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Genetic removal of basal nitric oxide enhances contractile
activity in isolated murine collecting lymphatic vessels

Joshua P. Scallan and Michael J. Davis

Department of Medical Pharmacology ¢ Physiology, University of Missouri School of Medicine, Columbia, MO 65212, USA

Key points

e Stimulation of nitric oxide (NO) production by lymphatic endothelium was originally thought
to inhibit lymphatic contractile function.

e However, recent studies have suggested that basal NO paradoxically increases the strength of
contractions as a consequence of decreasing contraction frequency.

e Here, we tested that hypothesis directly for the first time by establishing a new preparation
where lymphatic vessels were isolated from transgenic mice and retained robust contractile
activity.

e Genetic removal of basal NO using endothelial NO synthase ™/~ mice led to an increase in
contraction strength without increasing contraction frequency, opposing this hypothesis. In
contrast, higher levels of NO production stimulated by ACh inhibited lymphatic contractile
function in wild-type and inducible NO synthase ™/~ mice, consistent with previous studies.

e Our results show that NO functions in the peripheral lymphatic vasculature to depress contra-
ctile function, which will ultimately depress lymph flow that determines fluid homeostasis,
humoral immunity and cancer metastasis.

Abstract The role of nitric oxide (NO) in regulating lymphatic contractile function and,
consequently, lymph flow has been the subject of intense study. Despite this, the precise effects
of NO on lymphatic contractile activity remain unclear. Recent hypotheses posit that basal
levels of endogenous NO increase lymphatic contraction strength as a consequence of lowering
frequency (i.e. positive lusitropy), whereas higher agonist-evoked concentrations of NO exert
purely inhibitory effects on contractile function. We tested both hypotheses directly by isolating
and cannulating collecting lymphatic vessels from genetically modified mice for ex vivo study. The
effects of basal NO and agonist-evoked NO were evaluated, respectively, by exposing wild-type
(WT), endothelial NO synthase (eNOS)~/~ and inducible NO synthase (iNOS)~/~ lymphatic
vessels to controlled pressure steps followed by ACh doses. To compare with pharmacological
inhibition of eNOS, we repeated both tests in the presence of L-NAME. Surprisingly, genetic
removal of basal NO enhanced contraction amplitude significantly without increasing contraction
frequency. Higher levels of NO production stimulated by ACh evoked dilation, decreased tone,
slowed contraction frequency and reduced fractional pump flow. We conclude that basal NO
specifically depresses contraction amplitude, and that greater NO production then inhibits all
other aspects of contractile function. Further, this work demonstrates definitively that mouse
collecting lymphatic vessels exhibit autonomous, large-amplitude contractions that respond to
pressure similarly to collecting lymphatics of other mammalian species. At least in the peripheral
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lymphatic vasculature, NO production depresses contractile function, which influences lymph
flow needed for fluid regulation, humoral immunity and cancer metastasis.
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Abbreviations AMP, contraction amplitude; BSA, bovine serum albumin; EDD, end diastolic diameter; EF, ejection
fraction; eNOS, endothelial nitric oxide synthase; ESD, end systolic diameter; FPF, fractional pump flow; FREQ,
contraction frequency; iNOS, inducible nitric oxide synthase; MaxD, maximal passive diameter; NO, nitric oxide;

WT, wild-type.

Introduction

Collecting lymphatic vessels must contract spontaneously,
much like the heart, in order to generate pressure to
propel lymph along the lymphatic vascular network to the
lymph nodes. Thus, a detailed understanding of collecting
lymphatic vessel contractile function is required before
pharmacological approaches targeting lymph flow can
be employed for the treatment of edema, autoimmune
diseases or cancer metastasis. Several signalling molecules
have been identified that modulate the spontaneous
contractions of collecting lymphatic vessels, altering
lymph flow either positively or negatively. The most widely
studied of these is nitric oxide (NO), which has been
examined recently as a possible topical treatment for
envenomation (Saul et al. 2011).

Recent work has suggested that the actions of NO on
lymphatic contractile activity are context dependent, in
stark contrast to its consistent inhibition of basal tone in
arterioles. The current working hypothesis is that large
concentrations of NO evoked by agonists or continuous
unidirectional flow inhibit contractile activity (Yokoyama
& Ohhashi, 1993; Gashev et al. 2002), while lower (basal)
levels of NO paradoxically increase contraction strength,
or amplitude (Hagendoorn et al. 2004; Gasheva et al.
2006; Bohlen et al. 2009, 2011; Liao et al. 2011; Nagai
et al. 2011; Kesler et al. 2012). Basal NO is defined here
as the time-averaged level of NO produced in response
to pulsatile flow generated by spontaneous contractions
at a given pressure (Dixon et al. 2006), as NO has
been shown to fluctuate periodically during individual
contraction cycles (Bohlen et al. 2009, 2011). Collectively,
interpretation of these results has led to the conclusion
that basal NO increases contraction amplitude — relative
to conditions of lower NO levels — by reducing the
contraction frequency, thereby providing more time for
the lymphangion to fill with fluid so that the next
contraction becomes stronger (i.e. positive lusitropy). This
hypothesis was originally formulated and tested for the
isolated rat thoracic duct (Gasheva et al. 2006), the central
lymphatic duct that possesses unique contractile and
non-contractile regions specialized for pumping lymph
into the bloodstream. In contrast, the aforementioned
studies examined prenodal lymphatics in vivo under

conditions where intralymphangion pressure and flow
were unknown and uncontrolled (Hagendoorn et al. 2004;
Bohlen et al. 2009, 2011; Liao et al. 2011). Importantly,
pressure and flow exert profound and opposite effects
on lymphatic contractile function that may confound
the interpretation of in vivo observations (Scallan ef al.
2012). Such interpretation is further limited by the use
of non-specific NO synthase inhibitors (e.g. L-NAME),
for which off-target or endothelium-independent effects
have been demonstrated (Buxton et al. 1993; Suda et al.
2002; Murphy et al. 2007).

A direct way to test the effects of NO on collecting
lymphatic contractile activity is to study mice in which the
gene encoding endothelial NO synthase (eNOS) has been
deleted. Using this approach circumvents many limitations
of pharmacological tools, such as non-specific effects or
lack of efficacy. Until now, genetic approaches have not
been employed to study lymphatic contractile activity in
isolated lymphatic vessels, where pressure and flow can be
finely controlled. The reasons for this are mainly due to
technical difficulties, but there has also been substantial
controversy over whether or not lymphatic vessels in the
mouse exhibit large-amplitude spontaneous contractions
(Gashev et al. 2009, 2010), a general feature common to
several other mammalian species that have been examined
(McHale & Roddie, 1976; Johnston & Gordon, 1981;
Zhang et al. 2007). Indeed, several groups still refer to
lymphatic contractile behavior in the mouse as passive
‘pulses’ rather than active ‘contractions’ presumably due
to an inability to measure vessel diameter accurately
(Kwon & Sevick-Muraca, 2010; Zhou et al. 2010; Proulx
& Detmar, 2012). Notably, only a single, recent study has
demonstrated the possible existence of large-amplitude
contractions of mouse collecting lymphatics in vivo (Liao
etal. 2011).

