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Abstract

Rationale: Mutations in GJC2and GJAI, encoding connexins (Cxs) 47 and 43 respectively, are
linked to lymphedema, but the underlying mechanisms are unknown. Because efficient lymph
transport relies on the coordinated contractions of lymphatic muscle cells (LMCs) and the
electrical coupling of those through Cxs, Cx-related lymphedema is proposed to result from
dyssynchronous contractions of lymphatic vessels.

Objective: Determine which Cx isoforms in LMCs and/or lymphatic endothelial cells (LECs) are
required for the entrainment of lymphatic contraction waves and efficient lymph transport.

Methods and Results: We developed novel methods to quantify the spatiotemporal
entrainment of lymphatic contraction waves and used optogenetic techniques to analyze calcium
signaling within and between the LMC and LEC layers. Genetic deletion of the major LEC Cxs
(Cx43, Cx47, or Cx37) revealed that none were necessary for the synchronization of the global
calcium events that triggered propagating contraction waves. We identified Cx45 in human and
mouse LMC:s as the critical Cx mediating the conduction of pacemaking signals and entrained
contractions. Smooth muscle-specific Cx45 deficiency resulted in 10-18-fold reduction in
conduction speed, partial-to-severe loss of contractile coordination, and impaired lymph pump
function ex vivo and in vivo. Cx45-deficiency resulted in profound inhibition of lymph transport in
vivo, but only under an imposed gravitational load.
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Conclusions: Our results: 1) identify Cx45 as the Cx isoform mediating the entrainment of the
contraction waves in LMCs; 2) show that major endothelial Cxs are dispensable for the
entrainment of contractions; 3) reveal a lack of coupling between LECs and LMCs, in contrast to
arterioles; 4) point to lymphatic valve defects, rather than contraction dyssynchrony, as the
mechanism underlying GJC2- or GJAI-related lymphedema; and 5) show that a gravitational load
exacerbates lymphatic contractile defects in the intact mouse hindlimb, which is likely critical for
the development of lymphedema in the adult mouse.
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INTRODUCTION

Recent genetic screens reveal that patients with inherited mutations in certain gap junction
proteins, connexins (Cxs), develop primary lymphedema; however, the underlying
mechanisms are not clear. Two independent groups have identified missense mutations in
GJC2 (Cx4T7) in patients with primary lymphedema, as characterized by fluid and protein
accumulation in their dependent extremities 1 2. Also, women with GJC2 mutations exhibit
a higher incidence of breast cancer-related secondary lymphedema in their extremities 3.
Subsequent to these studies, Brice et al. # identified primary lymphedema in three
generations of a family with a mutation in another Cx, GJAI (Cx43). Although Gjc2and
Gjal deficiencies are known to cause developmental lymphatic valve abnormalities in mice
57 so do deficiencies in Gja4 (Cx37), another Cx expressed along with Gjc2and Gjal in
lymphatic endothelium. However, G.JA4 mutations have not been identified in human
patients nor linked to lymphedema, nor have lymphatic valve abnormalities been
documented in any human patients with Cx-related lymphedema. An alternative explanation
for Cx-related lymphedema was suggested by the authors of recent clinical and genetic
studies 1-4: that Cx mutations produce deficits in contraction coordination due to impaired
gap junction communication in mature lymphatic vessels 1: 34, This idea is not without
precedent because lymphatic contractile dysfunction is also thought to contribute to acquired
forms of lymphedema 8-11 and to other diseases that have a lymphatic component 12-15,

including congestive heart failure 15-17, obesity 18 19, and peripheral artery/venous disease
13,20

How might mutations or deficiencies in vascular Cxs lead to lymphatic contractile
dysfunction? In many regions of the body, lymph transport must be accomplished against
hydrostatic pressure gradients 21 22 that arise from the imposition of gravitational loads
23,24 Consequently, efficient lymph propulsion relies critically on the intrinsic spontaneous
contractions of lymphatic smooth muscle cells (LMCs), in conjunction with one-way
lymphatic valves that minimize lymph backflow 2527, The contraction of all LMCs within a
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pumping unit, the lymphangion, must be coordinated to efficiently propel lymph
downstream into the next segment 28 and ultimately into the central veins through the
lymphovenous valves ® 29, LMC contractions are rapid, transient, large-amplitude events 30
initiated by action potentials (APs) that originate at a pacemaking site within the lymphatic
vessel wall and then rapidly propagate from cell to cell along the vessel. Electrical coupling
between adjacent cells in lymphatic vessels, as well as blood vessels, is thought to be
mediated entirely by Cxs.

Cxs are a family of proteins that assemble into 6-unit connexons, or hemichannels, that dock
together on adjacent cells to form gap junction intercellular channels, allowing for direct
electrical coupling and transfer of small molecules 31734, The Cx family is composed of 21
different isoforms in humans and 20 in mice 31 32.35 Mutations in 10 different Cx isoforms
are linked to over twenty different genetic diseases in humans 3¢: 37, Cx37 and Cx43, along
with Cx40 (Gja5), are expressed in blood vascular endothelium 38-40 where they mediate
conducted hyperpolarization — a fundamental property of microvascular networks whereby
local dilator stimuli can spread upstream to recruit larger vessels 41 42, Cxs in the arterial
smooth muscle layer have less defined roles but presumably mediate the conduction of
depolarizing signals, where the spread is severely limited in comparison to conduction in the
endothelium 43-45, The smooth muscle and endothelial cell layers in blood vessels are
coupled structurally by myoendothelial gap junctions (MEGJs) so that electrical signals (and
to a lesser extent second messengers) can pass between the two layers. Changes in the
expression and/or phosphorylation state 46: 47 of blood vascular Cxs have been linked to
various cardiovascular pathologies including hypertension 48-50 and ischemia/reperfusion
injury 5152

Much less is known about the roles of connexins in LMCs and lymphatic endothelial cells
(LECs). Three previous studies used pharmacological inhibitors of gap junctions to provide
evidence that electrical coupling between cells in the lymphatic wall is required for the
synchronization of contractile waves in lymphatic vessels in vivo 23-55, Unfortunately, those
inhibitors were not specific for any particular Cx isoform(s) and are now known to have off-
target effects on ion channels that could affect smooth muscle contraction directly. Thus, the
specific Cx isoforms expressed in LMCs and their physiological roles are unknown, nor it is
clear whether the electrical signals required to trigger lymphatic contraction waves are
conducted along the smooth muscle or endothelial layers, or both. Are Cxs in lymphatic
endothelium important for the conduction of electrical signals in the lymphatic wall, as in
arterioles? LEC Cxs are known to be critical for lymphatic and venous valve development
6.37,56, 57 and possibly for shear stress sensing by lymphatic endothelium %8-60_ In mice,
combined haplodeficiency of Cx43 (Cx43*/") with either Cx377~ or Cx37*/~ mice results in
the development of fewer lymphatic valves, while complete Cx43 deficiency or combined
Cx37 deletion and Cx43 deficiency leads to chylothorax and nuchal edema due to both
fewer and abnormal valves 6 35 57_ |t remains uncertain whether lymphatic valve defects or
conduction abnormalities account for Cx-related lymphedema, but this idea cannot be tested
in human patients with currently available methods.

For this reason, we utilized mouse models to test the hypothesis that lymphatic vessels
deficient in either of the three known LEC Cx isoforms, Cx43, Cx47 or Cx37, result in
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deficits in lymphatic contraction coordination due to impaired gap junctional
communication. Surprisingly, our results indicated that all three LEC Cxs are dispensable
for the initiation and propagation of lymphatic contraction waves. We then identified the Cx
isoforms expressed in the lymphatic smooth muscle layer, confirmed our findings in human
lymphatics, and generated new mouse models to investigate the consequences of smooth-
muscle specific Cx deletion. We found that Cx45 is the critical, and perhaps the only, Cx
isoform required for entrainment of lymphatic contraction waves. The use of optogenetic
techniques to study conducted and non-conducted LMC- and LEC-specific calcium signals
confirmed that the two layers are functionally uncoupled in healthy lymphatic vessels. Cx45
deficiency resulted in profound inhibition of lymph transport in vivo, but only under an
imposed gravitational load. Our results therefore point to developmental lymphatic valve
defects as the underlying cause of Cx-related lymphedema in human patients and show that
Cx-related defects in the mouse require the imposition of a gravitational load before the
subsequent development of lymphedema.

METHODS

The authors declare that all data that support the findings of this study are available within
the article and its Online Supplementary files. Detailed methods for all the experimental
protocols and techniques, mouse strains, data/image processing and analysis, and relevant
references are provided in the Online Data Supplement.

RESULTS

Cxs normally expressed in the lymphatic endothelium are dispensable for the initiation,
coordination, and propagation of lymphatic contraction waves.

