fraction decreased from approxi-
mately 45% to less than 1% (figure 6c). Further, respective stress–
strain curves showed the total circumferential stress decreased
with increased axial stretch (figure 6d). Similarly, in order tomod-
el the effect of SNPon active stress, changes in contractile data due
to SNP doses (figure 5b,d) were used to fit a dose–response curve
(figure 7a). The parameter f(SNP)was calculated at each dose and
nonlinear regressionwas used to fit a dose–response curve, yield-
ing bSNP = 0.8 and log (IC50)� 6:42 (R2 = 0.9) The results
suggested that thehalf-maximaleffectiveconcentration isapproxi-
mately 10−6 (M) which caused an approximately 20% change in
active stress generation resulted in an approximately 30%
reduction in diastolic and systolic diameters (figure 7b).
4. Discussion
4.1. Robust three-fibre family model fit experimental

data well and yielded unique parameter sets
To gain a better understanding of lymphatic transport in the
context of lymphatic physiology and pathophysiology, it is
essential to develop a basic knowledge of lymphatic vessel
mechanics. Ohhashi et al. [48] showed that lymphatic vessels
from the bovine mesentery manifest a nonlinear relationship
between pressure and diameter, being very distensible at
lower pressures and less distensible at larger pressures. More
recent studies report similar findings in the rat mesentery
[49], rat thoracic duct [24] and human pelvic vessels [50].
Based on the passive pressure–diameter relationship in the
rat mesentery, the normal operating pressure is estimated to
be between 0 and 5 cm H2O (approx. 3.7 mm Hg), a range in
which the vessel is very distensible [49]. Our group performed
biaxial testing on the lymphatic vessel from rat thoracic duct
and showed that the nonlinear transitional response is a



(b)

(d) (e)

(a)

(c)

log[SNP] = –6, M
log[SNP] = –4, M
log[SNP] = 0, M

FR
E

Q
 (

m
in

–1
)

FP
F 

(m
in

–1
)

frequency (FREQ)

fractional pump flow (FPF)ejection fraction (EF)

20

220
0

4000350025002000 3000
30 60 90

time (s)
time (s) 120 150 180

240
260

280
300
320

340400

350

300

250

200

150

15

5

10

0

0

2

4

6

EF
 (%

)

%

0

0.2

0.4

0.6 8

0

2

4

6

10

8

controlcontrol 10–7 10–6 10–5 10–4

control 10–7 10–6 10–5 10–4control 10–7 10–6 10–5 10–4

tone

10–7 10–6 10–5 10–4

control

SNP dose

10–7
10–6

10–5
10–4

*
*

*
*

di
am

et
er

 (
µm

)

di
am

et
er

 (
µm

)

Figure 4. Effect of exogenous NO on contractile function of isolated vessels from rat tail via SNP administration at different doses. A representative of diameter
tracing from an isolated vessel experiment where different doses of SNP were administrated (a). Changes in contractile parameters were plotted as a function of NO
doses, including change in basal tone (tone; b), frequency of contractions (FREQ; b), ejection fraction (EF; c), fractional pump flow (FPF; d ). The pressure was set to
3 mm Hg and the axial stretch was approximately 10% for all experiments. All data are presented as mean ± s.e.m. (n = 4) and statistical significance was tested
via ANOVA with Tukey’s post hoc tests (*p < 0.05).