Here we investigated the function of basal and
stimulated NO production from lymphatic endothelium
using an integrative approach combining physiology and
genetics, in which murine popliteal collecting lymphatic
vessels were removed from anaesthetized, transgenic mice
and mounted on glass pipettes for ex vivo study. This
model provides independent control over the hydrostatic
pressures at either end of a collecting lymphatic vessel,
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flow through the vessel, and luminal/abluminal solutions.
At the same time, lymphatic vessel internal diameter can
be measured continuously over time, enabling comparison
between wild-type (WT) and genetically-modified mouse
vessels in a system where limited cell types are present (i.e.
lymphatic endothelium and smooth muscle). We tested
the prevailing hypotheses that: (1) basal NO production
increases contraction amplitude due to a decreased
contraction frequency; and (2) higher concentrations
of stimulated NO production inhibit general contractile
function. Experiments were performed using popliteal
vessels from WT, eNOS™/~, and inducible NO synthase
(iNOS)~/~ mice, and tested the responses of single vessels
to pressure steps and ACh, before and after treatment
with L-NAME, a widely used pharmacological inhibitor of
eNOS. We conclude that basal NO production depresses
contraction amplitude without increasing frequency thus
contradicting the prevailing hypothesis regarding the
actions of basal NO, whereas higher concentrations of
NO depress most common parameters of lymphatic
pump function. Finally, this work demonstrates more
definitively that mouse collecting lymphatic vessels exhibit
large-amplitude (i.e. propulsive) spontaneous contra-
ctions—in the absence of external influences — that respond
to pressure similarly to collecting lymphatics of other
mammalian species and opens up the future application
of transgenic models to quantitative studies of lymphatic

physiology.

Methods
Mice

Male WT, eNOS~/~ or iNOS™/~ mice on the C57BL/6
background were purchased from The Jackson Laboratory
(Bar Harbor, ME, USA) and studied between 5 and
7 weeks of age to limit variability in the contractile
responses. All animal protocols were approved by the
University of Missouri Animal Care and Use Committee,
and conformed to the US Public Health Service policy
for the humane care and use of laboratory animals (PHS
Policy, 1996).

Vessel isolation procedure

Mice (18-25g) were anaesthetized with pentobarbital
sodium (Nembutal; 60 mgkg™', 1.r.) and placed in the
prone position on a heating pad. A proximodistal incision
(~1cm) was made in the skin beginning at the ankle
of one leg to expose the superficial saphenous vein.
Pilot experiments using India ink injected into the
footpad confirmed that two afferent popliteal collecting
lymphatic vessels ran consistently alongside this vein.
After the connective tissue on either side of the vein
was cleared away, the more superficial of two popliteal
lymphatic vessels was then separated from the vein and
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placed in Krebs buffer containing albumin. Afterwards,
the animal was killed by an overdose of pentobarbital
sodium (200 mg kg™!, 1.C.). Popliteal collecting lymphatic
vessels (~40-80 um i.d.; 1-2 mm long) were pinned in a
Sylgard dish and cleaned of connective and adipose tissue
before transfer to a 3 mL chamber where the vessel was
cannulated, pressurized, and trimmed of any remaining
connective tissue prior to beginning the experimental
protocol.

Solutions and chemicals

Krebs buffer contained (in mMm): NaCl, 146.9; KCI,
4.7; CaClz‘szo, 2; MgSO4, 12; NaH2PO4'H20, 12;
NaHCOs;, 3; sodium-Hepes, 1.5; D-glucose, 5 (pH 7.4
at 37°C). An identical buffer was prepared with the
addition of 0.5% BSA. During cannulation the luminal
and abluminal solutions contained Krebs with BSA,
but during the experiment the abluminal solution was
constantly exchanged with fresh Krebs lacking BSA. At
the end of every experiment, a Ca*"-free physiological
saline solution was used to obtain the passive diameter
(Davis et al. 2011). All chemicals were obtained from
Sigma (St Louis, MO, USA), with the exception of BSA
(US Biochemicals; Cleveland, OH, USA), MgSO, (Fisher
Scientific; Pittsburgh, PA, USA) and sodium-Hepes
(Fisher Scientific).

L-NAME was superfused at a concentration
(1 x107*M) that is routinely reported to inhibit
eNOS activity maximally (Bohlen et al. 2009; Nagai
et al. 2011). ACh dose-response curves were performed
over a range of 1 x 107 M to 3 x 1077 M, after pilot
studies identified that a dose of 1 x 107® M produced
a strong constriction followed by a maximal dilation
that was difficult to wash out and repeat, requisite for
this experimental design. Both L-NAME and ACh were
diluted in Krebs buffer lacking BSA.

Pressure control and data acquisition

Vessels were cut to a length that contained only a
single valve. Another group of vessels containing a
single, complete lymphangion capable of generating its
own systolic pressure-head to propel fluid was studied
separately. To prevent continuous, but not pulsatile, flow
through the vessel during the experiment, input and
output pressures were kept equal, as it is well known that
unidirectional flow elicits NO production from lymphatic
endothelium (Gashev et al. 2002; Bohlen et al. 2009, 2011).
Lymphatic vessel segments were tied onto two glass micro-
pipettes (40 um o.d.) mounted on a Burg-style V-track
system (Duling ef al. 1981). Polyethylene tubing (PE-190)
attached to each micropipette was later connected to
a valve that allowed pressure control to be switched
between a manual reservoir and servo-controlled pumps
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(Davis et al. 2011). After the isolated vessel chamber was
positioned on an inverted microscope, a suffusion line
connected to a peristaltic pump maintained a constant
superfusion of Krebs buffer at a rate of 0.4 mlmin™'; a
second line attached to the peristaltic pump in reverse
orientation was used to remove excess buffer at the same
rate. Input and output pressures were set briefly to the
highest pressure used in this study (10 cmH,O) to facilitate
the removal of axial slack, which minimized bowing of
the vessel at high pressures that otherwise interfered
with diameter tracking. Afterward, both pressures were
lowered to 3 cmH,0O to allow the vessel to warm up to
37°C and begin contracting. Spontaneous contractions
usually began within the first 20 min of warm up and had
stabilized completely by 1 h.

