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Near-Infrared Fluorescence 
Imaging Directly Visualizes 
Lymphatic Drainage Pathways and 
Connections between Superficial 
and Deep Lymphatic Systems in the 
Mouse Hindlimb
Yukari Nakajima1,2, Kimi Asano1,3, Kanae Mukai4, Tamae Urai5, Mayumi Okuwa4, Junko 
Sugama5 & Toshio Nakatani4

Since lymphedema rarely develops in the mouse hindlimb, the underlying mechanisms remain unclear. 
We herein investigated the resolution of chronic hindlimb lymphedema in mice using a Near-Infrared 
Fluorescence (NIRF) imaging system. Nineteen 7–28-week-old BALB/c male and female mice were 
injected with two dyes for lymphography and dissection. Lymphadenectomy was performed on six 
male mice to completely obstruct lymph flow in the hindlimb. Edematous changes in both hindlimbs 
were compared until 60 days after surgery. The NIRF imaging system detected three lymphatic 
collecting systems in the mouse hindlimb: superficial lateral, superficial medial, and deep medial. It 
also showed connections between the superficial and deep lymphatic systems in the inguinal region. 
Lymphadenectomy of the iliac, inguinal, and popliteal lymph nodes caused edematous changes. 
However, lymph flow in these operated areas restarted within 60 days and the severity of lymphedema 
appeared to be low. NIRF imaging showed that the deep medial system and a connection between the 
superficial and deep lymphatic systems in the inguinal region drain lymph from the hindlimb. This is the 
one reasons why lymphedema does not develop in the mouse hindlimb. The stable obstruction of lymph 
flow in these three systems is desired to develop chronic lymphedema.

The lymphatic system functions as a drainage system of fluid as well as an immune system by controlling immune 
responses. It consists of lymphatics and lymph nodes (LNs), and plays important roles in the pathogenesis of 
several diseases, such as lymphedema, cancer metastasis, and various inflammatory conditions. Secondary 
lymphedema results from direct injury to the lymphatic system after surgery or radiotherapy, and, as a conse-
quence, lymph fluid accumulates in subcutaneous tissue1. Lymphatic stasis in subcutaneous tissue causes inflam-
mation, resulting in CD4+ cell inflammation and the infiltration of mature T-helper cells, and patients with 
severe lymphedema ultimately develop fibrosis2. However, the underlying mechanisms have not yet been elu-
cidated in detail3. Treatments for lymphedema, including lymphatico-venous anastomosis (LVA)4 and vascular 
endothelial growth factor-C/D (VEGF-C/D) therapy5, have been conducted in laboratories and clinical settings. 
LVA involves microsurgery that anastomoses lymphatic vessels and veins in subcutaneous tissue. However, the 
long-term patency of LVA is limited, and appears to be due to contact between lymphatic endothelial cells (LECs) 
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and platelets. Podoplanin, which is expressed in LECs, is a ligand for the C-type lectin-like receptor (CLEC-2) of 
platelets. CLEC-2 releases bone morphogenetic protein-9 (BMP-9) when activated6. A previous study reported 
that platelets, mainly BMP-9, regulate blood/lymphatic vessel separation by inhibiting the proliferation, migra-
tion, and tube formation of LECs7. This finding proposes a reason for why the long-term patency of LVA is lim-
ited. Furthermore, VEGF-C therapy has been shown to promote the lymphatic metastasis of tumor cells3. Radical 
treatments for lymphedema and their evaluation have not yet been established. Therefore, the establishment of a 
lymphedema model is desired for the development of effective treatments for patients.

Animal models of lymphedema have been previously reported. Radiation therapy is often used to generate 
lymphedema models. However, we consider this therapy to be unsuitable for the generation of a lymphedema 
model because it is associated with immobility and high mortality8,9. A tail lymphedema model may be used 
as a limb lymphedema model to elucidate the underlying mechanisms of or evaluate therapeutic approaches 
for lymphedema because its anatomy and the surgical techniques involved are simple and reproducible10. The 
superficial and deep lymphatic systems of the tail are disrupted, a 2–3 mm portion of the skin is then circumfer-
entially excised, and the deep lymphatic system is microsurgically ligated. After surgery, tail lymphedema persists 
for three weeks without necrosis or any side effects11. However, Frueh et al.10 indicated that fluctuations in the 
duration and robustness of this lymphedema depend on the surgical technique used. Furthermore, patients with 
secondary lymphedema undergo lymphadenectomy. After lymphadenectomy, the risk of infection (lymphangitis 
and cellulitis) generally increases, while immune responses become weaker12. However, only lymphatic vessels are 
excised in a tail lymphedema model. Consequently, limb lymphedema appears to be more appropriate than tail 
lymphedema for elucidating the underlying mechanisms and evaluating therapies. Previous studies performed 
lymphadenectomy on inguinal and/or popliteal LNs in order to achieve stable lymphedema in the hindlimb9,13. 
However, hindlimb edema only occurred transiently after the excision of inguinal and/or popliteal LNs. It cur-
rently remains unclear why hindlimb lymphedema does not occur, and this may be attributed to the lack of a clear 
understanding of the lymphatic system in animals. Hence, the surgical anatomy of the lymphatic system needs to 
be investigated in more detail.

