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Despite recent advances in the medical management for 
ischemic heart disease, intractable vasospastic angina 

and unremitting angina because of coronary hyperconstrict-
ing responses even after successful percutaneous coronary 
intervention with drug-eluting stent (DES) are emerging clin-
ical issues.1–6 We have previously demonstrated that activa-
tion of Rho-kinase, a molecular switch for vascular smooth 
muscle contraction, plays a key role in the pathogenesis of 
coronary vasospasm and hyperconstricting responses after 
DES implantation in animals and humans.2,3,7,8 We also have 
demonstrated that adventitial inflammatory changes play im-
portant roles in the pathogenesis of coronary spasm in pigs 
and humans.9–14 Importantly, the adventitia harbors a variety 

of components, including not only vasa vasorum (VV) but 
also lymphatic vessels.15

The lymphatic vasculature collects interstitial fluid, mac-
romolecules, and extravasated leukocytes from tissues.16 
Lymphatic vessels are essential for the development of in-
flammation, and edema occurs in inflammation when the rate 
of plasma leakage from blood vessels exceeds the drainage 
through lymphatic vessels.17 Indeed, airway inflammation leads 
to bronchial lymphedema and exaggerates airflow obstruction 
in mice.17 In addition, VEGF (vascular endothelial growth 
factor)-C (lymphangiogenic factor) reduces chronic skin in-
flammation in mice.18 Notably, recent studies suggested that 
lymphatic vessels play important roles in the cardiovascular 
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Objective—We have previously demonstrated that coronary adventitial inflammation plays important roles in the pathogenesis 
of coronary vasomotion abnormalities, including drug-eluting stent (DES)–induced coronary hyperconstricting 
responses. Importantly, the adventitia also harbors lymphatic vessels, which may prevent inflammation by transporting 
extravasated fluid and inflammatory cells. We thus aimed to examine the roles of coronary adventitial lymphatic vessels 
in the pathogenesis of DES-induced coronary hyperconstricting responses in a porcine model in vivo.

Approach and Results—We performed 2 experimental studies. In protocol 1, 15 pigs were divided into 3 groups with or 
without DES and with bare metal stent. Nonstented sites 20 mm apart from stent implantation also were examined. 
In the protocol 2, 12 pigs were divided into 2 groups with or without lymphatic vessels ligation followed by DES 
implantation at 2 weeks later (n=6 each). We performed coronary angiography 4 weeks after DES implantation, followed 
by immunohistological analysis. In protocol 1, the number and the caliber of lymphatic vessels were greater at only 
the DES edges after 4 more weeks. In protocol 2, coronary hyperconstricting responses were further enhanced in the 
lymphatic vessels ligation group associated with adventitial inflammation, Rho-kinase activation, and less adventitial 
lymphatic vessels formation. Importantly, there were significant correlations among these inflammation-related changes 
and enhanced coronary vasoconstricting responses.

Conclusions—These results provide evidence that cardiac lymphatic vessel dysfunction plays important roles in the 
pathogenesis of coronary vasoconstrictive responses in pigs in vivo.

Visual Overview—An online visual overview is available for this article.   (Arterioscler Thromb Vasc Biol. 2019;39:741-
753. DOI: 10.1161/ATVBAHA.119.312396.)
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disease.15,19,20 The number of adventitial lymphatic vessels 
increases associated with intimal thickness of human carotid 
arteries.21 Lymphatic vessels are also involved in the develop-
ment of atherosclerosis.22 However, since the discovery of the 
cardiac lymphatic system by Rudbeck in 1653,23,24 little atten-
tion has been paid to the roles of cardiac lymphatic vessels in 
the pathogenesis of coronary vasomotion abnormalities.

In the present study, we thus performed experimental stud-
ies to examine the roles of cardiac lymphatic vessels in the 
pathogenesis of coronary spasm using an established porcine 
model with hyperconstricting responses after DES implanta-
tion in vivo.1,3,7,8,25–27

Materials and Methods
All data and supporting materials have been provided with the pub-
lished article.

Study Protocol
We performed 2 experimental protocols. All animal care and ex-
perimental studies were performed in accordance with the Guide 
for the Care and Use of Laboratory Animals published by the US 
National Institute of Health (NIH Publication, 8th Edition, 2011) and 
were approved by the Institutional Committee for Use of Laboratory 
Animal of Tohoku University (No 2017MdA-139).

In the protocol 1, we examined the changes in adventitial lym-
phatic vessels in a porcine model of DES-induced coronary hyper-
constricting responses in vivo (Figure 1A). In the protocol 2, we 
examined the effects of cardiac lymphatic vessels ligation on coro-
nary vasomotion (Figure 1B).