A computer was used to record the input and output
pressure transducer signals, and displayed a video image
of the vessel using a firewire camera (model A641FM
Basler; Ahrensburg, Germany) at 30 Hz. A custom-written
LabView program (National Instruments; Austin, TX,
USA) measured the inner diameter (i.d.) of the vessel on
the video image and recorded it as a function of time
(Davis et al. 2011). All diameters reported here are inner
diameters.

Protocols

Each vessel was equilibrated for approximately 1h
at 2-3cmH,0 and 37°C until a stable pattern of
spontaneous contractions developed. Based on a pilot
study, requirements for vessels to be included in this
study were: (1) spontaneous contractions that developed
within the 1 h equilibration period; (2) the development of
spontaneous tone at the equilibration pressure; and (3) a
contraction amplitude >30% of the end diastolic diameter
at 1 cmH,O0.

To test the response of each vessel to pressure, the
input and output pressures were lowered together to
0.5 cmH,0. Both pressures were successively stepped to
1, 2, 3, 5, 7 and then 10 cmH,O for a total of seven
cumulative pressure steps (Fig. 1B). Spontaneous contra-
ctions were recorded at each pressure for 2—6 min, a time
sufficient to obtain at least three contractions at the lowest
pressure of 0.5cmH,0, at which some vessels did not
contract (Supplemental Movie 1). After the last pressure
step to 10 cmH,O, pressures were lowered to 3 cmH,0
and the contraction pattern was allowed approximately
20 min to stabilize. To test the responses to stimulated
NO production, an ACh dose-response curve was then
performed over the range of 1 x 107°M to 3 x 1077 M
by adding a small, predetermined volume (<90 ul) to
the bath while pressure was held constant at 3 cmH,0
(Fig. 1B). After a baseline period of 2 min, each dose was
given in strict 2 min intervals to facilitate data analysis
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(Supplemental Movie 2). To evaluate the pharmacological
inhibition of eNOS activity, the same vessel was treated
for 20 min with a suffusion of an identical Krebs buffer
that additionally contained 1 x 107*M L-NAME. After
this period, the pressure steps and ACh dose-response
protocols were repeated as before (Fig. 1B). At the end of
the experiment, the vessel was suffused with Ca**-free
physiological saline solution for at least 20 min before
passive diameters were recorded at every pressure used
in the experiment in ascending order (Fig. 1B).

Data analysis

After an experiment, custom-written analysis programs
(LabView) were used to detect the end diastolic and end
systolic diameters (EDD and ESD, respectively),
contraction frequency (FREQ, computed on a
contraction-by-contraction basis), contraction amplitude
(AMP), and pipette pressures over time. These raw
data were recorded during the experiment and used
to calculate several commonly reported contraction
parameters to assist with comparison to published data.
From the pressure step protocols, the following were
calculated and graphed:

AMP = EDD — ESD (1)
% Tone = [(MaxD — EDD)/MaxD] x 100  (2)
Ejection fraction (EF) = (EDD* — ESD?)/EDD’ (3)

Fractional pump flow (FPF) = FREQ x EF  (4)

where MaxD represents the maximum passive diameter
obtained under Ca’*-free conditions at the same pre-
ssures at the end of every experiment. Raw EDD (um) and
FREQ (min~') were additionally plotted. From the ACh
dose-response protocols, the following were calculated
and graphed:

Normalized AMP = (AMP/MaxD) x 100 (5)
Change in EDD = EDD — EDD,, (6)
Change in % Tone = %Tone — %Tone,, (7)

Normalized FREQ = (FREQ/FREQ,,,) x 100 (8)

avg )

where EDD,,,, Tone,,; and FREQ,, represent the average
EDD, Tone and FREQ during the 2 min baseline period
prior to the addition of ACh to the bath. Additionally, EF
and FPF were calculated as for the pressure step protocol.

Data obtained from the pressure step protocol were
plotted asa function of pressure (cmH,0O), while data from
the dose—response protocol were plotted as a function
of ACh concentration (M). Raw pressure/diameter traces
were plotted against time using Igor Pro (Wavemetrics,

© 2013 The Authors. The Journal of Physiology © 2013 The Physiological Society
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Lake Oswego, OR, USA). To compare responses obtained
within the same vessel (e.g. responses to L-NAME),
a repeated-measures two-way ANOVA was used in
conjunction with Bonferroni’s post hoc test. To compare
responses to pressure or ACh between vessels (e.g. of
different genotypes), a two-way ANOVA was performed
with Bonferroni’s post hoc test to make multiple pairwise
comparisons. For both pressure step and ACh protocols,
Dunnett’s multiple pairwise comparisons were used to
test for significant differences from the first data point
(at 0.5cmH,0O or 0 M ACh). Dose-response curves and
functional responses to pressure were fit using curvilinear
regression where appropriate. All data were tabulated
using Excel, and statistical tests were performed using
Prism 5 (Graphpad Software Inc., CA, USA), with
significance for all tests set at P < 0.05 and reported as
means (£ SEM).

Results

A typical preparation used for this study is shown
in Fig. 1A, where a single-valve popliteal collecting
lymphatic vessel has been isolated, cleaned, and tied
onto two glass micropipettes capable of independent
pressure control. The successful isolation and cannulation
of mouse collecting lymphatics that retain the
ability to spontaneously generate high-velocity and
large-amplitude contractions has not before been

Genetic removal of NO from murine collecting lymphatics
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accomplished. The purpose of this study was to
determine the effects of basal and ACh-stimulated
NO production on collecting lymphatic contractile
activity using a genetic approach, which allows
these hypotheses to be tested directly for the first
time.

Effects of basal NO production on murine lymphatic
contractile activity

To determine the role of basal NO in lymphatic contractile
activity, WT and eNOS~/~ lymphatic vessels containing a
single valve were allowed to contract spontaneously at
a series of pressures. Representative traces are provided
in Fig. 2. Both input and output pressures (top trace
of Fig. 2A) were stepped simultaneously to 0.5, 1, 2,
3, 5, 7 and 10cmH,0O, while diameter (lower trace
of Fig. 2A) was measured over time (x-axis). Because
a pressure gradient for forward flow stimulates NO
production from lymphatic endothelium (Gashev et al.
2002), holding input and output pressures equal allowed
only pulsatile flow-induced NO production. Unlike pre-
vious reports of mouse lymphatic contraction strength
in vivo (Ono et al. 2000; Liao et al. 2011), the
AMP of this particular WT vessel at lower pressures
(0.5-2 cmH,0) was approximately 50% of the active
EDD (Fig. 2A). The same vessel was superfused with
L-NAME for a 20 min period. This length of time (and

A
input segment
Pin Pout
S diameter tracking ROI
In situ direction of flow —
B
L-NAME Superfusion Ca?+-Free Superfusion
L A
1
o= 10 Acetylcholine 10 Acetylcholine
5 Q 7 Dose-Response 7 Dose-Response
? L 5 f—Lﬁ 5
o5 3 23
oL 05 1 2 05 1