Near-infrared fluorescence (NIRF) imaging has recently been introduced to visualize lymphatic and blood 
vessels3,14. The mapping of lymphatics before lymphatico-venous anastomosis, sentinel LN mapping15, and the 
classification of lymph flow patterns16 are performed using the NIRF imaging system in clinical settings to visu-
alize lymphatics. These approaches provide real-time guidance on the location of the lymphatic system. In addi-
tion, NIRF easily detects lymphatics, which are visible to the naked eye, without dissection or special techniques. 
Therefore, NIRF imaging is beneficial for the visualization of lymphatic drainage pathways and localization of the 
lymphatic system.

The purpose of the present study was to obtain detailed information on the lymphatic system in the mouse 
hindlimb using the NIRF imaging system. A clearer understanding of the lymphatic system is important for 
achieving stable lymphedema.

Results
Detection of Lymphatic Vessels Using the NIRF Imaging System.  We performed lymphography, 
dissection, and histological observations in order to identify the location at which lymph fluid in the hindlimb is 
drained. Figure 1 shows the lymphatic collecting system of the hindlimb and above the level of the hindlimb from 
lymphographic, macroscopic, and microscopic images of intact mice. Three main lymphatic collecting systems 
were identified in the hindlimbs of mice: (1) superficial lateral; (2) superficial medial; (3) deep medial. We named 
these systems based on a previous study that examined the normal anatomy of lymphatics in the dog hindlimb17. 
There is no variation in these lymphatic systems of the hindlimb between different animals of the BALB/c strain. 
All lymphatics detected in the present study were ipsilateral and without sex or age differences.

Figure 1a shows the superficial lateral system of the left hindlimb of a mouse. It started as a network on the 
foot pad and then crossed to the lateral side of the hindlimb at the level of the lower one third or middle of the calf 
(closed green arrowhead). This system passed through the popliteal LN to the sciatic LN along with blood vessels 
(open green arrowhead). It was detected by an intradermal injection of ICG into the foot pad. The injection site 
was indicated as a green arrow in Fig. 2.

Figure 1b shows the superficial medial system of the right hindlimb of a mouse. It appeared to start above the 
level of the ankle (closed yellow arrowhead). It was not possible to observe this system under the level of the ankle 
because it was detected by a subcutaneous injection of ICG into the ankle. This system passed into the thigh and 
through the inguinal LN (closed yellow arrowheads), and then ran into the axillary LN along with blood vessels 
in the abdomen (open yellow arrowheads). This system was detected by a subcutaneous injection of ICG into the 
ankle. The injection site was indicated as a yellow arrow in Fig. 2.

Figure 1c showed the deep medial system of the left side in a mouse. It started at the interior part of the hind-
limb, ran with the femoral artery into the thigh, entered the abdominal cavity (closed white arrowheads), and 
then ran into the iliac LN (open white arrowheads). This system was detected by an intradermal injection of dyes 
into the foot pad. The injection site was indicated as a gray arrow in Fig. 2. Lymph fluid drained into the abdom-
inal cavity through this system (Supplemental video 1). Another lymphatic that contributed to the deep medial 
system was detected by the NIRF imaging system during the experiment. After a subcutaneous injection of dyes 
into the ankle, this lymphatic was observed by stretching the skin to the sagittal line (closed red arrows in Fig. 1c, 
Supplemental video 2). The injection site was indicated as a yellow arrow in Fig. 2. After dissection, this lymphatic 
appeared to start at the level of the inguinal region and ran into the iliac LN with blood vessels and nerves (closed 
red arrows in Fig. 1c). Furthermore, this lymphatic was surrounded by subcutaneous tissue and easily destroyed. 
Lymph fluid from the superficial medial system drained into the deep medial system through this lymphatic 
(Supplemental video 2). This lymphatic appeared to start from the inguinal LN or branched from the superficial 
medial system. However, difficulties were associated with precisely identifying its origin in the present study.
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The NIRF imaging system detected two lymphatics that have not been reported in previous studies, as shown 
in Fig. 1d (open blue arrowheads) and 1e (open purple arrowheads). The first lymphatic, which started at the 
lower abdomen and ran into the axillary LN (open blue arrowheads), was detected by an ICG injection into 
the lower abdomen (blue arrow on the left figure in Fig. 2). Mice were found to have two large lymphatics in 
the abdomen. These lymphatics were also observed histologically (bottom images in Fig. 1d). Second lymphat-
ics, which started from the lower back and ran into the axillary LN (open purple arrowheads in Fig. 1e), were 
detected by an ICG injection into the lower back (purple arrow on the right figure in Fig. 2). This lymphatic was 
also observed histologically (right bottom image in Fig. 1e). Figure 2 shows a schematic drawing of the lymphatic 