We used mouse popliteal afferent lymphatic vessels as an experimental model. Like
lymphatics from the periphery of humans, these vessels exhibit strong contractions to propel
lymph centrally, often against a substantial adverse pressure gradient 10. We first tested
whether the Cx isoforms previously detected in mouse mesentery and/or thoracic duct were
also present in popliteal afferent lymphatic vessels. For reasons that are not completely clear,
lymphatic collectors from the visceral cavity of the mouse do not exhibit propulsive
contractions 51, unlike all other species studied, making them poor models for contractile
studies. Immunofluorescence imaging of popliteal lymphatic tissue sections and whole-
mounts showed expression of Cx43 and Cx37 exclusively in the endothelial cell layer. At
valves, Cx43 was preferentially expressed on the upstream face of valve leaflets and Cx37
was preferentially distributed on the downstream face (Online Figure 1), consistent with
previous descriptions of lymphatics in other regions 8. Also consistent with previous studies
6,56 Ccx377~ popliteal lymphatics had fewer valves and significantly longer distances
between valves (3.3+0.6 mm for Cx377~ vessels compared to 1.7+0.4 mm for Cx37*/*
littermates). In contrast, valve spacing was comparable between Cx43*~ and Cx43*/*
vessels (1.3£0.4 mm and 1.4+0.2 mm, respectively). Cx40 immunostaining was not detected
in popliteal LECs or LMCs, nor were we able to detect Cx47 in popliteal LECs or LMCs,
although expression of Cx47 specifically in popliteal valve leaflets was not tested (Online
Figure 1). Previous work has shown that Cx47 immunostaining can be detected in some of
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the LECs present in developing mesenteric lymphatic vessels (E18.5-P3), in mesenteric
lymphatics from 4-week old mice, and in a restricted subset of valve LECs in adult thoracic
duct 6. A recent study using indirect methods for detecting Cx47 expression has reported
more widespread Cx47 expression in LECs of adult lymphatic vessels 62,

New methods were needed to quantitatively assess how contraction waves are coordinated
over the length of the lymphangion to evoke effective, propulsive contractions. Isolation,
cannulation, and pressurization of these vessels ex vivo allowed stable pressure control
critical for repeatable assessment of contractile activity. First, we assessed contractile
function based on established methods for edge detection of internal diameter 63 64, from
which we can accurately assess tone, contraction frequency, and contraction amplitude at a
single representative location along the vessel. We then developed techniques, adapted from
methods previously utilized for Gl studies®>-7, to measure the conduction speed and degree
of synchronization of contraction waves. External vessel diameters were measured over time
from high-speed (100-250 fps), brightfield videos of contractions at every position along the
vessel length and the contraction pattern of the entire vessel was transformed into a two-
dimensional Space Time Map (STM; see Methods (Online Data Supplement) section for
detailed description). Figure 1A shows an STM representing 3 contractions of a WT
(C57BL/6) vessel (see also Online Figure Il and Online Video I). Further image processing
and analysis of the STM (Figure 1A) allowed us to determine: 1) the initiation site of each
contraction wave, 2) the direction of the contraction wave, 3) the conduction speed, and 4)
the distance traveled along the lymphatic wall (expressed as percent of vessel length).
Contractions for every vessel from WT mice consistently initiated at a single pacemaking
site and, once initiated, every contraction propagated rapidly along the entire length of the
cannulated segment at a consistent speed (Figure 1A). Entrained contractions were evident
by nearly-straight, uniformly-spaced dark vertical bands extending from top to bottom (or
vice versa) along the entire STM (Figure 1A). The uniform spacing of the bands indicated a
consistent, stable contraction frequency. Transformation of the STMs into the frequency
domain (Space Frequency Maps — SFMs) allowed analysis of the dominant frequencies
(Figure 1B). Vessels from control mice consistently exhibited only a single dominant
frequency.

We then used these new methods to characterize the contractile function of lymphatic
vessels from mice deficient in specific Cx isoforms. Surprisingly, global deletions of Cx37
(Cx377~mice) or Cx47 (Cx477~ mice) were not associated with an obvious abnormal
contractile phenotype (Figure 1C,D). Likewise, vessels from Lyvel-Cre;,Cx43*™ mice with
lymphatic-specific endothelial deletion of Cx43 (global Cx43 deletion results in embryonic
death) did not exhibit an abnormal contractile phenotype (Figure 1E). To comprehensively
assess vessel function, we measured traditional contractile parameters based on internal
diameter tracking at a representative site as well as parameters based on the STM and SFM
to characterize contraction coordination/synchrony (conduction speed, number of initiation
sites, spatial distribution of contraction frequencies, percent conduction length). None of
these parameters were significantly different for vessels from Cx377~, Cx477", or Lyvel-
Cre;Cx43™™ mice compared to vessels from control (WT, Cx43™/%) mice at a pressure of 3
cmH,0 (Figure 1F-1). Thus, contractions consistently initiated at a single pacemaking site
and, once initiated, every contraction propagated rapidly along the entire length of the

Circ Res. Author manuscript; available in PMC 2019 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Castorena-Gonzalez et al. Page 6

cannulated segment at a consistent speed. Each vessel had a specific pressure-dependent
frequency that was uniform throughout its entire length, as indicated by the narrow, white
vertical-band on the SFM shown in Figure 1B. Mean conduction speed was 11.2+0.5 mm/s,
and overall mean frequency was equal to 11.0+0.5 contractions per minute at an intraluminal
pressure of 3 cmH,0. Robust contractions, with a mean ejection fraction of 0.71+0.02 (at 3
cmH,0), were consistently observed in all lymphatic segments from these Cx-deficient
strains. Mean tone (expressed as percent of maximum passive diameter) and normalized
contraction amplitude were not significantly different across all groups, with overall
averages of 9.9+0.6% and 43.3+1.8% respectively. Conduction speed, number of initiation
sites, percent conduction length, and ejection fraction measurements obtained at 3 cmH,0
intraluminal pressure for all groups are shown in Figure 1F-1. These analyses were
sufficiently sensitive to detect subtle as well as overt defects on contraction synchrony, as
will be evident in subsequent figures. Numerical comparisons of all contractile parameters
(at 3 cmH,0 of pressure) for all groups are summarized in Online Table I.

The pressure dependency of contractile function was also assessed by calculating traditional
contractile parameters (contraction amplitude, ejection fraction, frequency, and end diastolic
diameter) for popliteal lymphatic vessels from Cx37, Cx43, or Cx47 deficient mice and their
corresponding WT controls at seven different intraluminal pressures from 0.5 to 10 cmH-,0,
spanning the presumed physiological range in the mouse 8: 69, No significant differences in
any of the contractile parameters were found between the groups at any pressure (Online
Figure I11). Previously, we showed that ACh inhibits contractions of mouse popliteal
lymphatics purely through NO (nitric oxide) production®3. Here we tested whether deletion
of the known LEC Cx isoforms, Cx37, Cx43, or Cx47, would impair the response of
popliteal lymphatics to ACh. When exposed to various ACh concentrations ranging from 1
to 100 nM, the contractile function and associated inhibition in vessels from the LEC Cx-
deficient mice were not different from those of control vessels (Online Figure 1V). Rather,
normal responses to ACh that were blocked by L-NAME (10~ M) were observed.
Collectively, these results indicate that Cxs in the LEC layer are dispensable for the
entrainment and conduction of lymphatic contraction waves and for NO-mediated inhibition
of those contraction waves.

L-type Ca2* channels, electrical coupling between LMCs and the apparent electrical
isolation of the LMC layer are essential for the efficient propagation of action potentials.

Ca?* influx through voltage-gated L-type Ca2* channels is required for the initiation of
lymphatic spontaneous contractions 70 71, as it is for arterial constriction 72 73, In arterioles,
an increase in intracellular Ca2* in the smooth muscle layer can be accompanied by a
subsequent elevation of intracellular CaZ* in the endothelial cell layer 74 7>, due to the
presence of myoendothelial gap junctions (MEGJs) that interconnect the two layers.
Therefore, we hypothesized that measurement of Ca2* signals in the smooth muscle and
endothelial cell layers of popliteal lymphatics would allow us to assess if Ca2* events in
LMCs and possibly in LECs preceded spontaneous contractions, and if CaZ* events in one
layer spread to the other layer, possibly through MEGJs. To do this selectively in each layer,
we generated two lines of mice expressing the fast Ca2* indicator GCaMP6fin LMCs or
LECs using SM- (smooth muscle-) or LEC-specific Cre-lines (Smmhc-CreERT2:GCaMP6f
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or Prox1-CreER2:GCaMP6f. respectively). Two weeks after induction with tamoxifen
either the smooth muscle or endothelial cell layer of a pressurized popliteal lymphatic vessel
was imaged on a confocal fluorescence microscope. High resolution videos of LMCs
revealed two main classes of Ca2* events. The first type were large-amplitude events that
were highly-coordinated among all LMCs. Each spontaneous lymphatic contraction was
preceded by one of these events, which we designated as Ca°* flashes (Figure 2A and
Online Videos I1-111). Ca%* flashes preceding each contraction conducted at the same rate as
contraction waves (12.5+3.1 mm/s versus 12.2+2.0 mm/s, n=6, Figure 2A). Inhibition of L-
type Ca2* channels with nicardipine (300 nM) abolished both Ca2* flashes and contractions
(Figure 2B). These characteristic speeds are consistent, not with a conducted Ca2* wave
(which are known to travel at speeds of tens of microns per second), but with a wave of
electrical depolarization that triggered global Ca2* entry through L-type Ca2* channels in
every LMC. The second class of Ca2* events consisted of low-amplitude, discrete events that
occurred in almost every LMC, but which were not coordinated or synchronized between
cells. These included Ca2* events that resembled what previously have been designated in
other tissues as Ca?* puffsand Ca?* sparks, based on their kinetics. Intracellular Ca2* waves
were also present in many LMCs, propagating at speeds from 30 — 200 um/s within a LMC
but not between LMCs (Figure 2C and Online Video 1V).