Figure 1. A video image of the isolated murine popliteal lymphatic vessel preparation (A) and
experimental protocol designed to test the function of basal and stimulated NO production (B)

A, a typical popliteal collecting lymphatic vessel (~60 wm i.d.) is tied onto two glass pipettes capable of pressure
control. All vessels in this study contained either one or two valves (labelled). A custom computer program
measured the inner diameter over time within the rectangular region of interest (ROI). B, a schematic diagram of
the pressure steps and ACh dose-response tests before and after .-NAME application is shown. Pressure is plotted
on the y-axis, while time is represented on the x-axis (not to scale).
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concentration) was chosen based on prior work on rat
collecting lymphatic vessels, where vessels were typically
treated for 15-20 min prior to the commencement of
experimental protocols (Shirasawa et al. 2000; Gasheva
et al. 2006; Bohlen et al. 2009; Akl et al. 2011; Nagai
et al. 2011). At least for this particular vessel, no
visible differences were observed after L-NAME treatment,
except for an insignificant tendency for tone to increase
(Fig. 2B). A representative trace is shown for an eNOS~/~
collecting lymphatic in Fig. 2C, which exhibited an
even larger AMP than the WT vessel in Fig. 2A. When
this eNOS™/~ vessel was treated with L-NAME (Fig.
2D), no discernable differences were apparent, except
for a decrease in FREQ. Notably, irregular pauses were
sometimes observed in collecting lymphatic vessels after
L-NAME treatment (of any genotype) and are especially
evident in the diameter trace of Fig. 2D at a pressure of
7 cmH, 0.

To gain insight into the effects associated with basal
NO production, we plotted several common measures
of collecting lymphatic contractile activity as a function
of pressure before and after treatment with L-NAME. A
total of 12 WT and 10 eNOS™/~ single-valve vessels were
studied, with their averaged contractile data plotted in
Figs 3-5.

Popliteal collecting lymphatics from WT mice exhibited
a slight increase in EDD as pressure was elevated,
which did not significantly differ from the EDD at
the lowest pressure (Fig. 3A). Likewise, tone did not
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change significantly over the entire pressure range
(Fig. 3B). As is well established for collecting lymphatics of
other mammalian species, AMP declined significantly as
pressure was raised (from 37.5+ 5.6 um to 7.7 + 0.7 um;
Fig. 3C). Also as expected, FREQ increased significantly
with pressure, from 5.0 £2.5min™! at 0.5cmH,0 to
a plateau of 13.0+ 1.7min"' at 2cmH,O (Fig. 3E),
although this relationship appears steeper than that of
larger mammals, possibly reflecting an adaptation to lower
pressures. The average FREQ at the highest pressure used
in this study, 10 cmH,0, was 15.0 = 1.2 min~"'. Typically,
EF is calculated from EDD and ESD, and represents
the estimated fraction of lymph that is ejected during
each contraction cycle, analogous to the cardiac EF. As
pressure was increased, EF declined significantly and
continuously, mirroring the AMP response to pressure
(Fig. 3D). FPF is calculated as the product of EF and
frequency, and serves as an index of theoretical lymph flow.
FPF exhibited a biphasic response to pressure, increasing
initially to a peak at 2 cmH,0O and declining thereafter
(Fig. 3F).

After treatment of the WT vessels with L-NAME
to unmask the contribution of basal NO to contra-
ctile function, the same contractile parameters were
reassessed at the same pressures (Fig. 3A—F, open circles).
No significant differences were observed between the
data from untreated (WT) and treated (4+L-NAME)
conditions with respect to EDD, tone, amplitude,
frequency or FPE Therefore, after L-NAME treatment
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Figure 2. Raw traces of wild-type (WT; A and B) and endothelial nitric oxide synthase (eNOS)~/~ (C and
D) lymphatic contractions during the pressure step protocols in the absence and presence of .-NAME
Input and output pressures (cmH;0) are displayed on the top trace and are overlaid because they were changed
simultaneously from 0.5 to 1, 2, 3, 5, 7 and 10 cmH,O (labelled). The inner diameter (wm) was measured
continuously over time and plotted on the bottom trace. Notice that the contraction amplitudes are approximately
50% of the resting EDD at low pressures. Corresponding traces from the same WT vessel are shown in A and B,
and traces from a single eNOS~/~ vessel are shown in C and D.
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the vessels exhibited the same responses to pressure
as before with the exception of EF, which was
significantly elevated over pressures ranging from 1 to
5 cmH,O0.

Popliteal collecting lymphatics from eNOS™/~ vessels
were then exposed to the same protocol to determine
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their contractile activity as a function of pressure
(Fig. 4A-F). In general, the eNOS™/~ collecting
lymphatics responded to increasing pressure similarly to
WT vessels in that EDD rose slightly, but insignificantly
(Fig. 4A), and tone did not change significantly at
any pressure (Fig. 4B). AMP and EF (Fig. 4C and
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o
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0 2 4 6 8 10

Pressure (cmH,0)

Figure 3. Effects of L-NAME on wild-type (WT) lymphatic vessel contractile function

WT lymphatic contractile parameters are plotted against pressure on the x-axis, and include end diastolic diameter
(EDD; A), tone (B), contraction amplitude (AMP; C), ejection fraction (EF; D), contraction frequency (FREQ; E)
and fractional pump flow (FPF; F). Filled points indicate WT responses to pressure steps, while the open data
points represent WT function in the presence of .-NAME (n = 12). All data are means (£ SEM). When error
bars appear missing, they are actually contained within the data points. Data in each graph were fit to a curve
as appropriate, except for tone and FPF, which were necessarily splined. *Filled versus open data points differ
significantly (P < 0.05); #filled and open data points both differ from their respective first data point at 0.5 cmH, O;
tonly filled data points differ significantly from the first data point at 0.5 cmH;O.
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D) both increased somewhat from 0.5 to ~2cmH,O  14.9 £ 1.1 min~! over the entire pressure range (Fig. 4E).
and then declined with pressure afterward (AMP  FPF still exhibited a biphasic relationship with increasing
dropped from 35.3£1.5um to 12.5£ 1.2 um). FREQ  pressure that peaked at 3 cmH,O and declined thereafter
increased gradually with pressure from 0.6 0.3 min"' to  (Fig. 4F).
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Figure 4. Effects of L-NAME on endothelial nitric oxide synthase (eNOS)~/~ lymphatic vessel contractile
function

eNOS~/~ lymphatic contractile parameters are plotted against pressure on the x-axis, and include end diastolic
diameter (EDD; A), tone (B), contraction amplitude (AMP; C), ejection fraction (EF; D), contraction frequency (FREQ;
F) and fractional pump flow (FPF; F). Filled points indicate eNOS™/~ responses to pressure steps, while the open
data points represent eNOS—/~ function in the presence of L-NAME (n = 10). All data are means (& SEM). When
error bars appear missing, they are actually contained within the data points. Data in each graph were fit to a
curve as appropriate, except for tone and FPF, which were necessarily splined. *Filled versus open data points differ
significantly (P < 0.05); ffilled and open data points both differ from their respective first data point at 0.5 cmH, O;
tonly filled data points differ significantly from the first data point at 0.5 cmH;O.
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The eNOS™/~ vessels were treated with L-NAME for
the same 20 min period before repeating the pressure
steps; this served as a negative control as L-NAME was
not expected to affect contractile function in vessels
lacking eNOS unless this inhibitor displays non-specific
actions in this preparation (Fig. 4A—F, open circles).
As expected, no significant differences were found in