Figure 1.  Lymphatic systems detected by visual images, NIRF, and photomicrographs. Visual images of mice 
on (a) to (e) revealed each location of right NIRF images. Green large boxes showed the high magnification of 
each site in green small boxes. (a) The superficial lateral system passed the calf muscle (closed green arrowhead) 
through the popliteal lymph node (LN) and onto the sciatic LN (open green arrowhead), left hindlimb, injection 
site; green arrow in Fig. 2. (b) The superficial medial system passed into the thigh and through the inguinal 
LN (closed yellow arrowheads), and then ran into the axillary LN (open yellow arrowheads), right hindlimb. 
Injection site; yellow arrow in Fig. 2, dashed white line; the level of the ankle, Scale bar; 1 cm. (c) Upper images; 
the deep medial system passed into the thigh and entered the abdominal cavity (closed white arrowheads), then 
ran into the iliac LN (open white arrowheads), left hindlimb. The right image was obtained after dissection of 
the abdominal cavity. Injection site; gray arrow in Fig. 2. Bottom images; another lymphatic that contributes 
to the deep medial system (closed red arrowheads) was detected between the inguinal and iliac LNs by the 
injection of dyes at the site indicated by the yellow arrow in Fig. 2. (d) A newly detected lymphatic from the 
lower abdomen to the axillary LN (open blue arrowhead), left lateral position. Injection site; blue arrow on the 
left figure in Fig. 2. Hematoxylin and eosin (H&E)-stained images; cross-sectional images at the level of the 
orange line in the upper right image. Scale bars; upper right 1 cm, bottom left 50 µm, bottom right 100 µm. (e) 
Lymphatics arising from the lower back and running to the superficial axillary LN (open purple arrowheads), 
left lateral position. A H&E image was obtained at the level of the orange line in the left bottom image. Injection 
site; purple arrow on the right fig. in Fig. 2. Scale bar; 50 µm. *AX; axillary LN, *IN; inguinal LN, *IL; iliac LN, 
*PO; popliteal LN, *SC; sciatic LN, A; artery, V; vein, int; intestine, lh; left hindlimb.
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system detected by NIRF in the present study. Based on this lymphatic system, operated areas were selected to 
obstruct lymph fluid in the hindlimb.

Lymphedema Formation and the Impact of Lymphadenectomy in the Hindlimb.  In order to 
obstruct lymph fluid in the hindlimb, the inguinal, popliteal, and iliac LNs were excised by surgery because these 
LNs are located on the three lymphatic systems in the hindlimb. The operated side showed edematous changes 60 
days after lymphadenectomy. Macroscopically, remaining Evans blue dye, which was injected on the operated day, 
was clearly observed in the operated side (Fig. 3a), although the control side received the same dose of dye on the 
same day. After the injection of ICG into the ankle on day 58, the rate of luminance was calculated on day 60. It 
was higher on the operated side than on the control side (Fig. 3b). Furthermore, the hindlimb circumference and 
volume were higher on the operated side than on the control side on day 60 (Fig. 3c,d).

Lymphography was performed on day 60 on both hindlimbs after the ICG injection in order to clarify whether 
lymph flow in the operated areas was obstructed by surgery. The control side in each animal showed normal 
lymph flow. However, in the operated area from which the popliteal LN was excised, lymph flow was obstructed 
in approximately 85% of mice (left image in Fig. 3e). Lymph fluid in the superficial lateral system drained into 
the sciatic LN in one mouse after excision of the popliteal LN. In operated areas from which the inguinal LN was 
excised, lymph flow was obstructed in approximately 16% of mice. Tortuous lymph flow was detected around the 
operated area. Mice showed well-developed detours toward lymphatics of the abdomen after surgery. The detours 
around this operated area connected two lymphatics in the abdomen in two mice (central image in Fig. 3e) and 
one lymphatic in the abdomen in three mice. Lymph fluid through the superficial medial system passed these 
detours and was then drained into the deep or superficial axillary LN. In operated areas from which the iliac LN 
was excised, lymph flow passed into the deep medial system, accumulated in the operated area, and then entered 
into the thoracic duct (right image in Fig. 3e). Detours were not observed around this operated area. Lymph flow 
in this area restarted in all mice.

Histological findings on the operated side were compared to those on the control side in order to identify the 
impact of lymphadenectomy. The area of capillary lymphatics detected by the anti-LYVE-1 antibody was greater 
on the operated side than on the control side (Fig. 4a,b). The number of CD4+ cells was two-fold higher on the 

Figure 2.  Schematic drawing of the lymphatic system related to the drainage of lymph fluid in the hindlimb of 
mice. This figure was based on results obtained from lymphography and the dissection of mice. Black circles; 
lymph nodes (LNs), dashed black lines; lymphatics in the intra-abdomen or intrathoracic area, black solid lines; 
lymphatics in subcutaneous tissue or muscle on the upper limb or buttock, green solid lines; the superficial 
lateral system corresponding to open and closed green arrowheads in Fig. 1a, yellow solid lines; the superficial 
medial system corresponding to open and closed yellow arrowheads in Fig. 1b, gray solid lines; the deep medial 
system corresponding to open and closed white arrowheads in Fig. 1c, red solid line; lymphatics that started 
at the level of the inguinal region and ran into the iliac LN corresponding to closed red arrowheads in Fig. 1c, 
blue solid lines; lymphatics that started at the lower abdomen and ran into the axillary LN corresponding to 
open blue arrowheads in Fig. 1d, purple solid lines; lymphatics that started from the lower back and ran into the 
axillary LN corresponding to open purple arrowheads in Fig. 1e. Open green arrow; the injection site of dyes 
that visualized the superficial lateral system, open yellow arrow; the injection site of the dyes that visualized the 
superficial medial system and lymphatics revealed by red solid lines, open gray arrow; the injection site of the 
dyes that visualized the deep medial system. The open gray arrow is the same site as the open green arrow. Left 
figure; supine position, right figure; prone position. IN; inguinal LN, AX; axillary LN, IL; iliac LN, PO; popliteal 
LN, SC; sciatic LN.
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operated side than on the control side. These results revealed that local inflammation occurred after lymphad-
enectomy (Fig. 4c,d). The ratios of collagen I in the dermis and subcutaneous tissue were calculated in order to 
evaluate the degree of fibrosis. No significant differences were observed between the two sides (Fig. 4e to h).