Protocol 1
In our animal facility, the light is turned on at 8 o’clock and turned off at 
18 o’clock. Pigs can freely drink water at any time and eat normal diet 
(Grandeal B; Zennoh Feed Mills of the Tohoku Distinct, Miyagi, Japan) 
3× every day. Ten male pigs (BW, 35–45 kg) were orally pretreated with 
aspirin (200 mg/day, PO) and clopidogrel (225 mg/day, PO) for 2 days 
before stent implantation (Figure 1A).25 After sedation with medeto-
midine (0.1 mg/kg, IM) and midazolam (0.2 mg/kg, IM), followed by 
inhaled sevoflurane (2%–5%) and heparinization (5000 U, IV), each an-
imal underwent a DES (everolimus-eluting stent) implantation. DES was 
implanted into the left anterior descending coronary artery in 5 pigs, and 
the remaining 5 pigs did not undergo stent implantation as a control group. 
At 1 month after DES implantation, we performed coronary angiography 
(CAG) to examine coronary vasomotion in vivo. After the CAG study, the 
animals were euthanized with a lethal dose of potassium chloride (0.25 
mEq/kg, IV) under deep anesthesia with inhaled 5% sevoflurane.

To evaluate the specific effect of the DES, we also histologically 
examined the coronary artery of pigs implanted with bare metal stent 
(BMS), as previously reported.27 They were pretreated orally with 

aspirin and clopidogrel for 2 days before stent implantation. After se-
dation with medetomidine and midazolam, followed by inhaled sevo-
flurane and heparinization, we implanted BMS into the left coronary 
artery (n=5). At 1 month after BMS implantation, they were euthanized 
with a lethal dose of potassium chloride and the heart was removed.

Protocol 2
Twelve male pigs (BW 35–40 kg) (Major Resources Table in the 
online-only Data Supplement) were randomly divided into 2 groups: 
cardiac lymphatic vessels ligation group and the sham group (N=6 
each; Figure 1B). After sedation with medetomidine (0.1 mg/kg, in-
tramuscular injection) and midazolam (0.2 mg/kg, intramuscular in-
jection), followed by inhaled sevoflurane (2%–5%) and heparinization 
(5000 U, IV), a left thoracotomy was performed in the third intercostal 
space, and 0.1 mL of Evans blue was injected into the myocardium to 
visualize the lymphatic vessels.28,29 The cardiac lymphatic vessels close 
to the proximal right and left main coronary arteries were ligated with 
7-0 nylon threads and were transected between the ligatures on each 
lymphatic vessel in the ligation group. Sham animals underwent the 
same open-chest surgical procedures as the ligation group but without 
lymphatic vessels ligation or resection of lymphatic vessels. After 
closing the chest in both groups with 2-0 vicryl thread, we inserted a 
central venous catheter into the internal jugular vein for high calorie 
infusion and antibiotics for 3 to 4 days thereafter. For 12 days after the 
operation, the animals were treated with aspirin (200 mg/day, PO) and 
clopidogrel (225 mg/day, PO). Two days after the start of the dual anti-
platelet therapy, they underwent DES implantation into the left anterior 
descending coronary arteries. No significant differences were noted 
in the procedure parameters for DES implantation between the sham 
and the ligation groups (Table I in the online-only Data Supplement). 
At 1 month after DES implantation, we performed CAG study to ex-
amine coronary vasomotion in pigs in vivo. After the CAG study, we 
performed median thoracotomy and lymphatic vessels ligation and 
examined cardiac lymph transport with injection of indocyanine green 
(ICG, 0.2 mL, Diagnogreen 25 mg; Daiichi Pharmaceutical, Tokyo, 
Japan) with the photodynamic eye (PDE) near-infrared camera system 
(Hamamatsu Photonics, Hamamatsu, Japan).30 The speed was calcu-
lated by the following formula: [the length of ICG diffusion divided 
by time constant].31 After these studies, the animals were euthanized 
with a lethal dose of potassium chloride (0.25 mEq/kg, IV) under deep 
anesthesia with inhaled 5% sevoflurane.