A EDD
1004

EDD (um)

0 T T T T T
0 2 4 6 8 10

Pressure (cmH,0)

C AMP
1004

Amplitude (um)

Pressure (cmH,0)

E FREQ

Lo

Frequency (min™')

6 8 10
Pressure (cmH,0)

Genetic removal of NO from murine collecting lymphatics

O

2147

EDD, tone, amplitude, EF or FPF when the responses
were compared before and after L-NAME treatment.
Unexpectedly, L-NAME significantly decreased FREQ
at pressures of 3 and 7 cmH,0 in eNOS~/~ vessels,
suggesting a non-specific action for this drug (Fig. 4E).
To determine the role of basal NO in the absence of
chemical inhibitors, we compared the contractile function
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Figure 5. Effects of genetic deletion of endothelial nitric oxide synthase (eNOS) on lymphatic vessel

contractile function

Lymphatic contractile function was directly compared between wild-type (WT; filled points) and eNOS~/~ vessels
(open points). End diastolic diameter (EDD; A), tone (B), contraction amplitude (AMP; C), ejection fraction (EF; D),
contraction frequency (FREQ; £) and fractional pump flow (FPF; F) were compared between the two genotypes.
All data are means (= SEM). When error bars appear missing, they are actually contained within the data points.
Data in each graph were fit to a curve as appropriate, except for tone and FPF, which were necessarily splined.
*Filled versus open data points differ significantly (P < 0.05).
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of WT and eNOS™/~ vessels directly, in anticipation that
this approach was more exact as the gene was completely
deleted (Fig. 5A—F). As with treatment of the WT vessels
with L-NAME, no significant differences were found with
EDD, tone, FREQ or FPE Also as expected based on
the results in Fig. 3D-F, EF was significantly increased
in the eNOS™/~ vessels, but again only at low pressures
(1-3 cmH,O; Fig. 5D). Interestingly, AMP was elevated
significantly in the eNOS™/~ vessels over the same pressure
range as EF.

NO production stimulated by ACh depresses murine
lymphatic contractile activity

To determine the effects of stimulated production of
higher NO concentrations, the same single-valve WT and
eNOS ™/~ vessels (n=28 each) were exposed to six ACh
doses before and after L-NAME treatment with hydro-
static pressure fixed at 3 cmH,O. Notably, this part of the
protocol was performed after each series of pressure steps,
so for the ACh responses in the presence of L-NAME the
vessels had been exposed to the inhibitor for approximately
1 hour (refer to Fig. 1B).

Representative traces from ACh dose-responses of WT
vessels are presented in Fig. 6A and B. In the absence
of ACh, collecting lymphatic vessels (WT, eNOS™/~ or
iNOS™/~) contract stably such that the average EDD,
amplitude and frequency do not change substantially

J. P. Scallan and M. J. Davis
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for extended periods of time at a constant pressure.
Thus, the increase in EDD and lower FREQ in Fig.
6A are due to ACh-stimulated NO production. At the
highest dose of 3 x 1077 M ACh, contractions returned in
this particular vessel, indicative of muscarinic activation
of the muscle layer. After this same vessel was treated
with L-NAME (Fig. 6B), it did not respond to any
dose of ACh in the range used, and the AMP appeared
larger. Importantly, the vessel continued to gain tone
over time as indicated by a constantly decreasing EDD.
The same protocol was performed on eNOS™/~ vessels,
and representative traces are shown in Fig. 6C and D.
In both traces ACh exerted no visible effect at any
dose tested. In contrast to the WT vessel treated with
L-NAME (Fig. 6B), the eNOS™/~ vessel did not appear
to gain tone over time, even when L-NAME was applied
(Fig. 6D).

The effects of ACh-stimulated NO production on WT
and eNOS~/~ vessels before and after L-NAME treatment
were quantified in Figs 7-9 and plotted as a function
of ACh concentration. As expected, progressively larger
doses of ACh increasingly dilated the vessels so that
EDD increased by 8.6 &= 2.2 um at the highest dose (Fig.
7A). Tone was accordingly decreased by 10.3 £2.7% at
the same dose (Fig. 7B). AMP and EF did not change
significantly from baseline with any dose of ACh (Fig.
7C and D). FREQ decreased by approximately 50% over
the entire range of doses (Fig. 7E). Primarily due to the
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Figure 6. Raw traces of wild-type (WT; A and B) and endothelial nitric oxide synthase (eNOS)~/~ (C and
D) lymphatic vessel contractile activity during ACh dose-response tests, conducted in the absence and
presence of L-NAME

Input and output pressures, overlaid in the top trace, were fixed at 3 cmH,O for the entire protocol. The diameter
traces are plotted over time, on the bottom. Vertical lines in the diameter traces mark the application of each dose
(labelled) of ACh to the bath. Traces in A and B are from a single WT vessel, and traces in C and D are from a
single eNOS—/~ vessel.
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reduction in FREQ, FPF also decreased significantly by
~50% at the higher concentrations of ACh (Fig. 7F).
In untreated WT vessels, the changes in EDD, tone,
frequency, and FPF were significantly different from the
baseline for the three highest doses of ACh.
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When the same WT vessels were then treated with
L-NAME (Fig. 7A-F, open circles), the responses of
EDD, tone, FREQ, and FPF to ACh were abolished
completely. Further, AMP and EF were significantly
elevated after L-NAME treatment, even at baseline,
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Figure 7. Effects of .L-NAME on ACh-evoked NO production in wild-type (WT) vessels