Discussion
In the present study, NIRF detected three lymphatic collecting systems in the mouse hindlimb. The superficial lat-
eral and superficial medial systems have already been reported18–20. These lymphatic systems were also observed 
in the rat13. Previous studies excised the popliteal or/and inguinal LNs in an attempt to obstruct these systems and 
develop hindlimb lymphedema. However, the resolution of lymphedema in the hindlimb gradually occurred after 
several weeks by surgery only9,13. The present study showed that the deep medial system and lymphatics between 
the inguinal and iliac LNs drain lymph fluid in the hindlimb to the iliac LN, similar to the superficial lateral or 
superficial medial system. The present results strongly suggest that this is the one of the reasons why hindlimb 
lymphedema does not develop following surgery. Hence, we need to obstruct not only the popliteal and inguinal 
LNs, but also the iliac LN in order to develop hindlimb lymphedema. In the present study, lymphatics between the 
inguinal and iliac LNs were detected in all mice. Lymphography of these lymphatics showed that these lymphatics 
drain lymph fluid from the superficial to deep lymphatic systems, and, thus, are a connection between these sys-
tems. This connection has not been reported in previous studies that examined animals. In humans, no connec-
tions between the superficial and deep lymphatic vessels were observed in the inguinal region21–23. Connections 

Figure 3.  Macroscopic observations after lymphadenectomy. (a) Representative images of mice subjected 
to lymphadenectomy, right hindlimb; the operated side, left hindlimb; the control side. (b) The ratio of 
luminance on day 60. A 2-μl injection of indocyanine green (ICG) was performed on both hindlimbs on day 
58. (c) Changes in hindlimb circumference until day 60. (d) Changes in hindlimb volume until day 60. (e) 
Representative images of lymphography obtained from operated areas on day 60 after lymphadenectomy. Left 
image; operated areas from which popliteal lymph nodes (LNs) were excised after a 2- to 10-μl injection of 
ICG at both food pads, center image; operated areas from which inguinal LNs were excised after a 2- to 10-μl 
injection of ICG at both ankles, right image; operated area from which iliac LNs were excised after a 2- to 
10-μl injection of ICG at both food pads. In some mice, lymph flow connected two lymphatics in the abdomen 
(yellow and blue arrowheads) after passing the hindlimb. Red crosses; operated area, IN; inguinal LN. N = 6 in 
b, c, d and e. *P < 0.05 and **P < 0.01 versus the control (paired t-test).
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between the superficial and deep lymphatic systems have only been reported above the elbow along the basilic 
vein24 and popliteal region in cadavers23. The connections between the superficial and deep lymphatic systems 
differ between species. Therefore, this result is very valuable for understanding not only the lymphatic system, but 
also differences in lymphatic systems between species.

We performed lymphadenectomy in order to interrupt lymph drainage in the hindlimb. The operated side 
showed an increased hindlimb circumference, volume and stasis of lymph fluid, inflammation, and lymphatic 
area. These edematous changes have been reported previously2,25,26. The circumference of the hindlimb and the 
volume and stasis of lymph fluid were measured in order to evaluate the extent of lymph edema20,27,28. These 
parameters all increased in edematous tissue. In the histology of edematous tissue, lymphatic stasis causes CD4+ 
cell accumulation in subcutaneous tissue and leads to inflammation2,29. Furthermore, the average cross-sectional 
areas of lymphatics significantly increase as a result of lymphedema responses26. Therefore, lymphadenectomy of 
the popliteal, inguinal, and iliac LNs appears to produce stable lymphedema in the hindlimb. However, in clinical 
settings, patients with severe lymphedema ultimately develop fibrosis30. In the present study, lymphadenectomy 
of the popliteal, inguinal, and iliac LNs did not cause fibrosis. We attributed this result to lymph flow in areas in 
which LNs were excised restarting within 60 days of surgery. Lymph fluid was not completely obstructed in the 
present study. Hadrian et al.31 reported that rodent models showed high endogenous lymphatic regeneration; 
therefore, stable lymphedema rarely developed. Hindlimb lymphedema in mice may not be produced by surgery 
only. We consider the stable obstruction of lymph fluid in the three lymphatic collecting systems achieved in the 
present study using other approaches to result in the development of chronic lymphedema in mice. Further stud-
ies are needed in order to induce the stable obstruction of these lymphatic systems.