Recordings of membrane potential in the LMC layer using a sharp microelectrode and
imaging of the Ca2* events in LMCs or LECs showed that rhythmic action potentials
triggered Ca2* flashes in the LMC layer. Action potentials originated from a baseline of
-35.0£2.1 mV and peaked at -6.6+£1.0 mV, with a duration of approximately 2 seconds). In
contrast, the membrane potentials of endothelial cells were much more hyperpolarized
(-69.5£1.3 mV) and remained extremely stable even as the overlaying muscle layer was
firing action potentials (Figure 3A-D). Only rare, localized, non-coordinated Ca2* events
were observed in LECs (Figure 3E,F) despite an active LMC layer. LECs were uniformly
silent unless stimulated with an agonist. The addition of 10 nM acetylcholine (ACh) to the
bath triggered high frequency intracellular Ca2* events in almost every LEC (Figure 3E,G
and Online Video V).

Gap junction-mediated electrical communication between LMCs is required for the
generation and entrainment of spontaneous contractions.

In mouse popliteal lymphatic vessels from WT mice, inhibition of gap junctional
communication with 18p-glycyrrhetinic acid (183-GA, 10-30 uM, n=4) disrupted the
entrainment and propagation of spontaneous contractions, as evident by irregularly-spaced,
wavy bands in the STM (Online Figure V). In contrast to control vessels, where uniform,
vertical bands in the STM and a single peak in the SFM were indicative of rhythmic,
rapidly-conducting contractions initiating from a single site, 18p-GA produced weaker
contractions with variable and significantly reduced conduction speeds (~2- to 10-fold
lower), multiple initiation sites, and an increased number of contraction frequencies that
were variable even within the length of the cannulated lymphatic segment (Online Figure V
and Online Video VI). Ca2* imaging of the smooth muscle layer of popliteal lymphatics
from Smmhc-CreER™2,;GCaMP6fmice showed that after incubation with 18p-GA, Ca2*
flashes, and by inference the electrical depolarization wave, failed to be entrained and
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propagated (Online Figure V and Online Video VII). These results confirm that electrical
coupling of cells in the lymphatic wall is required to generate entrained, rapidly propagating
contractions. When combined with the observation that deletion of the Cx isoforms normally
expressed in the LEC layer did not impair conduction of contraction waves, and with the
observation that the LMC and LEC layers appear electrically uncoupled, we conclude that
Cxs mediating intercellular coupling between LECs play no detectable role in initiating, or
modulating the coordination or strength of the spontaneous contractions of lymphatic
vessels. Thus, the depolarizing, pacemaker signals that drive coordinated spontaneous
contractions are generated in, and conducted exclusively through, the muscle layer via
connexins in LMCs. The question then arises: what Cx isoforms in the LMC layer mediate
conduction?

Human mesenteric and mouse popliteal lymphatics express similar Cx isoforms.

Entrainment of electrical and/or Ca2* events between LMCs would require the expression of
gap junction proteins (Cxs) in LMCs. Because the Cx isoforms in LMCs are unknown, we
first assessed and compared Cx expression in both mouse popliteal lymphatics and human
mesenteric lymphatic vessels. Human vessels were obtained from freshly excised sections of
the jejunal wall of patients undergoing roux-en-y gastric bypass. On a nine Cx panel, results
from End-Point RT-PCR assays showed that both mouse (n=3) and human (n=3) lymphatics
(whole vessels) expressed mRNA for Cx37, Cx40, Cx43, Cx45, and Cx47, as well as for
Cx26 and Cx30.2 (equivalent to human Cx31.9). Although the results from End-Point RT-
PCR are qualitative, Cx37, Cx43, and Cx45 appeared to be the dominant isoforms (Figure
4B,D) in both species. Mouse brain and human intestine, respectively, were used as positive
expression controls for these assays (Figure 4A,C). In the mouse, immunofluorescence
images of popliteal lymphatic vessel thin sections confirmed protein expression for Cx45,
which was localized primarily in the muscle layer of these murine lymphatics (Figure 4E-J).
Also see Online Figure VI for additional Cx45 immunofluorescence images and their
negative controls in mouse popliteal lymphatics.

Human mesenteric lymphatics express Cx45 and exhibit strong, coordinated spontaneous
contractions.

Immunofluorescence imaging of human mesenteric lymphatic vessels also revealed Cx45
expression that appeared to be restricted mostly to the muscle layer (Figure 5A-C and
Online Figure VI). When cannulated and pressurized, human collecting lymphatics
developed strong, coordinated, spontaneous contractions that consistently initiated at a
single pacemaking site and conducted rapidly (16.3+0.8 mm/s) along the length of the
segment (Figure 5D-F and Online Video VI1I1). Human mesenteric lymphatics exhibited
comparable contractile function to those of mouse popliteal lymphatics, as evidenced by
similar contraction frequencies and ejection fractions over a range of intraluminal pressures
(Figure 5G,H). As with mouse popliteal lymphatics, the contraction frequency of human
mesenteric lymphatics increased as intraluminal pressure rose, was minimum at 0.5 cmH,0
(4.8+0.98 contractions/minute) and reached a plateau at around 5 cmH,0 (13.1+£1.2
contractions/minute) (Figure 5G); ejection fractions ranged from 0.88+0.03 to 0.62+0.06 for
intraluminal pressures between 0.5 and 3 cmH,O (Figure 5H). Contraction amplitude and
fractional pump flow were maximal at 1 cmH,0 and 2 cmH,0, respectively (Online Figure
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VII). Once stable, maximum tone (=20%) was observed at pressures from 0.5-2 cmH,0 and
consistently decreased as intraluminal pressure increased, reaching a minimum (7.0+1.9%)
at 10 cmH,0 (Online Figure VII). Thus, the contractile parameters for human mesenteric
lymphatics were remarkably similar to those for mouse popliteal lymphatics.

Lymphatic smooth muscle-specific deletion of GJC1 (Cx45) induces disruption of
coordinated spontaneous contractions.

Since 18B-GA and other gap junction blockers are not specific for any Cx isoforms 53-55. 76
and also are known to have off-target effects on ion channels 7~79, we turned to genetic
approaches to disrupt Cx function. We first considered Cx45 since it showed robust
expression in both human and murine lymphatic vessels (Figure 4B,D). Two transgenic
mouse models were utilized to assess the role of Cx45. We selectively deleted Cx45 from
Nestin+ cells (Nestin is transiently and primarily expressed in LMCs during development) or
LLMCs using constitutive (Nestin-Cre) or tamoxifen [TMX]-inducible (Smmhc-CreER™)
Cre lines, respectively. Due to the design of the Cx45™/™ mouse (a gift from Klaus
Willecke, University of Bonn), both Nestin-Cre;Cx45™/* and Smmhc-CreERT2;Cx45%/%
vessels expressed GFP in all cells from which Cx45 was excised 48. GFP fluorescence was
observed in ~95% and >98% of popliteal LMCs in the two respective mouse lines, as
determined by co-localization with smooth muscle actin (SMA, detected with a specific
antibody) (Online Figure VIII). These results confirm our immunostaining results for Cx45
(Figure 4E-J). Popliteal lymphatic vessels from both Nestin-Cre;Cx45™% and Smmhc-
CreER™2:Cx45™/% mice exhibited a dramatic loss of coordination of LMC contractions
(Figure 6B,C, Online Figure 1X, and Online Video 1X) when compared to control vessels
(Figure 6A). LMC contractions were assessed in popliteal lymphatics from three different
control groups: WT (C57BL/6) and Cx45%/* mice, and tamoxifen injected Cx45™/™X mice.
Groups of mice that were injected with tamoxifen, including controls, are labeled [TMX]. In
order to rule out any potential effect of the tamoxifen treatment on the contractility of
lymphatics, lymphatic function in vessels from the Cx45*%[TMX] control group was
assessed 6-11 days post-induction. This is the earliest time point at which vessels from
tamoxifen-induced Smmhc-CreERT2,Cx45%/™ mice were tested. Loss of coordination was
evident in Cx45-deficient vessels by the development of multiple initiation sites (red open
circles) and contraction waves that propagated over only a fraction of the vessel length and
in multiple directions (yellow arrows) with slower and variable conduction speeds. The net
result was a highly non-uniform STM and a corresponding SFM with multiple frequency
components, reflecting the relative independence of the multiple initiation sites. The most
striking effect of Cx45 deletion from the LMC layer was a ~10- to 18-fold reduction in
conduction speed (Figure 7A). The number of initiation sites for contractions in Cx45
deficient vessels was significantly increased from the single site normally observed in
control vessels to ~2-3 sites/mm (Figure 7B). Contractions from Cx45-deficient vessels
failed to propagate through the entire length of the lymphatic segment under study (Figure
7C). Numerical results for all contractile parameters for Cx45-deficient and control vessels
are listed in Online Table I. The mean length for lymphatic segments included in these
studies, each containing 1-2 valves, was 1.19+0.06 mm.
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To assess the consequences of SM-specific Cx45 deletion on Ca2* signaling, we generated
Nestin-Cre;Cx45™/™-GCaMP6fmice expressing GCaMP6fin the LMC layer. After excision
of Cx45, intracellular CaZ* events were largely unchanged but the conduction speeds of
propagated Ca2* flashes were substantially reduced in Nestin-Cre,Cx45%/™:GCaMP6f
vessels compared to Nestin-Cre;GCaMP6fand Smmhc-CreER™2;GCaMP6fcontrol vessels,
and were comparable to those of the contraction waves propagating in the same vessels
(Online Figure X). The lower conduction speeds and non-uniform, non-continuous band
patterns of Ca2* flashes in Cx45 deficient vessels, compared to fully entrained, uniform
patterns of control vessels (Online Figure X) reinforce the results of the previous contraction
wave analyses (Figures 6 and 7).