Coronary Angiographic Study
After control CAG, we examined coronary vasoconstricting responses 
to serotonin (10 and 100 μg/kg, IC) before and after intracoronary 
hydroxyfasudil (30 and 300 μg/kg, slow IC for 3 min), a specific Rho-
kinase inhibitor (Asahi Kasei Pharma, Tokyo, Japan).1,3,7,25–27 Coronary 
vasodilating responses to nitroglycerin (10 μg/kg, IC) and bradykinin 
(0.1 μg/kg, IC) before and after NG-monomethyl-l-arginine (1 mg/kg, 
slow IC for 10 min) were examined. Quantitative comparative anal-
ysis was performed in a blind manner at the proximal and distal stent 
edge segments adjacent to the stent as previously described.3,7,8,25,26

Histological Analysis
The paraffin sections of coronary arteries in the stent edge sites (5 mm 
apart from the stent) in the protocols 1 and 2,8,25 and the nonstented sites 
(20 mm apart from the stent edges; DES+20) in the protocol 1 were cut 
into a 3-μm-thick slice. They were stained with Masson’s trichrome 
staining and hematoxylin eosin staining. Histomorphometric param-
eters were manually measured by using Image-J (US National Institute 
of Health, Bethesda, MD). Adipocyte size was evaluated as mean di-
ameter (μm) in the perpendicular maximum and minimum axes, and 
the data were represented as an average of each adipocyte in 3 random 
high-power fields.25,32,33 In the protocol 2, myocardium slices were 
stained with Masson’s trichrome staining to assess the influence of lym-
phatic vessels ligation on myocardial fibrosis. Collagen volume frac-
tion, expressed as percentage of fibrosis area per microscopic field by 
using Image J, was used to express the extent of myocardial fibrosis.34 
Overall thickness of the atrioventricular valve leaflets was averaged 

Nonstandard Abbreviations and Acronyms

BMS bare metal stent

CAG coronary angiography

CD68 cluster of differentiation 68

DES drug-eluting stent(s)

IC intracoronary injection

ICG indocyanine green

IL-1β interleukin-1β

LYVE-1 lymphatic vessel endothelial hyaluronan receptor 1

p-MYPT1 phosphorylated myosin phosphatase target subunit 1

ROCK Rho-associated coiled-coil containing protein kinase

VV vasa vasorum
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over 5 equally distributed length measurements throughout the valve 
and was quantified by using Image J, as previously described.35

Immunohistological Analysis
Immunohistological staining was performed on paraffin-embedded 
tissue sections using rabbit anti-LYVE-1 (lymphatic vessel en-
dothelial hyaluronan receptor-1; 1:10 000, RF2219633; Thermo 
Fisher Scientific, Waltham, MA) antibody for lymphatic vessels 
(Major Resources Table in the online-only Data Supplement). 
Immunohistological staining was performed with rabbit anti-human 
VWF (von Willebrand factor) antibody (N1505; DAKO, Copenhagen, 
Denmark) for VV and rabbit anti-tyrosine hydroxylase (BIO RAD; 
Hercules, CA) for sympathetic nerve fibers. The densities of lym-
phatic vessels, VV, and sympathetic nerve fibers were expressed as 
a number of LYVE-1-positive, VWF-positive vessels, and tyrosine 
hydroxylase–positive fibers divided by the adventitial area (/mm2), 
respectively.26,36–38 The quantification of lymphatic vessel caliber 

were performed manually using Image-J software.39 Adventitial area 
was calculated by the following formula: [area outside the external 
elastic lamina within a distance of the thickness of neointima plus 
media–external elastic lamina area]. Immunohistological staining 
was also performed with anti-rabbit adiponectin antibody (1:50; No. 
AA605Po01; Cloud-clone Corp, Wuhan, China) (Major Resources 
Table in the online-only Data Supplement).25 Quantitative analysis 
of adiponectin was evaluated as positive staining area in perivascular 
adipose tissue, which was calculated by the following formula: pos-
itive staining area/total area at 100× magnification using the Axio-
Vision Software (Release 4.5, Zeiss, Jena, Germany). The percentage 
of positive staining area for adiponectin in perivascular adipose tis-
sue was calculated as an average of 3 random high-power fields.25 
Immunohistological staining was also performed with mouse anti-
cluster designation (CD68 [cluster of differentiation 68]) antibody 
(ED1, 1:50; ab31630; Abcam, Cambridge, UK) (Major Resources 
Table in the online-only Data Supplement) for macrophages, and goat 
anti-human IL (interleukin)-1β (1:50; AB-201-NA; R&D Systems, 