WT lymphatic contractile parameters are plotted as a function of ACh concentration (x-axis) and include the
change in end diastolic diameter (EDD; A), change in tone (B), normalized contraction amplitude (nAMP; C),
ejection fraction (EF; D), normalized contraction frequency (nNFREQ; E) and fractional pump flow (FPF; F). Filled
points indicate WT responses to ACh, while the open data points represent WT function in the presence of .-NAME
(n = 8). All data are means (&= SEM). When error bars appear missing, they are actually contained within the data
points. All data were fit with the same sigmoidal dose-response curve (3-parameter fit). *Filled versus open data
points differ significantly (P < 0.05); filled and open data points both differ from their respective control data
point at 0 m; fonly filled data points differ significantly from the control data point at 0 m.
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differing from the results in Fig. 3C where amplitude
was not increased by L-NAME treatment to remove basal
NO. This discrepancy most likely arises from the fact

J. P. Scallan and M. J. Davis
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time, and that the ACh dose-response was performed
after ~1h of L-NAME treatment, while the pressure
step data were obtained after only 20 min of L-NAME

that the effects of L-NAME increased continuously over  treatment.
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Figure 8. Effects of L-NAME on endothelial nitric oxide synthase (eNOS)~/~ vessel responses to ACh
Lymphatic contractile parameters of eNOS~/~ vessels in the absence (filled points) and presence (open points) of
.-NAME are plotted as a function of ACh concentration (n = 8). A, end diastolic diameter (EDD); B, change in
tone; C, normalized contraction amplitude (nAMP); D, ejection fraction (EF); £, normalized contraction frequency
(nFREQ); and F, fractional pump flow (FPF). All data are means (£ SEM). When error bars appear missing, they
are actually contained within the data points. All data were fit with the same sigmoidal dose-response curve
(3-parameter fit). *Filled versus open data points differ significantly (P < 0.05).
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ACh dose-response curves were also performed on
collecting lymphatics isolated from eNOS™/~ mice as
a control to determine whether deletion of this gene
completely eliminated the response to ACh. Confirming
that the ACh responses of WT vessels were due solely
to endothelial production of NO, eNOS™/~ collecting
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lymphatics did not respond to ACh with any significant
changes relative to baseline (Fig. 8 A—F). Some measures
of lymphatic function, such as the change in EDD or
tone, tended to deviate from the baseline at the highest
dose of ACh, again suggesting muscarinic activation of
the muscle layer. After the eNOS™/~ vessels were treated
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Figure 9. Genetic deletion of endothelial nitric oxide synthase (eNOS) abolishes the ACh response of

wild-type (WT) vessels

A direct comparison of lymphatic contractile function between WT (filled points) and eNOS—/~ vessels (open
points). A, end diastolic diameter (EDD); B, change in tone; C, normalized contraction amplitude (nAMP); D,
ejection fraction (EF); £, normalized contraction frequency (nFREQ); and F, fractional pump flow (FPF). All data
are means (£ SEM). When error bars appear missing, they are actually contained within the data points. All data
were fit with the same sigmoidal dose-response curve (3-parameter fit). *Filled versus open data points differ

significantly (P < 0.05).
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with L-NAME, no significant changes were observed versus
untreated conditions, as expected.

The effects of genetic removal of eNOS on the ACh
dose-response curve were determined by comparing the
WT and eNOS™/~ data directly in Fig. 9. Deletion of
the eNOS gene appeared to result in effects similar to
pharmacological inhibition with L-NAME, as changes in
EDD, tone, FREQ), and FPF were all completely abrogated.
As with L-NAME treatment of WT vessels, AMP and EF of
the eNOS™/~ vessels were significantly elevated compared
with WT.

Genetic deletion of iINOS recapitulates WT responses

As an added level of control, the same protocol (Fig. 1B)
was performed on popliteal collecting lymphatics isolated
from iNOS™/~ mice (n= 7). These vessels were expected
to yield similar data as the WT collecting lymphatics
when basal and stimulated NO production were inhibited
because iNOS is present in immune cells, which may
have been present in limited numbers. Supplemental
Fig. 1 contains representative traces from the same vessel
exposed to the pressure step protocol (Supplemental
Fig. 1A and B) and the ACh dose-response curves
(Supplemental Fig. 1C and D). Similar to WT collecting
lymphatics, iNOS™/~ vessels exhibited a decrease in
AMP and an increase in FREQ with increasing pressure
(Supplemental Fig. 1A). After L-NAME treatment of this
vessel (Supplemental Fig. 1B), no apparent differences
were observed, except for an increase in FREQ at the
lower pressures. Upon exposure to increasing doses of ACh
(Supplemental Fig. 1C), a progressive increase in EDD
accompanied a decrease in both AMP and FREQ. When
the same doses were repeated in the presence of L-NAME,
no substantial changes were observed (Supplemental
Fig. 1D).

When the contractile parameters are summarized for
the iNOS™/~ lymphatics studied (Supplemental Fig.
2A-F), similar responses to pressure were obtained as
for WT vessels. Briefly, EDD increased slightly, but not
significantly, from the value at the lowest pressure of
0.5 cmH,0. Tone did not change significantly over the
entire pressure range. AMP and EF both fell significantly
as a function of pressure (AMP: from 32.1£5.0 um
at 0.5cmH,0 to 10.4+ 1.5 um at 10 cmH,0). FREQ
increased significantly with pressure from 3.2 + 0.8 min ™!
at 0.5cmH,0 to 13.0+ 0.9 min~! at 10.0 cmH,O. FPF
remained biphasic as a function of pressure, with a peak
occurring at approximately 3 cmH,0. When iNOS™/~
vessels were treated with L-NAME to inhibit basal NO
production, no significant differences were found with
respect to EDD, tone, AMP or EE. At the two lowest pre-
ssures of 0.5 and 1 cmH, O, a significant increase in FREQ
occurred, which corresponded to significant increases in
FPE
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Supplemental Fig. 3 summarizes the contractile data
from the ACh dose-response curves for the iNOS™/~
lymphatics. As with the WT vessels, EDD increased
significantly from baseline at the three highest doses of
ACh, while tone, FREQ and FPF all declined significantly
at the three highest doses of ACh. AMP and EF did not
change significantly from baseline over the entire range
of ACh doses. Upon treatment with L-NAME (again for
~1h), EDD, tone, FREQ and FPF did not respond to
any dose of ACh. In the presence of L-NAME, AMP and
EF did not change from baseline, but both were elevated
significantly above the untreated iNOS™/~ vessel data,
indicating that the 20 min incubation with L-NAME prior
to the pressure step protocols was insufficient to unmask
the contribution of basal NO production in the iNOS™/~

group.