The dyssynchronous contraction waves and disrupted Ca2* flashes observed in lymphatic
vessels with SM-specific Cx45 deletion were not associated with any significant changes in
LMC morphology. In a set of vessels from control (WT) and Smmhc-CreERTZ:Cx45%/
mice, we calculated the mean percent surface area of each lymphatic vessel that was covered
by LMCs and LMC coverage was not significantly different between control and Cx-45
deficient vessels (Online Figure XI; 80.1+2.3% in control vessels (n=5) versus 78.1+2.6% in
Smmhc-CreERT2:Cx45%/% (n=6) vessels). As contractile efficiency would be maximal
when all LMCs are oriented perpendicular to the longitudinal axis of the vessel, we
measured the angle of cells at both non-valve and valve regions of control (N¢gjis = 754) and
Smmhc-CreER™2:Cx45%/% (Nqi1s = 860) vessels (n=6 vessels for each group). Here zero
degrees represents a circumferential LMC. While the mean angles were significantly
different between valve and non-valve regions, there were no significant differences between
Cx45-deficient vessels compared to those from control mice in the two respective regions
(Online Figure XI).

LMC-Cx45 deficient vessels exhibit impaired lymphatic pumping capability that worsens
when challenged with an adverse pressure gradient.

In addition to a loss of entrainment of LMC contractions, significantly lower conduction
speeds, and reduced conduction lengths in Cx45 deficient lymphatic vessels, spontaneous
contractions in these vessels had significantly impaired ejection fractions (0.33+0.04 (n=9)
for Nestin-Cre;Cx45™/™ and 0.17+0.02 (n=8) for Smmhc-CreER'2:Cx45™/%) compared to
the various control vessels, all of which exhibited ejection fractions >0.75 at 3 cmH,0 of
intraluminal pressure (Figure 7D). These values were calculated based on the contraction
amplitude measured at a single, representative site along the segment and factored in the
corresponding mean percent conduction length. While local contraction amplitudes were not
significantly different in vessels from Cx45-deficient mice compared to WT controls, the
significantly shorter conduction lengths resulted in significantly impaired ejection fractions.
Likewise, contraction frequency and tone were both significantly increased in Cx45 deficient
vessels compared to their corresponding control groups (Figure 7E,F).

Because vessels from Smmhc-CreERT2:Cx45™/ exhibited the most striking loss of
contraction wave entrainment and speed 6-11 days post tamoxifen induction, we tested the
ability of those vessels to pump/transport fluid against an adverse pressure gradient. Such
tests required the use of 2-valve lymphatic segments (i.e. one complete lymphangion) with
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independent input and output pressure control (Figure 8A). A servo-null micropipette (<3
um tip diameter) was inserted through the vessel wall between the input and output valves to
measure pressure in the central lymphangion 2. Diameter was measured upstream from the
output valve. Output valve position (open-closed) was monitored from continuous video
recordings of contractions. In control vessels, each spontaneous contraction generated a
propulsive pressure spike that subsequently opened the downstream valve (Figure 8C and
Online Video X). The pressure spikes and the position of the output valve were monitored
while output pressure was continuously increased, in ramp-wise fashion, from 1 to 12
cmH,0 until a pressure limit (Pjimit) was reached when the output valve failed to open
during lymphatic systole. Input pressure was maintained at 1 cmH»0. While the fully
coordinated lymphatic contractions in control vessels (Cx45*%[TMX]) were able to
generate propulsive pressure spikes that opened the downstream valve up to an average
adverse pressure of 9.4+0.5 cmH,0 (n=4), Cx45-deficient vessels (Smmhc-
CreER2:Cx45% B TMX], 6-11 days post induction) could only generate sufficiently strong
pressure spikes to open the downstream valve at an average maximum adverse pressure of
4.6+0.6 cmH,0 (n=5) (Figure 8B). This index actually underestimated the degree of pump
dysfunction because <50% of the contractions opened the output valve in Cx45 deficient
vessels (Figure 8D) compared to 100% in control vessels (Figure 8C).

The loss of Cx45 may induce compensatory upregulation of other LMC Cxs.

Interestingly, 2—4 weeks after tamoxifen induction treatment was complete, lymphatic
vessels from Smmhc-CreERT2:Cx45™™ mice (n=6) exhibited a partial recovery of the
coordination of LMC contractions compared to vessels 6-11 days post-induction, as evident
by a reduction in the number of different initiation sites for contractions (from 3.1+0.3
sites/mm to 2.1+0.3 sites/mm), a slight but noticeable improvement in conduction speed
(from 0.6£0.1 mm/s to 0.7+0.1 mm/s), and an enhanced conduction length (from 27.1+3.0%
to 51.5+£9.8%) (Figure 7A-C). Nine weeks post induction (n=4), the recovery in entrainment
of LMC contractions was significantly improved from the 6-11-day group, when the number
of initiation sites fell to 1.4+0.5 sites/mm, conduction speed increased to 1.9+0.1 mm/s, and
contractions propagated through 74.8+12.6% of the vessel segment (Figure 7A-C). The
partial recovery of entrainment of LMC contractions and increased conduction length were
indicative of more LMCs being recruited by each pacemaking signal and resulted in more
efficient contractions, as evident by a significant increase in ejection fraction from 0.17+0.02
at 6-11 days post induction to 0.37+0.07 at 2—4 weeks and 0.52+0.07 at 9 weeks post
induction (Figure 7D). Normal contraction frequency and tone were also recovered >2—4
weeks following deletion of Cx45 (Figure 7E,F). Notably, the less severe loss of
coordination in vessels from Nestin-Cre;Cx45™% mice was maintained over time without a
noticeable improvement. These results suggest a compensatory mechanism that is activated
as a consequence of the sudden loss of Cx45 in mature, healthy lymphatics, perhaps
involving the upregulation of other Cx isoforms that, under normal conditions, are not
expressed in LMCs or are expressed at very low levels.
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Disruption in contraction wave entrainment in popliteal lymphatic vessels from Cx45-
deficient mice in vivo.

We then assessed the contractile function of lymphatic vessels from control and SM-specific
Cx45-deficient mice in vivo. Following a 1-2 pL injection of FITC (2% w/v in sterile saline)
at the dorsal aspect of the foot, fluorescence videos were collected of the actively contracting
popliteal afferent lymphatic vessels. A contraction caused a rapid, transient drop in the
fluorescence at each position along the vessel length. These changes in fluorescence were
measured over time (using line-scan analysis) and represented as STMs with the
fluorescence intensity encoded in grayscale. In vivo imaging of the contractile activity of
popliteal lymphatic vessels from WT, Smmhc-CreER™2:Cx45%/ and Nestin-Cre;Cx45%/
mice confirmed our ex vivo observations showing that SMC-deletion of Cx45 results in
uncoordinated, slowly propagating contraction waves. In comparison to the uniform almost
straight band patterns shown in the STM in Figure 9A, indicative of highly coordinated, fast
propagating contractions, analyses of the in vivo contractions of Cx45-deficient vessels
(Figure 9B,C) revealed STMs with disrupted, wavy band patterns. In agreement with our ex
vivo studies, in vivo contractions of popliteal lymphatics from control mice were driven
primarily by a single pacemaker and propagated through the entire field of view (2-3 mm);
however, in some cases a second set of overlapping contractions (within the same field of
view) were initiated at a different location by a second pacemaker, which resulted in
colliding contraction waves and gave the impression of partially uncoordinated contractions.
These multiple-pacemaker driven contractions appeared to be observed primarily at
locations of lymphatic branches. In vivo, the conduction speed of spontaneous contractions
of control vessels was 6.6+0.8 mm/s, compared to 1.1+0.2 mm/s for Nestin-Cre;Cx45%/%
and 1.4+0.2 mm/s for Smmhc-CreER™2;Cx45%/X (Figure 9D). Consistent with the ex vivo
results, the number of initiation sites was significantly increased and the conduction length
significantly decreased in vessels from Cx-45 deficient compared to controls (Figure 9E-G).