Figure 1. In the protocol 1 (A), 10 pigs were pretreated orally with aspirin (200 mg/day, PO) and clopidogrel (225 mg/day, PO). Two days after the start of the 
dual antiplatelet therapy, a stent was implanted into the left coronary artery in 5 pigs, and the remaining 5 pigs did not undergo stent implantation as a control 
group. At 1 mo, all animals underwent coronary angiography followed by histological analysis. In the protocol 2 (B), 12 domestic pigs underwent left thora-
cotomy and were randomly divided into 2 groups, cardiac lymphatic vessels ligation group and the sham group (N=6 each). For 12 days after the operation, 
the animals were treated with aspirin (200 mg/day, PO) and clopidogrel (225 mg/day, PO). Two days after the start of the dual antiplatelet therapy, all animals 
underwent drug-eluting stent (DES) implantation into the left anterior descending (LAD) coronary arteries. At 1 mo after DES implantation, all animals under-
went coronary angiography followed by histological analysis.
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Minneapolis, MA) (Major Resources Table in the online-only Data 
Supplement). The numbers of CD68- and IL-1β-positive cells in the 
coronary adventitia were calculated as an average of 3 random high-
power fields. Immunohistochemical staining was also performed with 
mouse anti-human Rho-kinase β (ROCK1 [Rho-associated coiled-coil 
containing protein kinase]; 1:50; 61136; BD Biosciences, San Jose, 
CA) (Major Resources Table in the online-only Data Supplement), 
mouse anti-Rho-kinase α (ROCK2) antibodies (1:50; 610624; 
BD Biosciences) (Major Resources Table in the online-only Data 
Supplement), rabbit anti-human phosphorylated myosin phospha-
tase target subunit-1 (pMYPT1) antibody (1:50; 07-251; Millipore, 
Billerica, MA) (Major Resources Table in the online-only Data 
Supplement), a substrate of Rho-kinase. Each section was divided into 
a total of 12 radial subparts. Semiquantitative analysis of the extent of 
ROCK1, ROCK2, and pMYPT1 was evaluated for each radial subpart 
per one section by using the following scale: 0, none; 1, slight; 2, 
moderate; and 3, high, as previously described.8,25–27 As negative con-
trol antibodies, we used rabbit immunogloblin fraction (No. X0903; 
DAKO) for LYVE-1, adiponectin, and pMYPT1; mouse IgG1 (No. 
X0931, DAKO) for CD68, ROCK1, and ROCK2; and mouse IgG iso-
type control (No. bs-0294; Bioss, Woburn, MA) for IL-1β.

Statistical Analysis
Results are expressed as mean±SEM. Throughout the text and figures, 
N represents the number of pigs, while n represents the number of 
DES edges in the protocols 1 and 2. In the protocol 2, we performed 
hierarchical clustering with Pearson’s correlation as similarity coeffi-
cient and the Ward clustering method to examine the individual differ-
ence in the proximal and distal stent edges in a pig. In this analysis, the 
values of coronary vasoconstricting responses and histological anal-
ysis at the edges were used for clustering, and no evident cluster of 
proximal/distal pairs of same pig was noted (Figure I in the online-only 
Data Supplement). Based on this analysis, various changes at the prox-
imal and distal edges in a pig were treated as individual factors in the 
protocol 2. A comparison of the quantitative comparative analysis and 
histomorphometry was performed by using Welch t test for unequal 
variances. Comparison of the semiquantitative analysis was performed 
by using a Mann-Whitney U test. In some comparisons, the distribu-
tions of the groups were not normal and they were heteroscedastic. 
To improve the normality and stabilize the variances of the distribu-
tions, the BOX-Cox transformation was applied. Then the equality of 
the variances and the normality of the distributions were confirmed 
by the Bartlett test of homogeneity of variances and the Shapiro-Wilk 
normality test, respectively. Comparison of the semiquantitative anal-
ysis was performed by using a Mann-Whitney U test. In addition, a 
comparison of histomorphometry of control, DES and BMS, or con-
trol, DES and DES+20 in the protocol 1 was performed by one-way 
ANOVA for the transformed data by the Box-Cox method followed by 
the multiple comparison using Tukey Honestly Significant difference. 
The correlation between the continuous variables was analyzed using 
a linear regression model. Statistical analysis was performed with IBM 
SPSS Statistics 20 (IBM, New York, NY) and R version 3.5.1. A value 
of P<0.05 was considered to be statistically significant.

Results
Protocol 1. Effects of DES Implantation on 
Adventitial Lymphatic Vessels and Inflammation
In the protocol 1, at 1 month after DES implantation, cor-
onary hyperconstricting responses were noted at the DES 
edges compared with the control site, as previously reported.25 
Histological analysis showed that adventitial LYVE-1-positive 
lymphatic vessels appeared more evident at the DES edges 
compared with the control sites and BMS edges (Figure 2A 
through 2F). Indeed, quantitative analysis showed that the 
number and the caliber of LYVE-1-positive lymphatic vessels 
were significantly more and larger at the DES edges compared 

with the control group and BMS edges (Figure 2I and 2J). 
Histological analysis showed that adventitial lymphatic ves-
sels appeared more evident at the DES edges compared with 
control and DES+20 sites (Figure 2A through 2D, 2G, and 
2H). Indeed, quantitative analysis showed that the number 
and the caliber of lymphatic vessels were significantly more 
and larger at the DES edges compared with the control and 
DES+20 sites (Figure 2K and 2L). There were significant cor-
relations between the number of lymphatic vessels and IL-1β-
positive cells (Figure 2M) and vasoconstriction to serotonin in 
control sites and DES edges (Figure 2N).