Advances have recently been achieved in the development of measuring devices. However, current knowledge 
on the anatomy of the lymphatic system in mice is largely based on studies conducted before 2000. In the pres-
ent study, we used NIRF to identify lymphatic systems, and it successfully detected novel lymphatics. A better 
understanding of the anatomy of the lymphatic system using recently developed devices will lead to more effective 
treatments, care, and the prevention of iatrogenic lymphedema by surgery in patients with lymphedema.

Study limitations.  Lymph draining through interstitial flow was not evaluated in the present study. 
Although lymph in the hindlimb was partly drained by interstitial flow, we were unable to establish how much 
lymph flowed interstitially and what its impact was. This study was conducted using BALB/cCrSlc mice. There 
is very limited information on the anatomy of lymphatic systems in the hindlimb in other strains of animals. 
Therefore, the lymphatic system needs to be investigated in lymphedema models of other strains of animals. 
Since NIRF does not have the ability to detect the deep lymphatic system in the abdominal cavity, when the deep 
lymphatic system is being examined, dissection is needed to confirm lymph flow.

Conclusions
NIRF detected three lymphatic collecting systems in the mouse hindlimb: the superficial lateral, superficial 
medial, and deep medial collecting lymphatic systems. Lymphatics between the inguinal and iliac LNs represent 
a connection between the superficial and deep medial lymphatic systems in mice. Lymphadenectomy of the 
popliteal, inguinal, and iliac LNs resulted in stable lymphedema in the hindlimb; however, its severity appeared 
to be low. Further studies are needed in order to completely obstruct lymphatic systems for the development of a 
severe lymphedema model.

Figure 4.  Histological evaluation of the hindlimb after lymphadenectomy on day 60. (a) The area of capillary 
lymphatics in 1 mm2 of the dermis. (b) Representative photomicrographs of LYVE-1 immunohistochemical 
staining in the operated side (left) and control side (right). (c) The number of CD4+ cells in the dermis and 
subcutaneous tissue in 1 mm2. (d) Representative photomicrographs of CD4 immunohistochemical staining 
in the operated side (left) and control side (right). (e) The ratio of collagen I in the dermis. (f) Representative 
photomicrographs of collagen I immunohistochemical staining in the operated side (left) and control side 
(right). (g) The ratio of collagen I in subcutaneous tissue. (h) Representative photomicrographs of collagen I 
immunohistochemical staining in the operated side (left) and control side (right). Black arrows; lymphatics (b), 
CD4+ cells (d). N = 5 in a, c, e, and g. **P < 0.01 versus the control (paired t-test).
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Methods
All procedures involving animals were reviewed and approved by the Committee on Animal Experimentation of 
Kanazawa University (AP-163811). The methods were performed in accordance with the approved guidelines.

Mice.  Twenty-five BALB/cCrSlc male and female mice (Sankyo Lab Service Corporation, Inc., Toyama, Japan) 
weighing 19.7–30.7 g were used at 7 to 28 weeks of age. They were caged individually in an air-conditioned room 
at a temperature of 25.0 ± 2.0 °C, and the lights were kept on between 08:15 and 20:15 hours. Water and pelleted 
food were given freely.

Nineteen male and female mice aged 7 to 28 weeks were subjected to lymphography and dissection in order to 
identify lymphatics in the hindlimb. Six male mice aged 12 weeks were subjected to lymphadenectomy. The detail 
protocol of surgery was shown below.

Dissection of Mice.  The injection dye was composed of a mixed solution of 3%w/v Evans blue dye 
(Sigma-Aldrich Japan, Tokyo, Japan) and indocyanine green (ICG; Daiichi Sankyo, Tokyo, Japan) at a concen-
tration of 2.5 mg/ml. The ratio of Evans blue dye to ICG was two to one. Mice were anesthetized with 2% isoflu-
rane, and 15–30 μl of the injection dye was intradermally or subcutaneously administered at different areas (the 
footpad, ankle, back, or lower abdomen) to visualize lymphatics and LNs. Fifteen to 30 minutes after the injection 
under awakening, mice were euthanized via an intraperitoneal (IP) injection of a large dose of pentobarbital 
sodium (0.5 mg/g weight), and dissected to locate the lymphatics and LNs of interest.

Lymphography by NIRF Imaging.  Lymphatics were visualized using the NIRF imaging system (Pde-neo; 
Hamamatsu Photonics K.K., Shizuoka, Japan) after anesthetization with 1.5% isoflurane. Pde-neo emitted light 
at 760 nm and detected light at wavelengths greater than 820 nm, and, thus, detected ICG flow because ICG has 
an excitation wavelength of 805 nm and emission wavelength of 840 nm18,32. After an injection of 2 to 10 μl ICG, 
we massaged the injection site using absorbent cotton wool to promote ICG absorbance. Fluorescent images of 
lymph flow were obtained by Pde–neo.