Cx45 deficiency inhibits lymph transport only when mice are challenged with a
gravitational load.

Finally, we assessed whether the impaired lymphatic pumping associated with SMC-specific
deletion of Cx45 would impact transport in vivo. Following an injection (1-2 pL) of infrared
dye (IRDye® 800CW PEG Contrast Agent) in the dorsal aspect of the foot, fluorescence
videos were collected of the dye uptake and transport along the popliteal afferent lymphatic
vessels using NIRF microscopy (Figure 10A and Online Figure XII). After injection, 0.5-3
minutes were generally required before dye uptake was initiated and began to appear in the
collecting lymphatics. The wavefront of the fluorescent dye then moved downstream,
advancing in a pulsatile manner with every contraction of the lymphatic vessel (Figure 10B).
The wavefront was tracked from playback of the captured video images (at 1 fps) and mean
transport speed was calculated. Lymph transport was thus assessed in the hindlimbs of
control (Cx45™/%) and Cx45-deficient (Nestin-Cre;Cx45*/%) mice in horizontal (prone) and
near-vertical positions. For the latter, the entire NIRF microscope was tilted to a ~78° angle,
imposing an acute gravitational load on the hindlimb. In the horizontal position, Cx45-
deficiency resulted in a slight, but not significant, decrease in lymph transport speed
(243.9437.2 um/s) compared to that of the control mice (335.5+34.9 um/s). Under an
imposed gravitational load in the near-vertical position, lymph transport was slightly, but not
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significantly, reduced in control mice (225.7+£29.9 um/s), but was completely inhibited (for
the duration of the ~8-minute observation period) in Cx45-deficient mice (Figure 10C). A
related index of lymph transport, the distance traveled per minute, exhibited the same
pattern: a slight but non-significant reduction in control mice when a gravitational load was
imposed, but a profound reduction in Cx45-deficient mice under the same conditions (Figure
10D).

DISCUSSION

Genetic mutations most commonly linked to lymphedema in humans include VEGFR3
80-82 cCBE183-86 and SOX1887 88, These mutations affect development, growth and
proliferation of lymphatic vessels. Inherited (primary) lymphedema can also result from
abnormal venous and lymphatic valve architecture 84-91 such as occurs in lymphedema
distichiasis and CM-AVM (capillary malformation/arteriovenous malformation), caused by
FOXC292-95 and RASA1 91 96 deficiencies, respectively. In addition, three recent studies
have described cases of primary lymphedema tied to mutations in Cxs. Ferrell et al. found
dominantly inherited lymphedema in a group of families that resulted from six uniquely
identified missense mutations in GJC21 (encoding Cx47), a Cx isoform that in the mouse is
expressed preferentially in lymphatic and venous valves 6297 |n adult veins, Cx47
appears to be restricted to a subset of venous endothelial cells on the upstream face of the
venous valve leaflet 98, Ostergaard et al. confirmed that autosomal dominant GJC2
mutations in the extracellular domain of Cx47 were linked to lymphedema in four families 2.
Women with GJC2 mutations were subsequently found to be more susceptible to developing
secondary lymphedema after surgical intervention for breast cancer 3. Recessive mutations
in GJC2 (Cx47) have been found to cause various disorders including Pelizaeus-
Merzbacher-like disease (a severe dysmyelinating disorder) 9, hereditary spastic paraplegia
100 and subclinical leukodystrophy 101, Interestingly, none of these mutants developed
lymphedema, which suggests that dominant negative mutations in Cx47 may be required to
cause primary lymphedema, perhaps through a negative impact on Cx43 expression and/or
function. Various mutations in GJAZ (Cx43) are known to cause oculodentodigital syndrome
102,103 and at least one of those has been linked to primary lymphedema in three
generations of a family 4. The mechanisms underlying Cx-related lymphedema are unknown
but could be related to the abnormal growth/development of lymphatic vessels, lymphatic
valve defects, and/or lympho-venous valve defects. Indeed, a recent study demonstrated that
patients with FOXC2or GJC2 mutations show profound structural and functional defects in
venous valves 37. Alternatively, because Cxs mediate electrical communication between
cells, Cx-related lymphedema could be caused by defects in signaling within or between the
smooth muscle and endothelial layers of the lymphatic wall. Indeed, the authors of the
studies cited above speculated that lymphedema in patients with Cx47 or Cx43 mutations
may have resulted from “impaired coordination of pulsatile lymphatic flow”, however, this
hypothesis has never been tested 1 and likely cannot be tested in humans with currently
available methods.

Clues to the mechanism(s) by which Cx mutations cause primary lymphedema may be
elucidated by transgenic mouse studies, where deficiencies in Cx37 and Cx43, two of the Cx
isoforms expressed in mouse lymphatic endothelium, have been associated with various
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vascular abnormalities in collecting lymphatic vessels. Severe lymphatic dysfunction is
observed in Cx377-;Cx43"~ double mutant mice, which exhibit a reduction in valve density,
pronounced back-leak in intercostal and subdermal lymphatics, and eventually die of
chylothorax 8. The extent to which lymphatic valves are dysfunctional in mice singly
deficient in Cx37 or Cx47 is not clear. Backflow tests using Evans Blue or fluorescence
tracers in vivo are suggestive of dysfunction, but such tests are not definitive because valve
competency is strongly dependent on diameter 25 104 which is determined by pressure and
vessel tone, and both variables are unknown in traditional tests of backflow in vivo.
Although ex vivo valve tests were not the focus of the present study, we noted reduced
numbers of lymphatic valves in Cx377~ popliteal vessels and observed that a valve in one of
two tested Cx377~ vessels was abnormally leaky and failed to close in response to extreme
elevation of output pressure. In addition, we recently reported that complete deletion of
Cx43 from the lymphatic endothelium (using Lyvel-Cre;Cx43%% mice) results in reduced
lymphatic valve frequency and valves that exhibit reflux even when closed, leading to
insufficient lymph transport and chylothorax °7. Thus, it is likely that valve defects underlie
or contribute to lymphedema in patients with Cx43 or Cx47 mutations. Defective venous
valves can be detected in humans using Doppler ultrasound 37195 but such tests have not
yet been applied to lymphatic valves, let alone to lymphatic valves in patients with Cx43 or
Cx47 mutations.

The primary focus of our study was to test the hypothesis that deletion or deficiency of LEC-
Cxs would impair the coordination of spontaneous, propulsive contractions in collecting
lymphatic vessels. Electrical coupling between LMCs likely is required for efficient
pumping by these vessels, as action potentials in the muscle layer drive spontaneous
contractions and the resulting contractions account for two-thirds of peripheral lymph
transport 196, However, it is also possible that homocellular electrical coupling between
LECs, and/or heterocellular coupling between LMCs and LECs, is/are critical for the
coordination of lymphatic contraction waves. The precedent for this idea comes from the
blood vessel literature where it is well established that tight electrical coupling of ECs
through Cx40 107-109 and possibly other Cx isoforms, is the major conduction pathway for
hyperpolarization signals. These signals can originate even in downstream capillary
networks 110-113 he conducted along the endothelium, and be transmitted to the smooth
muscle layer through MEGJs, leading to the coordinated, rapid, and robust vasodilation of
upstream arterioles and small arteries - a phenomenon known as ascending vasodilation
41,42 To test the possible role of conducted responses through the LEC layer, we developed
new methods to quantitatively assess contraction wave entrainment and investigated the role
of Cx-mediated cellular communication in the contractile function of popliteal afferent
lymphatic vessels under controlled conditions ex vivo. We find that the entrainment of
contraction waves in vessels from Cx377~ or Cx477~ mice does not differ significantly
from that of control vessels. Likewise, the entrainment of contraction waves in Cx43-
deficient vessels (vessels from Cx43*/~, Lyvel-Cre;,Cx43%/X [ yvel-Cre,Cx43%*, or
Lyvel-Cre;Cx43™A mice) is not significantly different from that of their corresponding
controls. Neither could we detect significant lymphatic contractile deficiencies (contraction
amplitude, ejection fraction, calculated pump flow) after deletion of any of these three Cxs
normally expressed in LECs. The latter result is consistent with a recent report showing a
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lack of obvious contractile dysfunction in inguinal-axillary lymphatics from Cx477~ mice in
vivo 82, Thus, although Cx37, Cx43, and Cx47 may be critical for the normal development
and number of lymphatic valves in the mouse, our results suggest that these endothelial Cxs
are dispensable for the generation, coordination, and conduction of the electrical signals that
drive the spontaneous contractions of mature collecting lymphatic vessels. Extrapolation of
these results to humans suggests that lymphedema in patients with Cx47 or Cx43 mutations
is not caused by coordination or pumping defects but rather to reduced density and/or
function of valves in the lymphatic vasculature. An alternative explanation is defects in the
lymphovenous valves (LVVs), where lymph is returned to the bloodstream 22, as abnormal
formation of LVVs has been reported in various transgenic mouse models used for the study
of primary lymphedema °. Our findings do not exclude other important roles for Cx37,
Cx43, and Cx47 in the function of LECs in mature mice, such as processes that might
require cell-cell communication in the endothelial layer.