Protocol 2. Effects of Cardiac Lymphatic Vessels 
Ligation on Coronary Hyperconstricting Responses
In the protocol 2, we performed cardiac lymphatic vessels li-
gation, in which the ligation points of cardiac lymphatic ves-
sels were clearly visualized with Evans blue (Figure 3A). At 
1 month after DES implantation, we performed ICG injection 
study followed by CAG study. In the ICG study, lymph trans-
port of ICG was clearly noted from the apex to the base in 
the sham group, whereas ICG remained at the apex in the li-
gation group (Figure 3B). Indeed, lymph transport speed was 
markedly reduced in the ligation group than in the sham group 
(Figure 3C). In the CAG study, no in-stent restenosis was 
noted in both groups (Figure 4A and 4D). Notably, coronary 
vasoconstricting responses to intracoronary serotonin were 
enhanced at the proximal and distal DES edges in the ligation 
group compared with the sham group, which were abolished 
by intracoronary pretreatment with hydroxyfasudil (Figure 4B, 
4C, 4E, and 4F). Quantitative CAG analysis demonstrated that 
coronary vasoconstricting responses to serotonin were signifi-
cantly enhanced in the ligation group compared with the sham 
group (Figure 4G). In contrast, endothelium-independent 
and -dependent coronary vasodilating responses to nitroglyc-
erin and bradykinin (regardless of the presence or absence of 
NG-monomethyl-l-arginine) were comparable between the 2 
groups (Table II in the online-only Data Supplement).

Effects of Cardiac Lymphatic Vessel Ligation on  
Coronary Adventitial Inflammation and  
Rho-Kinase Activity
Immunohistological and subsequent quantitative analyses 
showed that LYVE-1-positive lymphatic vessels at the DES 
edges appeared less and smaller in the ligation group com-
pared with the sham group (Figure 5A, 5B, 5E, 5F, 5I, and 5J). 
Masson’s trichrome staining showed that adipocyte size was 
significantly larger in the ligation group compared with the 
sham group (Figure 5C, 5G, and 5K). In contrast, adiponectin-
positive areas (%) were significantly reduced in the ligation 
group compared with the sham group (Figure 5D, 5H, and 
5L). There was a significant negative correlation between the 
number of lymphatic vessels and adipocyte size (Figure 5M).

Inflammatory cells (macrophages and IL-1β-positive cells) 
in the adventitia at the DES edges were noted in the ligation 
group more than in the sham group (Figure 6A through 6H). 
In contrast, there was no significant difference in the number 
of VV or sympathetic nerve fibers between the 2 groups (VV, 
sham 34.9±2.7/mm2 versus ligation 30.8±4.2/mm2, P=0.43; 
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sympathetic nerve fibers, sham 9.9±1.3/mm2 versus ligation 
8.2±2.3/mm2, P=0.52). Immunoreactivities for ROCK1/2 and 
pMYPT1 were predominantly noted in the medial vascular 

smooth muscle cells (Figure 6I through 6P), and semiquanti-
tative analysis showed that the expressions of ROCK1/2 and 
pMYPT1 at the DES edges were significantly enhanced in the 

Figure 2. Lymphatic vessels at the coronary adventitia in a pig without drug-eluting stent (DES) implantation as a control (A and B), those at the DES edge 
of the coronary artery (C and D), those at the bare metal stent (BMS) edge of the coronary artery (E and F), and those at the DES+20 sites (G and H), as in-
dicated by black arrow heads. Quantitative analysis of lymphatic vessels in the coronary adventitia among the control, DES, and BMS groups (I and J), and 
among the control, DES, and DES+20 groups (K and L). Correlations between the number of lymphatic vessels and IL (interleukin)-1β–positive cells (F) and 
between the number of lymphatic vessels and vasoconstriction to serotonin (G). Results are expressed as mean±SEM. *P<0.05. HPF indicates high-power 
field; and LYVE, lymphatic vessel endothelial hyaluronan receptor-1.
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ligation group than in the sham group (Figure 6Q through 6S). 
There was a significant positive correlation between adipo-
cyte size and the number of IL-1β-positive cells (Figure 6T). 
Furthermore, significant positive correlations were noted be-
tween the number of IL-1β-positive cells and pMYPT1 ex-
pression (Figure 6U) and between pMYPT1 levels and the 
extent of coronary vasoconstriction to serotonin (Figure 6V).