Surgical Procedures for Lymphadenectomy.  Mice were anesthetized with 2% isoflurane. Iliac LNs were 
identified after the intradermally injection of 15 μl of 3%w/v Evans blue dye into the food pad. After 10 minutes, 
flunixin (Banamine®, 5 mg/kg weight; AdooQ BioScience, CA) and enrofloxacin (8.5 mg/kg weight; Wako Pure 
Chemical Industries, Ltd., Osaka, Japan) were injected subcutaneously as analgesics and antibiotics. A 1.0-cm 
incision into the abdominal muscle was made, the small intestine was pulled out, and the right iliac LN was 
excised using scissors. The small intestine was kept wet by applying saline at a temperature of 37 °C during sur-
gery. After the excision of the iliac LN, 1 ml of sterile saline (0.9%) was injected intraperitoneally to support fluid 
homeostasis. Surgical wounds were secured using 6–0 nylon simple interrupted sutures, and surgical sites were 
then bonded together and dressed with gauze. Postoperative care was performed for these mice based on a previ-
ous study33. Flunixin (5 mg/kg weight) was administered subcutaneously twice per day (every 12 hours) for 7 days 
as analgesics, and 300 μl glucose (5%) and 300 μl saline (0.9%) were injected subcutaneously twice per day for 7 
days as fluid therapy. Mice had free access to glucose (15%) offered in a second drinking bottle. One week after 
surgery, the inguinal and popliteal LNs were identified by a injection of 15 μl of 3% Evans blue dye solution into 
the ankle and food pad, delivered using a micro syringe with a 27 G needle. The surgical procedures for excising 
the inguinal LN were described in our previous study32. The right hindlimb was the operated side, while the left 
hindlimb was the control side. The control side did not undergo a sham operation (untreated). In our preliminary 
examination, sham operation using two mice did not occur edematous changes and these operation areas did 
not affect for histological evaluation (data not shown). Therefore, skin characteristics after the operation were 
compared with normal skin characteristics.

Lymphedema Assessment.  The circumferences of both hindlimbs were measured using adhesive tape 
(TransporeTM surgical tape, Tokyo, Japan) to assess the extent of postsurgical edema. The degree of lymphedema 
was also quantified by measuring hindlimb volumes using a water displacement volumetry method as described 
previously27. The ratio of luminance (%) = total pixels of fluorescent areas on the lateral, front, and back sides in 
the hindlimb/total pixels of hindlimb areas on the lateral, front, and back sides. The ratio of luminance on day 60 
was calculated to quantify the degree of lymphatic stasis after an injection of 2 μl ICG at the ankle on both hind-
limbs on day 58. We did not massage the injection site in this evaluation.

Specimens of the hindlimb were stained immunohistochemically. The procedure used was described in detail 
below. The area of capillary lymphatics in the dermis (µm2/mm2) = the total area of capillary lymphatics in the 
dermis/mm2 dermis. The number of CD4+ cells (number/mm2) = the number of CD4+ cells/mm2 dermis and 
subcutaneous area. The ratio of collagen I (%) = pixels of collagen fibers/pixels of the dermis or subcutaneous 
area. These parameters were calculated by Adobe Photoshop Element 11.0 (Adobe System, Inc., Tokyo, Japan). 
The operated side was compared with the control side for all parameters.

Immunohistochemistry.  After dissection, specimens of skin on the lower external hindlimb were har-
vested, stapled onto transparent plastic sheets to prevent excessive contractions, and fixed in 4% paraformalde-
hyde in 0.1 mol/L phosphate buffer (pH 7.4) overnight. Specimens were then placed in 10% sucrose in PBS for 
2 hours, 20% sucrose in PBS overnight, and 30% sucrose in PBS overnight before embedding OCT compound 
(Sakura® Finetek, Tokyo, Japan). Frozen tissue was stored at −80 °C until used. Ten-micrometer-thick sections 
were mounted on MAS-coated glass slides (Matsunami Glass Ind., Ltd., Osaka, Japan) for hematoxylin and eosin 
(H&E) or immunostaining. Sections for immunostaining were washed with PBS/0.03% Tween-20 (PBST), incu-
bated with blocking solution (X0909, Dako, CA) and 0.3% hydrogen peroxide, and then incubated with primary 
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antibodies diluted in PBST at room temperature (RT) for 2 hours. Sections were washed three times using PBST. 
They were then incubated with the secondary antibodies linked with HRP at RT for 1 hour. The primary antibod-
ies used in the present study were an anti-LYVE-1 antibody (ab14917, Abcam), anti-CD-4 antibody (ab25475, 
Abcam), and anti-collagen I antibody (ab34710, Abcam).

Statistical Analyses.  Data were compared using the paired t-test with JMP 8.0.1 (SAS, USA). Results were 
expressed as the mean ± SD. A P-value of less than 0.05 was used as the criterion to indicate significance.