Although there is substantial information about Cx isoform expression in the lymphatic
endothelium showing the critical involvement of some isoforms in the normal development
of the lymphatic vasculature, less is known about the functional roles of lymphatic Cxs in
mature vessels 114, For example, whether lymphatic vessels have an internal elastic lamina
with EC projections and MEGJs that allow direct heterocellular communication, i.e.
electrical coupling and/or diffusion of small molecules between LECs and LMCs, remains
unknown. A single study in guinea pig mesenteric lymphatics suggests that communication
between the two layers may be limited 115, Having ruled out a critical role for LEC Cxs in
the coordination of lymphatic contraction waves, we examined the roles of Cxs in the LMC
layer. No previous studies have determined which Cx isoforms are expressed in lymphatic
muscle, although three studies have provided indirect evidence for electrical coupling
through Cxs using non-specific gap junction inhibitors 23-55, Here, we identify Cx45 as a
major Cx isoform in the lymphatic smooth muscle layer. We demonstrated Cx45 expression
in popliteal afferent lymphatics and in human mesenteric lymphatic vessels by both PCR
and immunofluorescence imaging and confirmed its expression in mouse lymphatics by
GFP expression after Cx45 excision in two transgenic mouse lines (Nestin-Cre; Cx45%/&
and Smmhc-CreER2:Cx45%/%) . In control lymphatic vessels, the contractions of all LMCs
within a lymphangion, and even across valves to adjacent lymphangions, typically are fully
entrained and initiated from a single pacemaking site. In contrast, vessels from mice lacking
Cx45 in the smooth muscle layer exhibit partial-to-severe loss of contraction coordination
between LMCs. As a consequence, significantly more initiation sites for contractions are
observed, resulting in a higher contraction frequency due to multiple active pacemakers.
Once initiated, each contraction wave propagates over a significantly shorter distance from
the pacemaking site, indicative of a significantly smaller number of LMCs that can be
simultaneously recruited/entrained by a single pacemaking signal. The most dramatic effect
of SM-specific Cx45 deletion is a ~10- to 18-fold reduction in conduction speed associated
with the propagation of contractions, which implies an increase in cell-to-cell resistance to
current flow. Another consequence of reduced electrical coupling between LMCs is that
each pacemaking stimulus results in a more localized contraction, with a significantly
impaired ejection fraction as determined for the whole vessel. After deletion of Cx45 in
LMCs, the Ca2* flashes observed in that layer are not only disrupted and fail to propagate as
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far as those in control vessels, but also propagate with a significantly lower speed (< 1
mm/s), consistent with our brightfield measurements of contraction wave propagation. These
observations predicted defective pump function in Cx45-deficient lymphatic vessels, which
was confirmed by pump tests in which 2-valve lymphangions were unable to generate
sufficient systolic pressure to transport fluid against an increasing adverse pressure gradient.
Thus, the uncoordinated, short and slowly-conducting contraction waves in Cx45-deficient
vessels result in contractions that cannot efficiently propel lymph against an adverse pressure
gradient. In vivo assessment of the contractile activity of popliteal lymphatics from control
and Cx45-deficient (SMC-deficiency) mice confirmed our observations of isolated vessels.
Interestingly, conduction speed in lymphatics from control mice measured in vivo was lower
than that measured in isolated segments, which is expected due to the larger current sinks
created by the longer segment lengths and their coupling to lymphatic networks.

Lymphatic vessels from Smmhc-CreER™2;Cx45™/% mice exhibit a more severe contractile
phenotype when compared to those from Nestin-Cre; Cx45*/% animals. While the less
severe contraction deficiencies associated with the deletion of Cx45 using the (constitutive)
Nestin-Cre line remain constant over time, some aspects of contractile dysfunction in
(inducible) Smmhc-Cre;Cx45%/% vessels exhibit a time-dependent recovery. Contractions in
Smmbhc-CreERT2;Cx45™/% vessels are most severely affected at 6-11 days post induction
with tamoxifen (we did not test earlier time-points 1-5 days post induction). However,
contractions begin to recover over time and improvement was significant even after only 2
weeks post induction, with all contractile parameters except for conduction speed being
partially restored by 9 weeks (time points between 4 and 9 weeks were not tested). These
results, coupled with the observation that Cx45-deficient vessels do not show a complete
loss of coordination (i.e. synchrony persists over short distances), point to a compensatory
upregulation of one or more different LMC Cx isoforms in response to Cx45 deletion. The
persistence of a significantly lower conduction speed (< 2 mm/s, ~5-fold slower than
controls) in Smmhc-CreER™2:Cx45%/% 9 weeks after induction suggests that Cx45 is being
replaced with a Cx isoform that forms either homomeric or heteromeric gap junctions with
slower gating dynamics. Additional studies in the mouse, perhaps involving the double-
deletion of Cx45 and other Cx isoforms present in the smooth muscle layer, may be
necessary to completely explain the apparent residual coupling between Cx45-deficient
LMCs.

Our studies are the first to assess spontaneous contractions of pressurized human lymphatics.
Based on our results, human and mouse lymphatics exhibit similar contractile properties and
similar Cx isoform expression patterns, with both species expressing Cx45 in the muscle
layer; these observations suggest that Cx45 may be critical for lymphatic contractions and
efficient lymph transport in humans. Very little is known about GJCI (encoding Cx45)
mutations 36: 116 and their potential pathogenic roles. Although electrical signals in the heart
are normally mediated by the most prevalent gap junction, Cx43, Cx45 is critical in the
conduction system 117. 118 especially during development, and its upregulation in the left
ventricle results in ventricular arrhythmias due to abnormal propagation of electrical
impulses and heart failure 119. 120 A single study reported that a Cx45 mutation (p.R75H) is
associated with congenital atrioventricular block and progressive defects in the atrial
conduction system that ultimately result in atrial standstill 116, In the mouse, global
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deficiency of Cx45 results in embryonic death due to cardiac failure during the early stages
of heart development 121, These findings suggest that many/most Cx45 mutations in humans
may be lethal and therefore not detected in clinical screens for primary lymphedema using
whole exome sequencing.

Does loss of contraction wave entrainment lead to lymphedema? This question is difficult to
answer in mice for several reasons. Lymphedema in adult mice has only been demonstrated
in a few cases where lymphatic tracts/valves are severely disrupted or missing altogether.
Examples include 1) the mouse tail model in which both superficial and deep (collecting)
lymphatic vessels are disrupted surgically, resulting in measurable swelling of the tail
circumference within a few days, but which subsequently resolves as newly-formed vessels
bridge the damaged region122-124: 2y Chy mice, with altered VEGFR3 signaling, lack initial
and collecting lymphatics in some regions (including the hindlimb) and exhibit elevated
interstitial hydrostatic pressure and hindpaw swelling!2>. Human patients with lymphatic
tract disruption due to surgery or VEGFR3 mutations also develop lymphedema80-82. 126
However, many other genetic defects of the lymphatic system that produce primary
lymphedema in humans (almost always in the extremities) do not produce lymphedema in
mice. Examples include FOXC2*/~ patients, as well as patients with Cx43 or Cx47
mutations, as described above.

The explanation for the increased susceptibility of humans to lymphedema, and its high
incidence in the limbs in particular, is undoubtedly related to the effect of gravity on the
balance of forces controlling interstitial fluid volume. For this reason, we hypothesized that
mouse lymphatic contractile defects would be exaggerated under a gravitational load. We
estimated that placing the mouse in a near-vertical position (~78° degrees) would impose a
~5 cmH>,0 hydrostatic load on the lymphatics in the hindlimb. Based on our ex vivo results
(Figure 8B,D), where Cx45-deficient vessels only inconsistently overcame a ~4 cmH,0
output pressure load (i.e. some propulsion every 3—4 contraction cycles), we would have
expected some transport to continue under comparable conditions in vivo, but at a lower rate
and with increased transit time; indeed, these predictions are in agreement with our in vivo
results in Figure 10. Dye transport in popliteal lymphatics from healthy, control mice in a
near-vertical position results in a ~33% (but not statistically significant) reduction in lymph
transport compared to measurements obtained in a horizontal position, and where the
imposed hydrostatic pressure (<1 cmH,0) can be overcome by the pressure spike generated
during each lymphatic contraction cycle. However, the differences in transport between the
two body positions are exaggerated in mice with smooth muscle-specific Cx45-deficiency
(Figure 10). These results show that even a modest gravitational load reflecting a natural
body position can exacerbate a lymphatic defect. By extrapolation, this significant defect in
lymph transport would lead to hindlimb lymphedema if the mice could be chronically
subjected to a comparable gravitational load. Whether detectable lymphedema would require
days, weeks, or even months to develop is unknown. The observation that FOXC2*/~
patients do not develop lymphedema until around puberty92 127. 128 gyggests that this
process might require a substantial length of time. In mice it is not testable with current
methodology nor would testing likely be permitted under current animal guidelines (i.e.
restraining unanesthetized animals in a vertical position for prolonged periods of time).
Direct measurement of subtle and/or acute changes in interstitial fluid volume in mice awaits
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the development of more sensitive techniques because the current method (wet:dry tissue
weight ratio) is relatively insensitive, traumatic (requiring skin patch removal), and cannot
be used repetitively over time129 130,