Effects of Cardiac Lymphatic Vessels Ligation 
on Myocardium and Atrioventricular Valves
Masson’s trichrome staining showed that the extent of myocar-
dial fibrosis was significantly increased in the ligation group 
compared with the sham group (Figure IIA, IIB, and IIG in the 
online-only Data Supplement). In addition, the thicknesses of 
tricuspid and mitral valves were also significantly greater in 

Figure 3. Representative pictures of cardiac lymphatic vessel visualization with Evans blue dye at the time of sham or ligation procedure after left thora-
cotomy (A). After turning over left atrial appendage (LAA; A, left), cardiac lymphatic vessels were visualized with Evans blue (A, right). Blue arrow heads 
indicate the ligation points of cardiac lymphatic vessel. In vivo lymph transport assessment with indocyanine green (ICG) injection at 6 wk after the sham or 
ligation procedure (B) and lymph transport speed (C). White arrow indicates the lymph transport of ICG from apex to the base in the sham group. *P<0.05 
sham vs ligation. LAD indicates left anterior descending coronary artery; and LCX, left circumflex coronary artery.
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the ligation group than in the sham group (Figure IIC through 
IIF, IIH, and II-I in the online-only Data Supplement).

Negative Controls for Immunohistochemistry
Negative controls of immunohistochemistry were performed 
for LYVE-1, adiponectin, CD68, IL-1β, ROCK1, ROCK2, 

and pMYPT1 (Figure IIIA through IIIN in the online-only 
Data Supplement).

Discussion
The major findings of the present study were as follows: (1) 
In the present study with pigs, enhanced lymphatic vessel 

Figure 4. Representative left coronary angiograms in pigs after nitroglycerin (A and D), serotonin (B and E), and serotonin after pretreatment with hydroxy-
fasudil (C and F) at 6 wk after the sham or ligation procedure, and the results of quantitative coronary angiography regarding coronary vasoconstricting 
responses to serotonin (10 and 100 μg/kg, IC) before and after hydroxyfasudil (90 and 300 μg/kg, IC; G). The blue and red lines represent drug-eluting stent 
(DES) implantation sites in the left anterior descending (LAD) coronary arteries. The mean value of coronary vasoconstricting responses of the proximal and 
the distal DES edges are presented. Results are expressed as mean±SEM. *P<0.05, **P<0.01 sham vs ligation.
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formation was noted at the DES edges associated with cor-
onary vasoconstricting responses but not at the BMS edges 
or DES+20 mm sites. (2) Lymphatic vessels ligation further 
enhanced coronary hyperconstricting responses after DES 
implantation. (3) Lymphatic vessels ligation decreased the 
number of lymphatic vessels, although there were no signifi-
cant differences in the number of VV between the sham and the 
ligation groups. (4) Lymphatic vessels ligation caused adipo-
cyte hypertrophy associated with enhanced inflammation in the 

adventitia and Rho-kinase activation. This study demonstrates 
the important roles of cardiac lymphatic vessels in the path-
ogenesis of coronary hyperconstricting responses and cardiac 
structural changes.

Effects of Stent Implantation on the Density 
and Caliber of Lymphatic Vessels
We examined the density and the caliber of lymphatic vessels at 
the control sites and at the DES and BMS edges. Histological 

Figure 5. Representative pictures at the drug-eluting stent (DES) edges for Masson’s trichrome staining (A and E) and immunostainings of LYVE-1 (lymphatic vessel 
endothelial hyaluronan receptor-1; B and F), adipocytes with Masson’s trichrome staining (C and G), and adiponectin (D and H). Black arrow heads indicate lym-
phatic vessels, and arrows indicate the diameters in the perpendicular maximum and minimum axes. Quantitative histological analysis between the 2 groups (I–L) 
and correlation between the number of LYVE-1 vessels and adipocyte size is shown M. Results are expressed as mean±SEM. *P<0.05, ***P<0.001 sham vs ligation.
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Figure 6. Representative pictures at the drug-eluting stent (DES) edges for Masson’s trichrome staining (A, D, I, and M) and immunostainings of CD68 
(cluster of differentiation 68; B and E), IL (interleukin)-1β (C and F), ROCK1 (J and N), ROCK2 (K and O), and pMYPT1 (L and P). Quantitative histological 
analysis and correlations among the histological results and the extent of coronary vasoconstriction are shown (G, H, and Q–V). Results are expressed as 
mean ± SEM. *P<0.05, **P<0.01, Sham vs. Ligation. HPF indicates high-power field; p-MYPT1, phosphorylated myosin phosphatase target subunit 1; and 
ROCK, Rho-associated coiled-coil containing protein kinase.
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analysis showed that the number and the caliber of lymphatic 
vessels were significantly greater at the DES edges compared 
with the control and the BMS edges, whereas there was no sig-
nificant difference between the control and the BMS sites. These 
results indicate that DES, but not BMS, affect lymphatic vessels 
in the coronary adventitia. Histological analysis also showed 
that the number and the caliber of lymphatic vessels were sig-
nificantly greater at the DES edges compared with the control 
and DES+20 sites, whereas there was no significant difference 
between the control and the DES+20 sites. These results indi-
cate that DES affect the number and the caliber of lymphatic 
vessels at the DES edges in the coronary adventitia in pigs.