royalsocietypublishing.org/journal/rsif
J.R.Soc.Interface

17:20200598

8

function of the axial stretch and pressure [24]. We showed that
at the lower axial stretch the transition occurs at low pressures
(less than 5 cm H2O, less than 3.7 mm Hg); however, the
pressure–diameter relationship in the rat thoracic duct tran-
sitions to a linear shape at an axial stretch above 60%.
Similar trends are observed for the human pelvic lymphatic
vessels with some variations [50]. Our biaxial characterization
of passive biomechanical properties of rat tail collecting lym-
phatic vessel is qualitatively similar to those of rat mesentery
and thoracic duct; however, rat tail lymphatic vessels experi-
ence lower levels of the axial stretch and, for values above
30%, the vessel becomes stiff and the passive diameter does
not notably change over physiological ranges of transmural
pressure. The axial forces in the rat tail lymphatic vessel can
reach approximately 1 mN at 25% stretch ( p = 10 mm Hg)
compared to approximately 1 mN at 50% stretch ( p =
10 mm Hg) for the rat thoracic duct [24]. Similarly, the
human pelvic lymphatic vessel is very sensitive to the axial
stretch (approx. 1 mN at 20% stretch versus ∼4 mN at 30%
stretch, p = 5 cm H2O approx. 3.7 mm Hg) [50].
We fit the passive biaxial data using a three-fibre family
constitutive framework, originally adapted from Holzapfel
et al. [41]. The estimated parameters for the axial and diag-
onal collagen fibres implies the axial fibre family plays a
significant role in the load-bearing function. The significance
of axial stretch in passive behaviour of lymphatic vessels is in
agreement with our recent quantification of collagen fibre
orientation in the rat tail lymphatic, where the vessels have
a predominant organization of collagen fibres in the axial
direction and experience axial prestretch of approximately
20% in situ [9]. Non-parametric bootstrapping, used to
assess the uniqueness of the fitted parameter sets and to
obtain the confidence intervals of estimated parameters,
showed that the three-fibre family model yielded a unique
set of material parameters. Our results suggest that a three-
fibre family along with the bootstrapping technique can be
a useful tool not only to establish a descriptive framework
to study the regional heterogeneity in the material properties
of lymphatic vessels but also to study changes in those
properties in pathological scenarios.
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4.2. Lymphatic pumping characteristics show regional
variability

The effect of the transmural pressure on themodulation of lym-
phatic contractility has been very well-documented. Gashev
et al. [42] characterized the regional heterogeneity of contracti-
lity in the rat mesentery, rat thoracic duct, rat neck and rat
hindlimb lymphatics. In the rat mesentery, rat neck, rat hind-
limb the frequency continuously increases with incremental
increases in pressure, while the rat thoracic duct shows a
peak in the mid-pressure range and the frequency decreases
for higher pressures. The rat neck lymphatic vessels showed
the highest frequency while the thoracic duct showed the
lowest frequency. By contrast, the ratmesenteryand rat thoracic
duct have the highest ejection fractionwhile the rat neck has the
smallest ejection fraction values. Consequently, the rat mesen-
tery showed the highest, and the thoracic duct the lowest,
values of fractional pump flow. Further, a peak is observed in
the fractional pump flow for all the lymphatic vessel from all
regions. Our characterization of rat tail lymphatic contractility,
suggests that the changes in frequency response are similar to
those of the rat mesentery; however, the ejection fractions are
slightly smaller and are closer to those of thoracic duct. Ulti-
mately, the fractional pump flow from the rat tail, which
represents the overall pumping, is similar to the rat mesentery.

The regional heterogeneity in lymphatic function suggests
that some vessels mainly serve as a pump (e.g. mesenteric
and tail lymphatics) where a high pumping capacity is
needed, and some mainly function as a conduit (e.g. thoracic
duct) where minimal pumping is required [6,42]. This idea is
also supported by the shear-flow sensitivity response in lym-
phatic vessels, where a significant shear-inhibition is
observed in the lymphatic vessels from rat thoracic duct
[51,52]. Gashev et al. [42] has previously reported the
differences in contractile metrics for other tissues beds such
as mesentery, thoracic duct, cervical and femoral lymphatics.
The values of maximum ejection fractions were 0.21 ± 0.03
for cervical lymphatics (neck), 0.24 ± 0.05 for femoral lym-
phatics (hindlimb) 0.43 ± 0.04 for thoracic duct (at approx.
2.2 mmHg) and 0.64 ± 0.04 for mesenteric lymphatics (at
approx. 3.7 mmHg). Further elevation in pressure resulted in
a significance decrease in the ejection fraction values for all
these vessels. Absolute values of contraction frequencies at
approximately 2.2 mmHg were 16.1 ± 2.6 min−1 for cervical
lymphatics; 12.7 ± 1.5 min−1 for femoral lymphatics 5.0 ±
0.5 min−1 for thoracic duct; and 12.4 ± 1.8 min−1 for mesenteric
lymphatics at approximately 3.7 mmHg. An increase in
pressure resulted in a significant increase in contraction fre-
quency for all these vessels except for the thoracic duct, for
which frequency declined. Our results suggest that the collect-
ing lymphatic vessels from the rat tail exhibit strong pumping
capability similar to the rat mesentery. Functionally, the rat tail
lymphatics are afferent (pre-nodal), where there is no lymph
node upstream to the vessels. Hence, the strong contractility
can be justified by their major pumping role in the tail tissue.
4.3. The physiological importance of NO and its
inhibitory effect on lymphatic function