References
	 1.	 Olszewski, W. L., Ambujam, P. J., Zaleska, M. & Cakala, M. Where do lymph and tissue fluid accumulate in lymphedema of the lower 

limbs caused by obliteration of lymphatic collectors? Lymphology 42, 105–111 (2009).
	 2.	 Zampell, J. et al. CD4+ cells regulate fibrosis and lymphangiogenesis in response to lymphatic fluid stasis. PLoS ONE 7, e49940, 

https://doi.org/10.1371/journal.pone.0049940 (2012).
	 3.	 Norrmén, C., Tammela, T., Petrova, T. & Alitalo, K. Biological basis of therapeutic lymphangiogenesis. Circulation 123, 1335–1351, 

https://doi.org/10.1161/CIRCULATIONAHA.107.704098 (2011).
	 4.	 Boccardo, F. et al. Lymphedema microsurgical preventive healing approach: a new technique for primary prevention of arm 

lymphedema after mastectomy. Ann. Surg. Oncol. 16, 703–708, https://doi.org/10.1245/s10434-008-0270-y (2009).
	 5.	 Szuba, A. et al. Therapeutic lymphangiogenesis with human recombinant VEGF-C. FASEB J. 16, 1985–1987, https://doi.org/10.1096/

fj.02-0401fje (2002).
	 6.	 Suzuki-Inoue, K. et al. Involvement of the snake toxin receptor CLEC-2, in podoplanin-mediated platelet activation, by cancer cells. 

J. Biol. Chem. 282, 25993–26001, https://doi.org/10.1074/jbc.m702327200 (2007).
	 7.	 Osada, M. et al. Platelet activation receptor CLEC-2 regulates blood/lymphatic vessel separation by inhibiting proliferation, 

migration, and tube formation of lymphatic endothelial cells. J. Biol. Chem. 287, 22241–22252, https://doi.org/10.1074/jbc.
m111.329987 (2012).

	 8.	 Yang, C. Y. et al. Developing a lower limb lymphedema animal model with combined lymphadenectomy and low-dose radiation. 
Plast. Reconstr. Surg. Glob. Open. 2, e121, https://doi.org/10.1097/GOX.0000000000000064 (2014).

	 9.	 Lee-donaldson, L. et al. Refinement of a rodent model of peripheral lymphedema. Lymphology 32, 111–117 (1999).
	10.	 Frueh, F. et al. Animal models in surgical lymphedema research–a systematic review. J. of Surg. Res. 200, 208–220, https://doi.

org/10.1016/j.jss.2015.07.005 (2016).
	11.	 Cheung, L. et al. An experimental model for the study of lymphedema and its response to therapeutic lymphangiogenesis. BioDrugs 

20, 363–370 (2006).
	12.	 Buettner, M. & Bode, U. Lymph node dissection - understanding the immunological function of lymph nodes. Clin. Exp. Immunol. 

169, 205–212, https://doi.org/10.1111/j.1365-2249.2012.04602.x (2012).
	13.	 Takeno, Y. & Fujimoto, E. Alterations of lymph flow after lymphadenectomy in rats revealed by real time fluorescence imaging 

system. Lymphology 46, 12–19 (2013).
	14.	 Hong, G. et al. Near-Infrared II Fluorescence for imaging hindlimb vessel regeneration with dynamic tissue perfusion measurement. 

Circ. Cardiovasc. Imaging 7, 517–525, https://doi.org/10.1161/circimaging.113.000305 (2014).
	15.	 Verbeek, F. et al. Near-infrared fluorescence sentinel lymph node mapping in breast cancer: a multicenter experience. Breast Cancer 

Res. Treat. 143, 333–342, https://doi.org/10.1007/s10549-013-2802-9 (2013).
	16.	 Akita, S. et al. Early detection of lymphatic disorder and treatment for lymphedema following breast cancer. Plast. Reconstr. Surg. 

138, 192e–202e, https://doi.org/10.1097/prs.0000000000002337 (2016).
	17.	 Pflug, J. J. & Calnan, J. S. Lymphatics: normal anatomy in the dog hind leg. J. Anat. 105, 457–465 (1969).
	18.	 Li, L., Mori, S., Sakamoto, M., Takahashi, S. & Kodama, T. Mouse model of lymph node metastasis via afferent lymphatic vessels for 

development of imaging modalities. PLoS ONE 8, e55797, https://doi.org/10.1371/journal.pone.0055797 (2013).
	19.	 Kawashima, Y. The lymph system in ICR-JCL mice. The science bulletin of the College of Agriculture, University of the Ryukyus 21, 

373–387 (in Japanese) (1974).
	20.	 Oashi, K. et al. A new model of acquired lymphedema in the mouse hind limb. Ann. Plast. Surg. 69, 565–568, https://doi.org/10.1097/

sap.0b013e31821ee3dd (2012).
	21.	 Scaglioni, M. F. & Suami, H. Lymphatic anatomy of the inguinal region in aid of vascularized lymph node flap harvesting. J. Plast. 

Reconstr. Aesthet. Surg. 68, 419–227, https://doi.org/10.1016/j.bjps.2014.10.047 (2015).
	22.	 Kretz, O. & Kubit, S. Földi’s textbook of lymphology for physicians and lymphedema therapists (ed. Földi, M. & Földi, M.) 120–121 

(Urban & Fischer, 2012).
	23.	 Kutsuna, M. Anatomie des lymphsystems der Japaner (ed. Kutsuna, M.) 209–210 (Kanehara Shuppan Co., 1968).
	24.	 Suami, H., Pan, W. & Taylor, G. Changes in the lymph structure of the upper limb after axillary dissection: radiographic and anatomical 

study in a human cadaver. Plast. Reconstr. Surg. 120, 982–991, https://doi.org/10.1097/01.prs.0000277995.25009.3e (2007).
	25.	 Gousopoulos, E., Proulx, S., Scholl, J., Uecker, M. & Detmar, M. Prominent lymphatic vessel hyperplasia with progressive 

dysfunction and distinct immune cell infiltration in lymphedema. Am. J. Pathol. 186, 2193–2203, https://doi.org/10.1016/j.
ajpath.2016.04.006 (2016).