Effects of Cardiac Lymphatic Vessel Ligation 
on Coronary Vasomotion in Pigs In Vivo
We have previously demonstrated that adventitial inflamma-
tion associated with Rho-kinase activation plays important 
roles in the pathogenesis of coronary artery spasm and DES-
induced coronary hyperconstricting responses in pigs and 
humans.1,8,12–14,25,26 DES implantation enhances chronic adven-
titial inflammation associated with enhanced VV formation, 
sympathetic nerve fiber formation, macrophage infiltration, 
and Rho-kinase activation.1,7 Notably, the adventitia harbors 
2 types of vessels, VV and lymphatic vessels.15 In the pro-
tocol 1, enhanced formation of cardiac lymphatic vessels at 
the DES edges, but not at the BMS edges or nonstented sites, 
suggests that lymphatic vessels may be involved in the path-
ogenesis of coronary hyperconstricting responses after DES 
implantation. In the protocol 2, cardiac lymphatic vessels li-
gation enhanced coronary hyperconstricting responses associ-
ated with decreased coronary lymphatic vessels, hypertrophic 
adipocytes, enhanced inflammation in the adventitia, and Rho-
kinase activation, whereas there was no significant difference 
in the number of VV or sympathetic nerve fibers between the 
2 groups. Discrepancy between the coronary lymphatic ves-
sels and VV formation in the protocol 2 may be because of 
their different healing processes in response to lymphatic ves-
sels ligation injury and prolonged need of lymphatic vessels to 
drain excessive proteins and fluid compared with VV.40

In line with the present findings, lymphatic vessels were 
markedly decreased in lymphatic edematous tail of mice.41 
Adipocyte hypertrophy was initiated by lymphatic dysfunc-
tion,42 and hypertrophic adipose tissue in obese mice mobilize 
inflammatory cells.43 These structural and functional altera-
tions of lymphatic vessels in responses to inflammation may 
also be the case for the heart in our body.44 Indeed, inhibition 
of endogenous lymphangiogenesis increases cardiac inflam-
mation in mice.45 We previously demonstrated that reduced 
adiponectin level is associated with enhanced macrophage in-
filtration in visceral adipose tissue in mice.46 We have recently 
demonstrated that reduced adiponectin and enlarged adipo-
cyte size are associated with enhanced macrophage infiltration 
in the coronary adventitia and enhanced coronary hypercon-
stricting responses in pigs in vivo.25

In the present study, the number of lymphatic vessels and ad-
ipocyte size were associated with the extent of local inflamma-
tion (IL-1β-positive cells) and Rho-kinase activity. Indeed, we 
have previously demonstrated that IL-1β increases Rho-kinase 

activity in human coronary vascular smooth muscle cells in 
vitro47 and that chronic treatment with IL-1β in the coronary ad-
ventitia induces coronary vasospasm through Rho-kinase activa-
tion in pigs in vivo.12 Taken together, in the protocol 1, although 
compensated lymphangiogenesis occurred in the coronary ad-
ventitia, it is possible that the extent of compensatory lymphan-
giogenesis was not enough to suppress adventitial inflammation. 
In the protocol 2, it is conceivable that reduced cardiac lymphatic 
vessels with hypertrophic adipocytes lead to chronic adventitial 
inflammation and enhances Rho-kinase activity, resulting in cor-
onary hyperconstricting responses. Coronary adventitia harbors 
several components, including VV, lymphatic vessels, macro-
phages, and adipocytes. When lymphatic dysfunction occurs, 
lymph stasis and decreased number of lymphatic vessels are 
noted, associated with adipocyte hypertrophy and infiltration 
of inflammatory cells, such as macrophages and IL-1β–positive 
cells, in the coronary adventitia. IL-1β can enhance Rho-kinase 
activity in the medial vascular smooth muscle cells, resulting in 
enhanced coronary hyperconstricting responses. Taken together, 
cardiac lymphatic vessel dysfunction plays important roles in the 
pathogenesis of coronary spasm and cardiac structural changes 
(see Graphic Abstract).