Genetic removal of basal NO increases AMP and EF in
single lymphangions

To ensure that the results regarding basal NO were not
unique to vessel segments containing one valve, which
have a limited ability to pump due to the open cannulation
pipettes, we performed the same pressure step protocols
on two-valve segments — otherwise known as single
lymphangions — from six WT and nine eNOS™/~ mice
(Supplemental Figs 4-6). WT lymphangions treated with
L-NAME for approximately 1 hour exhibited a significant
decrease in EDD and a concomitant increase in tone over
low pressures. Recall that EDD and tone of the single-valve
WT vessels did not change after L-NAME treatment for
20 min, indicating a cumulative effect of L-NAME. No
significant differences in AMP, EF or FREQ were obtained
in WT lymphangions, similar to the WT vessels with
one valve (Supplemental Fig. 4C-E). Only a significant
increase in FPF at 0.5 cmH, O was observed, again largely
consistent with the single-valve WT data in Fig. 3.

When eNOS™/~ lymphangions were treated with
L-NAME, no significant effects were detected for EDD,
tone, AMP, EF or FPF (Supplemental Fig. 5), consistent
with results from the single-valve eNOS™/~ vessels.
A significant reduction in FREQ occurred at 7 and
10 cmH,0 in eNOS™/~ lymphangions, suggesting a
non-specific effect of L-NAME similar to that observed
with single-valve eNOS™/~ vessels (Fig. 4E).

A comparison of WT and eNOS~/~ lymphangions
(Supplemental Fig. 6) revealed that genetic removal of
eNOS led to a significant increase in AMP and EF
over low pressures (~1-3 cmH,0), in line with the data
obtained from the single-valve segments. No significant
differences were detected for EDD or FPF between WT
and eNOS~/~ lymphangions, whereas WT lymphangions
had a significantly higher tone at 7 and 10 cmH,0O and
significantly higher FREQ at 2 and 3 cmH,O.

© 2013 The Authors. The Journal of Physiology © 2013 The Physiological Society
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Discussion

Combining the isolated lymphatic vessel preparation
with genetic mouse models, we directly tested the hypo-
theses that: (1) basal NO production in lymphatic end-
othelium increases contraction amplitude/strength as
a result of reduced frequency; and (2) greater NO
production stimulated by ACh inhibits all aspects of
contractile activity. Contrary to the first hypothesis,
our results showed that genetic removal of basal
NO production increases contraction amplitude and
ejection fraction. Thus, we conclude that basal NO
production depresses contraction amplitude without
increasing frequency. Greater NO production evoked by
ACh led to a concentration-dependent decline in all
contractile parameters investigated, except for contraction
amplitude and ejection fraction. The effects of ACh
were completely abolished by pharmacological inhibition
or genetic removal of eNOS, supporting the second
hypothesis. In aggregate, NO appears to exert only an
inhibitory effect on lymphatic contractile function at both
basal and stimulated levels in this experimental model.
This conclusion, discussed below, challenges the current
understanding of the role of basal endothelial-derived NO
in collecting lymphatic function.

Isolated murine collecting lymphatic vessels exhibit
contractile activity

The notion that collecting lymphatics in the mouse
undergo regular spontaneous contractions, unassisted by
the movement of other tissues (e.g. contraction of skeletal
muscle, peristalsis, etc.), has remained a controversial
topic — even though murine lymphatic contractions
were alluded to as early as 1949 (Smith, 1949). The
delay in widespread acceptance of this idea is pre-
sumably due to the fact that no mouse lymphatic pre-
paration had been established that reliably demonstrated
large-amplitude contractions similar to those observed in
other mammalian species. Here, for the first time, we have
isolated and cannulated collecting lymphatics from the
popliteal region of WT and genetically-engineered mice
that exhibit large-amplitude spontaneous contractions
(~50% of EDD) and relatively high ejection fractions
(~60%). These murine popliteal collecting lymphatics
respond to increased pressure in a manner similar to
lymphatics of other mammalian species — including
cow, guinea pig and rat — by decreasing contraction
amplitude and increasing frequency (McHale & Roddie,
1976; Hargens & Zweifach, 1977; Zhang et al. 2007).
In addition, murine popliteal lymphatics exhibit several
other contractile features that have been identified using
rat mesenteric lymphatic vessels, including myogenic
constriction, rate-sensitive activation/inhibition, and
characteristic responses to preload/afterload (unpublished
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observations). These findings contradict the speculation
that murine collecting lymphatics possess fundamentally
different contractile properties from those of other
mammals (Gashev et al. 2009, 2010). That speculation
was based on: (1) the assumption that mesenteric and
iliac collecting lymphatics from the DDY strain of mice,
which exhibit only small-amplitude contractions (~10%
of EDD), are representative of all murine lymphatic
vessels (Ono et al. 2000; Mizuno et al. 2001; Nakaya
et al. 2001); and (2) recent studies to image lymph
flow in the mouse reported passive lymphatic ‘pulsing’
(Kwon & Sevick-Muraca, 2010; Zhou et al. 2010; Proulx
& Detmar, 2012), which, based on our results, most
likely represented active lymph propulsion generated
by spontaneous contractions. Importantly, our study
demonstrates the utility of using transgenic mouse models
to study lymphatic physiology in the isolated vessel pre-
paration by providing more definitive evidence for the
existence of spontaneous lymphatic contractions in mice,
particularly on a genetic background commonly used for
maintaining transgenic lines (i.e. C57BL/6).

The role of basal NO in murine collecting lymphatic
vessels

Using the isolated rat thoracic duct, Gasheva et al.
(2006) first proposed and tested the hypothesis that
basal NO, produced during spontaneous contractions
as a result of pulsatile flow, reduces the contraction
frequency to provide additional time for diastolic filling,
which then enhances the strength of the next contraction.
Importantly, the rat thoracic duct is the largest lymphatic
duct in the body (rat: ~575um diameter) and is
specialized to perform more as a conduit, rather than a
pump (Gasheva et al. 2006; Quick et al. 2007), consistent
with it possessing contractile as well as non-contractile
regions. Thus, it is uncertain whether the results obtained
using this unique vessel apply to more peripheral prenodal
lymphatic vessels of much smaller diameter (e.g. mouse:
~70 um diameter; rat: ~150 um diameter) that may
produce much less NO per contraction cycle. Regardless,
several recent studies of peripheral lymphatic vessels in
vivo have interpreted their own data in light of this
hypothesis.