Apart from their clinical significance, our results have important implications for lymphatic
physiology. Our Ca2* imaging and membrane potential recordings in LECs and LMCs show
that highly-entrained Ca2* flashes, driven by rhythmic and synchronized action potentials,
occur in all LMCs while the endothelial layer remains quiescent. In addition, the resting
membrane potentials of LMCs and LECs are strikingly different (=35 mV and =70 mV,
respectively), in contrast to the blood vasculature where the membrane potentials of SMCs
and ECs are similar and are synchronized via heterocellular coupling through MEGJs
131,132 This difference implies limited-to-non-existent electrical coupling between LECs
and LMCs 115 and suggests that the lymphatic wall may be optimized for conducting
depolarizing current and constriction in contrast to the arteriolar wall, which is optimized for
conducting hyperpolarization and dilation 41. Electrical isolation of the lymphatic muscle
layer from other surrounding cell networks, including the endothelium, may not only be a
unique characteristic of the lymphatic vasculature, but may be required for the focal
generation of pacemaking signals and action potentials and the resulting entrained
depolarization waves that drive the spontaneous contractions of lymphatic collectors. Our
results also reveal important insights about the mechanisms underlying lymphatic
pacemaking. Pacemaking signals normally appear to originate at the ends of isolated,
cannulated lymphatic segments; however, in Cx45 deficient vessels, multiple initiation sites
develop in the middle regions of the vessels irrespective of valve position, which suggests
that any LMC can become a pacemaker. Future studies recording membrane potential and
elementary Ca?* events simultaneously from these cells may aid in identification of the ionic
mechanisms underlying pacemaking. Investigation of the electrical and/or Ca2* signaling at
the pacemaking site itself is a present limitation not only for lymphatic physiology, but also
for other tissues with spontaneous electrical activity, including the heart, the gastrointestinal
tract, and the nervous system, where pacemaking signals almost always originate outside the
field of view, limiting inquiry to mechanisms of propagation but not pacemaking initiation.

In conclusion, our results 1) identify Cx45 as the critical Cx mediating the entrainment of
the electrical signals, Ca2* flashes and subsequent contraction waves in lymphatic smooth
muscle; 2) indicate that endothelial Cx isoforms are dispensable for the generation,
coordination, and conduction of those contractions; 3) reveal an apparent uncoupling of
electrical and Ca2* signals between LECs and LMCs; 4) significantly expand what is known
about cell-to-cell communication in the lymphatic wall; 5) allow us to understand the
mechanism(s) through which Cx mutations and aberrant electrical coupling in the lymphatic
muscle layer could result in impaired lymph transport potentially leading to lymphedema; 6)
suggest that lymphedema in patients with Cx47 or Cx43 mutations is not caused by
disrupted lymphatic contraction waves but rather by impaired lymph transport due to
abnormal valve development and/or reduced valve density; and 7) suggest that many murine
models of lymphatic dysfunction, including Cx45 deficiency, may not develop lymphedema
unless a chronic gravitational load is imposed.
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Nonstandard Abbreviations and Acronyms:

Cx connexin

LMC lymphatic muscle cell

LEC lymphatic endothelial cell

SMC smooth muscle cell

EC endothelial cell

18p-GA 18B-glycyrrhetinic acid

STM space time map

SFM space frequency map

TMX tamoxifen

MEGJ myoendothelial gap junction

Lvv lymphovenous valve

Ach acetylcholine

NO nitric oxide

FITC fluorescein isothiocyanate-dextran

NIRF near infrared fluorescence
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Novelty and Significance
What Is Known?

. Patients with inherited mutations in GJC2or GJA1, encoding gap junction
proteins Cx47 and Cx43 respectively, develop primary lymphedema.

. Deficiencies in Cx47, Cx43, and/or Cx37 in mice are associated with
developmental lymphatic valve abnormalities; however, similar abnormalities
have not been documented in human patients.

. In humans, , defective lymphatic contractile function is proposed to underlie
Cx-related lymphedema.

What New Information Does This Article Contribute?

. The major endothelial Cx isoforms — Cx43, Cx47, and Cx37 are dispensable
for propulsive, synchronized lymphatic contractions.

. There is functional uncoupling of electrical and Ca2* signals between the
lymphatic endothelial and smooth muscle layers that is distinct from the tight
coupling found in blood vessels.

. Cx45 is the predominant Cx isoform in the smooth muscle layer of mouse and
human lymphatics, and Cx45 mediates the entrainment of electrical and
contraction waves in mouse lymphatic smooth muscle.

. Cx45 defects result in impaired lymph transport in the mouse hindlimb only
when a gravitational load is imposed, which is consistent with the prevalence
of human lymphedema in dependent extremities.

. Cx45 defects potentially lead to lymphedema or exacerbate lymphatic
dysfunction in other diseases such as congestive heart failure, obesity, and
peripheral artery/venous disease.

Patients with inherited mutations in connexins (Cxs) develop primary lymphedema;
however, the underlying reasons are unknown. Possible mechanisms include defects in
one-way endothelial valves that minimize lymph backflow or impairment of the
spontaneous contractions of lymphatic muscle cells (LMCs), both of which are critical
for efficient lymph transport. We find that lymphatic contractions are highly coordinated
along lymphatic vessel segments due to the rapid conduction of pacemaking signals
between Cx-coupled LMCs. Using transgenic mouse models to delete specific Cx-
isoforms, we show that each of the three major endothelial Cxs (Cx47, Cx43, Cx37) are
dispensable for the initiation and entrainment of spontaneous lymphatic contractions. We
find that smooth muscle-specific Cx45-deficiency results in the disruption of both
electrical and contraction waves. Lymph transport is impaired in the intact hindlimbs of
Cx45-deficient mice only when a gravitational load is imposed. These findings suggest
that lymphedema in the dependent extremities of human patients with Cx47 or Cx43
mutations is related to reduced valve density and/or competency rather than contractile
dysfunction or dyssynchrony.
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Figure 1. Intercellular coupling through connexins in the endothelial cell layer is dispensable for
the generation and coordination of the spontaneous contractions of lymphatic vessels.

(A) A Space Time Map (STM) was generated from high-speed, bright-field videos of the
spontaneous contractions of a popliteal lymphatic vessel from a WT (C57BL/6) mouse; the
conduction speed of the propagated contraction wave (see also Online Video I) was
measured by edge detection of the wave front at each horizontal pixel followed by a linear fit
of the detected points. Red open circle indicates approximate location of the initiation site
for the contraction. The top blue trace represents the outside diameter from a single location
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specified by the blue dotted box. (B) A Space Frequency Map (SFM) showing the main
contraction frequency components along the lymphatic vessel was generated from a Fourier
transform of the corresponding STM. (C-E) Representative STMs of entrained, rapidly-
conducting spontaneous contractions in popliteal lymphatics from Cx377~, Cx477~ and
Lyvel-Cre;,Cx43*' mice, respectively. Yellow arrows indicate direction of propagation of
the contraction waves. Bright-field images of each isolated lymphatic vessel preparation are
shown at the left, aligned next to their corresponding STM. Lymphatic valves are indicated
with black arrows. (F-1) Mean contractile parameters of popliteal lymphatic vessels from
control mice and mice deficient in specific endothelial connexin isoforms (i.e. Cx37, Cx43,
or Cx47) at 3 cmH,0 intraluminal pressure: conduction speed, number of initiation sites for
contractions per unit length, percent conduction length associated with the propagation of
contractions, and ejection fraction. No significant differences were found, when comparing
all groups and their corresponding controls, using a 1-way ANOVA followed by Dunnett’s
multiple comparison test with A<0.05 (n represents number of animals).
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Figure 2. L-type Ca2* channels are essential for the large amplitude, coordinated Ca?* events
that precede and drive spontaneous contractions.