We found that the lymphatic flow of ICG was obstructed 
even at 6 weeks after the lymphatic vessels ligation. This find-
ing suggests that lymphatic flow remained impaired in the li-
gation group for at least 6 weeks after the operation. Indeed, in 
the present study, we also confirmed that myocardial fibrosis 
and thickening of tricuspid and mitral valves were evident in 
the ligation group compared with the sham group. Consistent 
with the present findings, it was previously reported that fi-
brosis was commonly noted in lymphedematous tissue48–51 and 
in the rabbit heart with cardiac lymph obstruction52 and that 
cardiac lymphatic obstruction also induced thickening of atri-
oventricular valves in dogs.53 Our findings are consistent with 
the previous findings, suggesting that our ligation technique 
was enough to obstruct lymphatic flow.

Clinical Implications
Lymphatic vessels may play important roles in the pathogen-
esis of many disorders, including lymphedema, inflammation, 
transplant rejection, cancer, and cardiovascular disease.44,54 
Accelerated cardiac lymphangiogenesis with VEGF-C 
improved myocardial fluid balance, cardiac inflammation, fi-
brosis, and functions.55,56 Moreover, increased lymphatic ves-
sels were noted with cardiac pathological changes, including 
myocarditis and myocardial hypertrophy in the human autopsy 
hearts.37 However, the roles of cardiac lymphatic vessels in the 
pathogenesis of coronary vasomotion abnormalities remain to 
be elucidated. In the present study, we were able to provide ev-
idence that functional and structural alterations of cardiac lym-
phatic vessels are substantially involved in the pathogenesis of 
coronary vasomotion abnormalities in pigs in vivo. Recent large-
scale trial demonstrated that ≈30% of patients have unremitting 
angina until 1 year after successful percutaneous coronary inter-
vention with DES.5 Notably, some patients suffer from enhanced 
coronary hyperconstricting responses after DES implantation.2,6 
In addition, a lack of hemodynamically significant coronary ar-
tery obstruction is noted in about 20% to 40% of patients with 
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angina and a positive stress test.57 Intractable vasospastic angina 
is also an emerging therapeutic target.58 Based on the present 
findings, coronary lymphatic vessels could be regarded as a new 
therapeutic target for coronary vasomotion disorders.

Study Limitations
Several study limitations should be mentioned for the present 
study. First, it was previously reported that not only cardiac lym-
phatic vessels but also pretracheal lymph nodes could be ligated 
in dogs.28 In the present study, for technical reasons, it was diffi-
cult to ligate pretracheal lymph nodes in pigs in vivo. However, 
our technique of cardiac lymphatic vessels ligation was enough 
to create lymph flow obstruction as confirmed in the ICG study 
at 6 weeks after the procedure. Second, because we were unable 
to clearly see the lymphatic vessels because of their small size 
without blood color, it was difficult to determine the orientation 
of lymphatic vessels when making paraffin sections. Third, it 
was also difficult to perform immunostainings of resin-embed-
ded sections of the stent implantation site, which makes it hard to 
reveal the whole topology of lymphatic vessels of the stented ar-
terial segment. However, it is important to address the morphom-
etry of lymphatic vessels at the stented coronary arteries for 
further mechanistic insights in future studies. Fourth, ligation of 
lymphatic vessels could injure the adventitial sympathetic nerve 
fibers because we were unable to clearly recognize adventitial 
nerves in vivo during the ligation procedure. We have recently 
demonstrated that there are significant correlations between sym-
pathetic nerve fibers and coronary hyperconstricting responses.26 
However, in the present study, quantitative histological analysis 
showed that there was no significant difference in the number 
of adventitial sympathetic nerve fibers between the sham and 
the ligation groups in the protocol 2. Fifth, we used only male 
pigs in the present study to eliminate potential hormonal changes 
during menstruation period and to consider coronary risks.59–61 
However, we previously demonstrated that this male pig model 
has coronary vasomotion abnormalities.3,7,12,25–27,62–65

Conclusions
The present study provides evidence that cardiac lymphatic 
vessels dysfunction plays important roles in the pathogenesis 
of coronary hyperconstricting responses.
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Highlights
• The major findings of the present study were as follows: (1) Enhanced lymphatic vessel formation was noted at the drug-eluting stent edges 

associated with coronary vasoconstricting responses but not at the bare metal stent edges or sites apart from drug-eluting stent. (2) Lymphatic 
vessels ligation further enhanced coronary hyperconstricting responses after drug-eluting stent implantation. (3) Lymphatic vessels ligation 
decreased the number of lymphatic vessels, although there were no significant differences in the number of vasa vasorum between the sham 
and the ligation groups. (4) Lymphatic vessels ligation caused adipocyte hypertrophy associated with enhanced inflammation in the adventitia 
and Rho-kinase activation. The present study provides evidence that cardiac lymphatic vessels dysfunction plays important roles in the patho-
genesis of coronary spasm and cardiac structural changes.
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