NO is believed to be a key regulator in the modulation of lym-
phatic contractile function [42,53–57]. There are several sources
of NO in lymphatic systems including (i) production of NO via
LECs (eNOS pathway) due to shear stress (ii) production of
NO via inducible NO synthase (iNOS pathway) in immune
cells or lymphatic SMCs surrounding lymphatics (iii) pro-
duction via nerve tissues (nNOS pathway) in prevascular
tissues [10,19,56,58]. The mechanism of NO is believed to be
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involved in the production of the cGMP pathway that leads to
the relaxation of muscle cells [59–64]. Based on microelectrode
and immunohistochemical studies, it has been suggested that
NO is produced in response to flow in both the valvular and
tubular region of a lymphangion [13,17,65]. There is evidence
that contractile metrics such as amplitude and frequency of
contractions are attenuated in response to NO synthesis due
to imposed flow [52]. Similarly, inhibition of NO synthase
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has shown that contractions enhance under basal conditions
thus eliminating the inhibitory effect of imposed flow on con-
tractions [8,10,66]. It is widely accepted that the effect of NO
can be context-specific. For example, a high concentration of
NO is believed to suppress amplitude and frequency of con-
tractions; however, a low concentration of NO is thought to
enhance contractions by increasing amplitude at the expense
of frequency reduction [10,13,17,18,57,58,67]. By contrast, com-
paring the in situ measurements of lymphatic function in NO-
deficient (eNOS−/–) mice, to the temporary inhibition of NO
synthesis (via blockers infusion) have shown that diastolic
diameter decreases but overall pump function is maintained
with NO inhibition [19]. Gasheva et al. [10] have studied the
active contractions of rat thoracic duct after NO synthase block-
ade with abluminal administration of L-NAME. They showed
that NO released in response to shear stress/flow maintains
higher contraction amplitude especially at lower pressures
(e.g. approx. 20% for control group versus approx. 7% for
L-NAME at 3 cm H2O). However, contraction frequency
increased with the NO blockade and fractional pump flow
did not significantly change. In addition, the tone index was
approximately 160% higher after the NO blockade (approx.
13%) suggesting that the decreased tone due to NO is a regu-
latory mechanism to improve diastolic filling and provides
higher amplitude of contractions.

As mentioned earlier, inducible NO (via iNOS) can be
another significant source of NO; however, the studies in this
area are very limited [19]. It has been shown that NO released
by endothelium with acetylcholine (ACh) stimulation inhibits
spontaneous contractions of lymphatic vessels. Modelling
approaches havebeenused to investigate the regulatorymechan-
ism of NO on lymphatic contractility [34]. Kunert et al. [34]
presented a model describing two complementary feedback
mechanisms to modulate lymphatic contractions involving:
(i) a contraction triggered by Ca+2 rise due to a stretch (ii) a
shear-mediated response to inhibit contractions via NO pro-
duction. Specifically, this model predicts that NO is essential
for the phasic contractions and without NO production phasic
contractions are completely abolished; however, the modelling
results have been questioned based on ex vivo studies of NO syn-
thesis blockade showing spontaneous contractions develop and
even improve in the absence of endothelial-derived NO [18]. In
addition, entrainment of lymphatic contractions to flow can still
be achieved when NO is blocked [51].