	26.	 Tabibiazar, R. et al. Inflammatory manifestations of experimental lymphatic insufficiency. PLoS Med. 3, e254, https://doi.
org/10.1371/journal.pmed.0030254 (2006).

	27.	 Park, H. et al. Modification of a rodent hindlimb model of secondary lymphedema: surgical radicality versus radiotherapeutic 
ablation. Biomed. Res. Int. 2013, 208912, https://doi.org/10.1155/2013/208912 (2013).

	28.	 Iwasaki, D. et al. Establishment of an acquired lymphedema model in the mouse hindlimb: technical refinement and molecular 
characteristics. Plast. Reconstr. Surg. 139, 67e–78e, https://doi.org/10.1097/PRS.0000000000002887 (2017).

	29.	 Ghanta, S. et al. Regulation of inflammation and fibrosis by macrophages in lymphedema. Am. J. Physiol. Heart Circ. Physiol. 308, 
H1065–H1077, https://doi.org/10.1152/ajpheart.00598.2014 (2015).

	30.	  International Society of Lymphology. The diagnosis and treatment of peripheral lymphedema: 2013 consensus document of the 
International Society of Lymphology. Lymphology 46, 1–11 (2013).

	31.	 Hadrian, R. & Palmes, D. Animal models of secondary lymphedema: new approaches in the search for therapeutic options. Lymphat. 
Res. Biol. 15, 2–16, https://doi.org/10.1089/lrb.2016.0015 (2017).

	32.	 Komatsu, E. et al. Lymph drainage during wound healing in a hindlimb lymphedema mouse model. Lymphat. Res. Biol. 15, 32–38, 
https://doi.org/10.1089/lrb.2016.0026 (2017).

	33.	 Schuler, B., Rettich, A., Vogel, J., Gassmann, M. & Arras, M. Optimized surgical techniques and postoperative care improve survival 
rates and permit accurate telemetric recording in exercising mice. BMC Vet. Res. 5, https://doi.org/10.1186/1746-6148-5-28 (2009).

Acknowledgements
This study was supported by JSPS KAKENHI Grant Number 16J03757 and 18H03072, and the Hokkoku Cancer 
Foundation.

http://dx.doi.org/10.1371/journal.pone.0049940
http://dx.doi.org/10.1161/CIRCULATIONAHA.107.704098
http://dx.doi.org/10.1245/s10434-008-0270-y
http://dx.doi.org/10.1096/fj.02-0401fje
http://dx.doi.org/10.1096/fj.02-0401fje
http://dx.doi.org/10.1074/jbc.m702327200
http://dx.doi.org/10.1074/jbc.m111.329987
http://dx.doi.org/10.1074/jbc.m111.329987
http://dx.doi.org/10.1097/GOX.0000000000000064
http://dx.doi.org/10.1016/j.jss.2015.07.005
http://dx.doi.org/10.1016/j.jss.2015.07.005
http://dx.doi.org/10.1111/j.1365-2249.2012.04602.x
http://dx.doi.org/10.1161/circimaging.113.000305
http://dx.doi.org/10.1007/s10549-013-2802-9
http://dx.doi.org/10.1097/prs.0000000000002337
http://dx.doi.org/10.1371/journal.pone.0055797
http://dx.doi.org/10.1097/sap.0b013e31821ee3dd
http://dx.doi.org/10.1097/sap.0b013e31821ee3dd
http://dx.doi.org/10.1016/j.bjps.2014.10.047
http://dx.doi.org/10.1097/01.prs.0000277995.25009.3e
http://dx.doi.org/10.1016/j.ajpath.2016.04.006
http://dx.doi.org/10.1016/j.ajpath.2016.04.006
http://dx.doi.org/10.1371/journal.pmed.0030254
http://dx.doi.org/10.1371/journal.pmed.0030254
http://dx.doi.org/10.1155/2013/208912
http://dx.doi.org/10.1097/PRS.0000000000002887
http://dx.doi.org/10.1152/ajpheart.00598.2014
http://dx.doi.org/10.1089/lrb.2016.0015
http://dx.doi.org/10.1089/lrb.2016.0026
http://dx.doi.org/10.1186/1746-6148-5-28


www.nature.com/scientificreports/

9SCIeNTIFIC RePOrtS |  (2018) 8:7078  | DOI:10.1038/s41598-018-25383-y

Author Contributions
All authors contributed extensively to this work. Y.N., A.K., and K.M. performed the experiments. Y.N., K.M., 
and U.T. analyzed the data. M.O., J.S., and T.N. designed the project and supervised all portions. All authors have 
discussed the results and commented on the manuscript at all stages and approved its submission in the present 
form.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-25383-y.
Competing Interests: The authors declare no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018

http://dx.doi.org/10.1038/s41598-018-25383-y
http://creativecommons.org/licenses/by/4.0/