Recently, it has been shown that the concentration
of basal NO produced by rat lymphatic endothelium
oscillates over individual contraction cycles due to shear
stress caused by pulsatile flow (Bohlen ef al. 2009). The
same study demonstrated that L-NAME caused a decreased
frequency in vivo, consistent with our data showing this
non-specific effect of L-NAME in eNOS~/~ vessels (Fig. 4;
Supplemental Fig. 5). In another study of rat mesenteric
lymphatic vessels, localized application of 1 mM L-NAME
reduced the basal NO concentration by approximately
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60% and increased the frequency by approximately 30%
over control without substantially altering either EDD or
ESD, reflecting no change in amplitude (see Eqn 1; Bohlen
etal. 2011). The latter study stated, but did not show, that
application of the same concentration of L-NAME to a
longer (1 mm) length of vessel caused a reduction of both
EDD and ESD concomitant with a decreased frequency of
contractions, again suggesting that amplitude was mini-
mally changed by pharmacological antagonism of eNOS.
These results agree with our data presented in Fig. 4
and Supplemental Fig. 4 showing that L-NAME did not
significantly change contraction amplitude, but decreased
frequency. However, Bohlen et al. (2011) concluded that
‘the tubular region, [had] a greater ability to increase
lusitropy and thus enhance stroke volume’ than the valve
regions, based on experiments where relatively high doses
of the vasoactive agonist, bradykinin, were applied.

Two studies using isolated rat lymphatic vessels have
been cited in support of the hypothesis that basal NO
increases contraction amplitude, but in those studies
the endothelial layer was physically denuded instead
of targeting eNOS selectively (Mizuno et al. 1997;
Koller et al. 1999), removing all endothelial-mediated
influences in addition to NO (e.g. myoendothelial
coupling, endothelin-1, prostanoids, thromboxane A2,
superoxide, etc.) and potentially damaging the muscle cell
layer.

Using the in vivo mouse tail preparation, Hagendoorn
et al. (2004) demonstrated that WT mice infused
chronically with L-NMMA as well as eNOS~/~ mice both
exhibited lower lymphatic capillary flow rates. Although
this was interpreted as a significant change in collecting
lymphatic contractile function, the underlying collecting
lymphatic vessels were neither directly imaged nor
studied.

The only study directly examining mouse collecting
lymphatics in vivo used chronic L-NMMA infusion as well
as eNOS™/~ mice (Liao et al. 2011). Systemic infusion of
L-NMMA for 3 days in WT mice resulted in no significant
change in popliteal lymphatic contraction frequency but
a decrease in contraction amplitude. Examination of
eNOS™/~ mice in that study revealed an increase in
frequency along with a decrease in contraction amplitude
compared with WT controls, and led to the conclusion
that ‘the necessary control of endothelial-regulated NO
production is no longer able to induce strong lymphatic
contractions’ in eNOS™/~ vessels. More clearly, the same
group (Kesler et al. 2012) restated this conclusion that
deletion of eNOS ‘produces a decrease in contraction
strength corresponding with an increase in the frequency
of contractions in the afferent lymphatic vessels of the
popliteal [lymph node],” indicating a positive lusitropic
effect. Surprisingly, Liao et al. (2011) reported a sub-
stantial increase, rather than a decrease, in EDD upon
eNOS inhibition using either pharmacological or genetic
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means. These conclusions are completely opposite to our
present finding that basal NO decreases amplitude without
increasing frequency. However, caution must be used in
interpreting data from a complex in vivo setting where
many changes in unknown variables can occur, including
local intravascular pressure, interstitial or vascular flow,
sympathetic activation, oncotic pressures, immune cell
activation, circulating metabolic factors, and capillary
filtration. Of course the trade-off for precise control of
pressure requires the removal of the vessel from many of
the same in vivo cues. For the purpose of resolving the
controversy regarding the effects of basal NO, this was
necessary in order to control for pressure changes, which
can increase frequency by >2-fold and lower EF by 30%
for onlya 1.5 cmH,O elevation in pressure (0.5-2 cmH,0O;
Figs 3 and 5). Indeed, intraluminal hydrostatic pressure
and lymph flow were unknown and uncontrolled in the
in vivo study of Liao et al. (2011), which is potentially
problematic for the interpretation of some aspects of that
study. For example, genetic deletion of eNOS increases
mean arterial blood pressure and blood capillary filtration
(Huang et al. 1995; Predescu et al. 2005) that would
increase lymph volume and intraluminal pressure in vivo
relative to WT. We propose that the elevated frequency,
decreased contraction amplitude and increased diameter
in response to eNOS ablation, as shown in Liao et al.
(2011), are best explained by an increase in intraluminal
hydrostatic pressure, in agreement with our previous
reports that increased lymphatic preload leads to an
increase in EDD and frequency while reducing contraction
amplitude in proportion to the pressure change (Davis
et al. 2012; Scallan et al. 2012; refer to Fig. 3A,
Cand E).

The role of large NO production stimulated by ACh

The few studies of the actions of ACh on isolated rat and
cow collecting lymphatics have suggested that ACh elicits
dilation (i.e. increased EDD) and reduces the contraction
amplitude and frequency (Yokoyama & Ohhashi, 1993;
Mizuno et al. 1998). Our results largely agree as we
obtained a dilation that corresponded to a loss of tone,
a decreased frequency and a decreased FPF. Further, the
ACh responses that we showed were completely mediated
by NO because eNOS inhibition or deletion blocked the
entire response, except for the potential direct effect on the
lymphatic muscle cells at the highest dose, in agreement
with previous reports using pharmacological inhibitors
(Yokoyama & Ohhashi, 1993; Mizuno et al. 1998). It
is worth noting that the ACh responses and blockade
also confirmed endothelial integrity in each of our pre-
parations. However, one difference between our results
and the literature is that a significant change in WT
contraction amplitude did not occur at any dose of ACh
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tested. This may be attributed to the 10- and 100-fold
higher doses of ACh (107° and 107> M) that were used in
previous studies (Yokoyama & Ohhashi, 1993; Mizuno
et al. 1998). Interestingly, we did obtain a significant
decrease in contraction amplitude at the two highest doses
in the iNOS™/~ mice (Supplemental Fig. 3C), which were
reported to have augmented eNOS protein expression
(Liao et al. 2011), indicating that greater NO production
does depress amplitude. Supporting this idea, contraction
frequency and FPF were reduced more in the iNOS™/~
vessels than in WT vessels at the highest dose of ACh
(Supplemental Fig. 3E and F).

Physiological significance

The major conclusion of our work is that NO production,
whether basal or stimulated, depresses murine collecting
lymphatic contractile activity, at least in popliteal
lymphatics that are peripherally located. Specifically, basal
NO depresses only contraction amplitude, with larger
concentrations of NO then inhibiting all other contra-
ctile parameters. If these results extend to other types
of collecting lymphatics in the mouse, then a possible
role for basal NO in collecting lymphatics might be to
set contraction amplitude at a level that can be increased
or decreased to modulate lymph flow, which in turn has
implications for fluid homeostasis, humoral immunity,
and cancer metastasis (Tammela et al. 2011; Thomas et al.
2012). Finally, this is the first study to demonstrate the
utility of isolated lymphatic vessels from transgenic mice
for the quantitative study of several aspects of lymphatic
physiology, including contractile function.
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