(A) A Space Time Map (STM) generated from GFP-fluorescence associated with the Ca2*
flashes that proceeded contractions in a popliteal lymphatic from a mouse expressing
GCaMPé6fin the muscle layer (Smmhc-Cre,GCaMP6T) (see Online Videos 1l and 111).
Conduction speed of the Ca2* flash was nearly identical to that of the contraction wave
when both were measured in the same vessel segment. (B) STM of Ca2* flashes before and
after their inhibition by the L-type CaZ* channel blocker nicardipine (300 nM). After
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inhibition of Ca2* flashes, various types of underlying intracellular CaZ* events are revealed.
(C) A single-cell STM showing at least two different types of Ca* events. See also Online
Video V.
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Figure 3. Smooth muscle and endothelial cell layers appear to be uncoupled.
(A-B) Membrane potential recordings from sharp electrodes for a LMC and a LEC,

respectively, showing rhythmic firing of action potentials in an LMC but a much more
hyperpolarized and quiescent LEC, despite residual contractions in the muscle layer.
Contractions were blunted by wortmannin to permit stable V, recording without dislodging
the electrode. (C-D) Representative single-cell Ca2* STMs in a LMC and a LEC from
popliteal lymphatics from Smmhc-CreER™ :GCaMP6fand Prox1-CreER™ :GCaMP6fmice,
respectively. LMCs show rhythmic action potentials that trigger the cascade-like influx of
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Ca?* (flashes) through L-type Ca?* channels, which drive spontaneous contractions. Ca2*
flashes and other intracellular Ca2* events in the LMC layer are not transmitted into the LEC
layer. (E-G) Endothelium specific intracellular Ca?* events in popliteal lymphatic vessels
from Prox1-CreER™2;,GCaMP6fmice. STMs from Ca2* imaging under (F) basal conditions,
showing very rare spontaneous activity and (G) after incubation with 10 nM ACh, which
induces Ca2* events in every cell. See also Video V.
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Figure 4. Similar connexin expression in human and mouse lymphatics.
Representative gels showing the mRNA expression for a panel of 9 different vascular

connexin isoforms using RT-PCR on intact isolated human mesenteric (A and B, n=3) and
mouse popliteal (C and D, n=3) lymphatic vessels, as well as their corresponding positive
controls (human jejunum wall and mouse brain, respectively). (E-G) Immunostaining for
Cx45, smooth muscle actin (SMA), and CD31 (PECAM) in transverse sections of mouse
popliteal lymphatic vessels. (H-J) Cx45 appears to be expressed exclusively in LMCs as
evident by its colocalization with SMA but not CD31.
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Figure 5. Human mesenteric lymphatics express Cx45 in LMCs and exhibit strong, entrained,
rapidly-conducting spontaneous contractions.

(A-C) Immunofluorescence images showing Cx45 expression (co-staining with SMA and
DAPI) in the LMC layer of human mesenteric lymphatic vessels (whole-mount). (D)
Representative STM and SFM (at 3 cmH,0 intraluminal pressure) showing entrained,
rapidly-conducting spontaneous contractions of human mesenteric lymphatic vessels (see
also Online Video VIII). (E) Side-by-side comparison of the mean conduction speed of
propagated contraction waves (from bright-field videos of contractions) for human and
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mouse lymphatics pressurized to 3 cmH,0. (F-H) Contractile parameters (number of
contraction initiation sites, contraction frequency, and ejection fraction) as a function of
intraluminal pressure. Significant differences (*) were assessed using 1-way ANOVA
followed by Dunnett’s multiple comparison test with £<0.05 (n represents number of
individuals/patients and animals respectively). Additional contractile parameters (i.e.
contraction amplitude, tone, end diastolic diameter, and fractional pump flow) are shown in
Online Figure VII.
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Figure 6. Lymphatic vessels from Cx45-deficient mice exhibit loss of coordination of the
spontaneous contractions.

STMs and SFMs showing entrained, rapidly-conducting spontaneous contractions from (A)
a control (WT) popliteal lymphatic, in contrast to those showing non-coordinated, slowly-
conducting, aberrantly-propagating contractions from popliteal lymphatics isolated from (B
and C) Cx45 deficient mice (Nestin-Cre;Cx45™™ and Smmhc-CreER™? :Cx45%/X,
respectively). See also Online Video IX.
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Figure 7. Impaired ejection fraction and slower, aberrantly propagating contraction waves in
popliteal lymphatic vessels lacking Cx45 in smooth muscle cells.

(A) Conduction speed, (B) number of initiation sites for spontaneous contractions per unit
length, and (C) percent conduction length associated with the propagation of initiated
contractions for popliteal lymphatic vessels from Cx45-deficient mice (Nestin-Cre; Cx45%/™
and Smmhc-CreERTCx45™/BTMX](6-11 days post tamoxifen-induction)) and their
corresponding controls. The spontaneous contractions of lymphatics from Cx45-deficient
mice are uncoordinated, as evident by the increased number of contraction initiation
(pacemaking) sites. The impaired electrical coupling between LMCs resulted in a
significantly reduced number of LMCs that can be recruited by each pacemaker, leading to:
contraction waves with decreased percent conduction length and decreased (D) ejection
fraction. Electrical coupling between LMCs appears to alter (E) contraction frequency and
(F) tone. These contractile parameters were obtained in vessels pressurized to 3 cmH,0.
Mean values and corresponding SEMs are reported in Online Table 1. Significant differences
were evaluated at P<0.05 using 1-way ANOVA followed by Dunnett’s multiple comparison
test. The symbol * indicates a significant difference between the specified group(s) and the
corresponding direct controls (Cx45™/% or Cx45™% %[ TMX] respectively). When comparing
different time-points (6-11 days, 2-4 weeks, and 9-week groups) the symbol # indicates that
the specified group was significantly different when compared to a second specified group
or groups from all other time-points.
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Figure 8. The ability of lymphatic vessels to pump fluid in the presence of an adverse pressure

gradient is impaired in vessels from LMC-specific Cx45-deficient mice.

Assessment of the contractile function and lymphatic ability to transport fluid forward when
pumping against an adverse pressure gradient in popliteal vessels from control
(Cx45% X TMX]) and Cx45-deleted (Smmhc-CreER™2 :Cx45%X[TMX]) mice. All vessels
tested 6-11 days post induction with tamoxifen. (A) Diagram of Pump-Test preparation (see
also Online Video X), (B) adverse pressure gradient limit from Pump-Tests (pressure level at
which lymphatic vessels failed to open the downstream/output valve), and representative
traces (top section: valve opening, middle section: input (blue line), output (red line), and
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middle lymphangion intraluminal pressures (black line), and bottom section: tracked luminal
diameter) for (C) Cx45*BTMX] and (D) Smmhc-CreER™? ;Cx45% M TMX] respectively.
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Figure 9. Lack of coordinated spontaneous contractions in popliteal lymphatic vessels in vivo
from mice with SMC-specific Cx45 deficiency.

Assessment of the contractile activity of popliteal lymphatic vessels (via fluorescence
imaging following FITC-solution injection at the dorsal aspect of the foot) from control and
Cx45-deficient (Nestin-Cre, Cx45%/™ and Smmhc-CreER™? ;Cx45%%) mice in vivo. STMs
of the in vivo contractions of popliteal collecting lymphatics from (A) WT, (B) Nestin-
Cre;Cx45™% and (C) Smmhc-CreER™? ,Cx45™ mice respectively. In contrast to the
rapidly propagating, highly entrained contractions observed in WT mice, contractions of
popliteal lymphatics from mice deficient in Cx45 were uncoordinated and slowly
propagating. (D-G) Conduction speed, normalized number of different initiation sites for
contractions, conduction length of propagating contraction waves, and mean length of in
vivo imaged popliteal lymphatic segments.
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Figure 10. In vivo lymph transport in popliteal lymphatics of SMC-specific Cx45 deficient mice is
inhibited when a gravitational hydrostatic load is imposed.

(A) NIRF imaging of (mouse hindlimb) popliteal afferent lymphatics following infrared dye
(IRDye® 800CW PEG Contrast Agent) injection in the dorsal aspect of the foot. (B)
Assessment of lymph transport. Transport speed was determined by tracking the position of
the wavefront (at 1 fps) after dye uptake had initiated. Time-lapse images of three vessels
(labeled 1-3) are shown in a Cx45-deficient mouse in the horizontal position: in vessels 1
and 3, the wavefront of the dye moving downstream is marked by a dashed-circle or square
respectively; vessel 2 filled with dye up to the popliteal node within 2 seconds, at an
estimated speed >2 mm/s, indicating it was driven by the pressure head generated by the
injection (such vessels were excluded from analysis). (C) Mean lymph transport speed and
(D) normalized distance traveled (per minute) by lymph in popliteal lymphatics from control
(Cx45%'%) and Cx45-deficient (Nestin-Cre;Cx457/%) mice in horizontal and near-vertical
(~78°) positions. No significant differences were found in lymph transport between control
and Cx45-deficient mice in the horizontal position or in control mice in the near-vertical
position. However, lymph transport was completely inhibited in popliteal lymphatics from
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SMC-Cx45 deficient mice in the near-vertical position. Significant differences (*) were
determined using a 1-way ANOVA followed by Tukey’s multiple comparison test
(comparing means of all groups) with £<0.05 (n represents number of imaged limbs
following a single injection with infrared dye). (*) indicates that the Nestin-Cre;Cx45™/% (in
the near-vertical position) group was significantly different from all other groups.
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