Although studies on NO synthase have advanced our
knowledge of lymphatic contractility, the effect of exogenous
NO is perhaps less well studied. Hence, we used SNP to deli-
ver exogenous NO to the isolated lymphatic vessels at
different doses. Our findings support the idea that the effect
of NO is dose-dependent and the administration of higher
doses of NO can suppress all aspects of contractility. Our
experimental findings show exogenous NO has an inhibitory
effect on lymphatic contractions; however, there is a dose–
response relationship and higher doses of NO cannot comple-
tely abolish contractions. Interestingly, we showed that
exogenous NO decreased the amplitude of contractions; how-
ever, the predominant effect was on the frequency of
contractions. The results are supported by the observation
that both endothelial-derived and exogenous NO decrease
pacemaking activity of lymphatic muscle cells [68]. Specifi-
cally, it has been shown that the amplitude and frequency of
spontaneous transient depolarization of lymphatic muscle
cells diminish with SNP [51]. Further, we showed that
exogenous NO reduced pumping up to 70% but it is not
able to completely abolish contractions. The reduction in con-
traction frequency is almost twice the reduction in tone and
amplitude. The results suggest the exogenous NO diminishes
pacemaking activity in line with the established effect of SNP
on the reduction of spontaneous transient depolarization fre-
quency and amplitude in lymphatic SMCs [18,53,69]. The
findings also suggest that overproduction of NO production
beyond the physiological range, (e.g. NO production from
iNOS-expressing cells located surrounding lymphatic vessels
in inflammatory scenarios [70]) can inhibit lymphatic contrac-
tions, a possible mechanism that may lead to the lymphatic
dysfunction in pathological scenarios.

Mechanisms involved in sensing the shear stress are notwell
established, however, it iswell known that the production ofNO
by endothelial cells (eNOs signalling pathway) occurs in
response to shear sensation. Since endogenous NO production
has physiological relevance, most studies have focused on
endogenous sources of NO. The effect of endothelial-derived
NO on lymphatic contractility is also well documented via
pharmacological inhibition and genetic deletion of the eNOS
pathway. The genetic deletion of eNOS suggests that all aspects
of lymphatic contractility are inhibited in a dose-dependent
manner, while the pharmacological inhibition approach
suggests that the relaxation and decreased contractile frequency
due to NO provide stronger contractions, ultimately to enhance
lymphatic pumping function [10,18]. Although exogenous path-
ways are not well established, it has been suggested that the
exogenous NO inhibits lymphatic pumping [36,53,68,71–73].
For example, NO can be produced by exogenous sources such
as NO production by myeloid cells (iNOS signalling pathway)
in inflammatory scenarios.

We showed that the administration of exogenous NO
suppresses all aspects of lymphatic contractility in a dose-
dependent way. Further, we have recently shown that axial
stretch is a modulator of lymphatic contractility and an increase
in axial stretch of approximately 30% significantly reduces lym-
phatic contractility (less than 10%). The constitutive framework
and estimated parameters support the significance of axial
stretch in lymphatic function. Specifically, our modelling results
suggest that a slight increase in axial stretch can significantly
reduce total mechanical stress and stretch in the circumferential
direction. In addition, the modelling results predict that the
decrease in the circumferential stretch due to an increased
axial stretch significantly reduces lymphatic muscle force pro-
duction. Ultimately, the constitutive framework and specific
experimental data for the rat tail lymphatic vessel pave the
way for the future experimental and computational studies
both in the context of lymphatic physiology and pathophysiol-
ogy. In particular, the recent results from rat tail lymphatics
suggest that the rat tail is a promising option to develop
animal models of lymphatic dysfunction. Specifically, the
study of lymphatic remodelling due to surgical interventions
in the context of lymphatic pathologies such as lymphoedema
or other inflammatory scenarios remains an exciting area for
future studies. The presented specific experimental data along
with the constitutive frameworkprovide abasis for such studies.

In closure, this work characterized the contractile function
of lymphatic vessels in response to altered mechanical stimuli
and exogenous NO stimulus via ex vivo experiments on the
isolated rat tail collecting lymphatic vessels. The compu-
tational model captures well the observed changes in
contractile function to changes in both mechanical load and
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NO; such a model will prove useful in the understanding of
lymphatic transport in the context of lymphatic physiology
and pathophysiology.
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